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ABSTRACT

Hydrogen peroxide (H20») stands as one of the foremost utilized oxidizing agents in modern times. The estab-
lished method for its production involves the intricate and costly anthraquinone process. However, a promising
alternative pathway is the electrochemical hydrogen peroxide production, accomplished through the oxygen
reduction reaction via a 2-electron pathway. This method not only simplifies the production process but also
upholds environmental sustainability, especially when compared to the conventional anthraquinone method. In
this review paper, recent works from the literature focusing on the 2-electron oxygen reduction reaction pro-
moted by carbon electrocatalysts are summarized. The practical applications of these materials in the treatment
of effluents contaminated with different pollutants (drugs, dyes, pesticides, and herbicides) are presented. Water
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treatment aiming to address these issues can be achieved through advanced oxidation electrochemical processes
such as electro-Fenton, solar-electro-Fenton, and photo-electro-Fenton. These processes are discussed in detail in
this work and the possible radicals that degrade the pollutants in each case are highlighted. The review broadens
its scope to encompass contemporary computational simulations focused on the 2-electron oxygen reduction
reaction, employing different models to describe carbon-based electrocatalysts. Finally, perspectives and future
challenges in the area of carbon-based electrocatalysts for HoOy electrogeneration are discussed. This review
paper presents a forward-oriented viewpoint of present innovations and pragmatic implementations, delineating
forthcoming challenges and prospects of this ever-evolving field.

1. Introduction

Hydrogen peroxide (H202) is a powerful, versatile, and environ-
mentally friendly oxidizing agent as it decomposes only into water and
oxygen (Zhao et al., 2019). It is used for disinfection purposes in hospital
environments (Yang et al., 2018), paper and textile bleaching processes
(Yu et al., 2017), and chemical syntheses (Puértolas et al., 2015). It can
also be employed at water treatment plants based on advanced oxidative
processes (AOP), which involve the generation of highly reactive hy-
droxyl radicals (®OH) to break down and remove organic and inorganic
pollutants present in wastewater (Cordeiro-Junior et al., 2020). Because
it is used in so many different applications, HoO2 has become one of the
100 most used chemicals in the world (Campos-Martin et al., 2006) and
the global demand for this oxidant is expected to grow by 5.7% until
2026 Pulidindi and P, 2020)

The main methods of producing HyO, are shown in Fig. 1. The
currently most used industrial method to produce Hy0; is the anthra-
quinone oxidation process. This process involves a few steps, namely: (1)
reaction of anthraquinone with an alkylating agent to form alkyl
anthraquinone derivatives, (2) hydrogenation of the alkyl

use of noble
* high cost
* explosion risks

anthraquinone derivatives to produce hydroquinone derivatives, (3)
oxidation of the hydroquinone derivatives to produce hydrogen
peroxide as a by-product, and (4) extracting the hydrogen peroxide from
the reaction mixture (Campos-Martin et al., 2006; Ingle et al., 2022).
The various steps involved in anthraquinone oxidation make this a
costly process, requiring adequate infrastructure and significant energy
expenditure. Additionally, this process demands safety measures for the
handling and storage of large amounts of HyO,, increasing the cost of
H30, production (Li et al., 2022b).

A process that can be used to replace the anthraquinone oxidation
method is the direct synthesis of HoO5 using noble metals such as plat-
inum (Pt) (Edwards et al., 2014) and palladium (Pd) (Wang et al.,
2020d) as photocatalysis (Guo et al., 2023). In this case, diluted HyO is
generated under UV light irradiation. However, the facilitated O3 evo-
lution is a major disadvantage of these photocatalyst processes, since it
compromises the HoO, generation. Besides, the high cost of noble metals
used in Hy0; direct synthesis, as well as the risk of explosion caused by
the mixture of oxygen and hydrogen, make this method unfeasible for
large-scale production (Zhou et al., 2019a; Wang et al., 2021b).

A promising alternative for producing H3O, is through the

Fig. 1. Main methods of producing H,0.
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electrochemical method using the oxygen reduction reaction (ORR).
This methodology involves the utilization of electricity, water, and air to
generate HyO, in situ, at atmospheric pressure and at moderate tem-
peratures. These conditions set this method apart from the previously
mentioned ones due to its economic, safe, and environmentally friendly.
As the production is in situ, there is no need for storage and trans-
portation, thereby reducing costs and risks associated with HyO3 pro-
duction (Stacy et al., 2017; Li et al., 2022b; Wang et al., 2023b).

Fig. 2 presents the mechanism of ORR, which involves multiple re-
action steps and intermediates, with the reaction pathway suggested by
Wroblowa et al. (Wroblowa et al., 1976) being the most accepted. As
shown in Fig. 2, the Oy molecules adsorbed on the electrode surface can
be reduced to HyOy or H20 through the 2- or 4-electron (e™) pathway,
respectively. In the 2-electron pathway, HyOy can still be further
reduced to Hy0. The ORR can be applied in different areas, the 4-elec-
tron mechanism is employed in fuel cells and metal-air batteries, for
example, and the 2-electron route, which is the focus of this review, can
be applied in effluent treatment (Sires et al., 2014; Xia et al., 2015; Wang
et al., 2020f).

Since ORR is a complex reaction, understanding how O adsorption
occurs on the electrode surface is essential to target the preferred
pathway. As shown in Eq. (1), the O, adsorption on the electrode surface
leads to the formation of Oy* species in an acid medium (the * symbol
indicates that the species is adsorbed on the active site). Subsequently,
the Oy* species is reduced by the action of an electron, forming the
*OOH intermediate, as shown in Eq. (2). The *OOH intermediate is then
reduced, forming H0, according to Eq. (3). Additionally, HoO5 or
*QOH can also undergo further dissociation into O* and *OH leading to
H,0 formation, according to Egs. (4)-(6) (Wang et al., 2020c; Santos
et al., 2022).
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OH* + H' + e~ > H,0* (6)

The reaction pathway and the number of electrons that will be
involved in the ORR are directly related to the oxygen molecule
adsorption configuration. Fig. 3 shows the three ways that oxygen can
adsorb on the electrode surface, namely the Griffith, Pauling, and bridge
models. When adsorption occurs following the Griffith or bridge model,
the ORR will follow the 4-electron pathway, forming HyO. However, if
adsorption follows the Pauling model, the ORR can occur via the 2-elec-
tron pathway, generating H2O2 [15]. The most efficient and selective
electrocatalysts for the 2-electron ORR and H30, generation are noble
metals. However, their high cost and scarcity make it impossible to
generate HyO5 on a large scale (Siahrostami et al., 2013; Pizzutilo et al.,
2017).

In this sense, carbon-based electrocatalysts have proven to be an
attractive alternative for HyO5 synthesis. Since Berl et al. (Berl, 1939)
reported for the first time the HyO4 production via ORR using an acti-
vated carbon cathode, carbon materials have been preferred over noble
metals due to their low cost, abundance, and high selectivity for the
2-electron pathway (Assumpcao et al., 2011; Iglesias et al., 2018; Kim
etal., 2018; Wang et al., 2019; Cordeiro-Junior et al., 2020; Pena-Duarte
etal., 2021; Santos et al., 2022). These advantages have caused different
carbon materials to be heavily investigated, as well as strategies to
improve their performance, resulting in numerous scientific articles.
Therefore, many authors have dedicated themselves to summarizing
advances in the area of HoO production via ORR using carbonaceous
materials. Wei et al. (Wei et al., 2022a) presented, in a review, the main
carbon-based electrocatalysts used in HyO5 electrogeneration, as well as
the main modifications made to improve these electrocatalysts.
Furthermore, this review reported some applications of electrocatalytic
H50, production in environmental protection. In another review, Wang
et al. (Wang et al., 2023b) summarized the main advances in the pro-

* *

02+ %0 @ duction of Ho0; via the 2-electron mechanism focusing on the influence
Oy* + HT 4+ ¢~ - *OOH 2) of electrolyte pH, catalyst porous structure and selectivity. They also
L addressed the development of catalysts based on carbon derived from
OOH* + H" + ¢~ —» Hy0* (3 biomass and the main projects of electrochemical devices for the pro-
*OOH — *OH + O* ) duc‘tlon of Hzoz. Bu et al. (Bu et al., 2021) also addressed, in another
review, the influence of the pH of the electrolyte and reactors for the
O* + HY + ¢~ - *OH (5) production of H0,. The review also brought the main strategies to
optimize carbon-based materials for the production of HyOs. In another
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review, Li et al. (Li et al., 2022b) summarized the main studies on the
role of hydrophilicity/hydrophobicity of carbon-based materials in
relation to ORR and strategies to increase efficiency in H,O, generation.
Santos et al. (Santos et al., 2022) presented a review focused on the
application of gas diffusion electrodes for HyO5 generation. Further-
more, they addressed the advances in the use of these electrodes on an
industrial scale and their application in water and sewage treatment.

The present review focuses on individually exploring different
carbon-based electrocatalysts (graphite, graphene, carbon nanotubes,
and carbon black) used in the ORR for HyO electrogeneration. It also
discusses the main approaches employed to enhance their performance.
The review addresses the contributions of theoretical simulations in the
field of HyO, electrogeneration. Furthermore, stands out for presenting
various advanced oxidative electrochemical processes utilizing carbon-
based electrocatalysts, highlighting the radicals formed in each process.

Organized into sections, this review starts with Section 2, which
presents different types of carbonaceous materials used for the 2-elec-
tron ORR, such as graphene, graphite, carbon nanotubes, and carbon
black. Section 3 explores modifications made to improve the efficiency
of Hy0,, electrogeneration, including heteroatom-doped carbon, surface
functionalization, and the insertion of metal oxides. Moving on to Sec-
tion 4, recent theoretical simulations focused on the 2-electron ORR are
presented. Section 5 continues the review by presenting advanced
oxidative electrochemical processes such as electro-Fenton, photo-
electro-Fenton, and solar electro-Fenton, highlighting the radicals
formed in each process. Additionally, it reports the activity of carbon-
based electrocatalysts in the degradation of various types of organic
pollutants, such as pesticides, dyes, and pharmaceutical products. The
review concludes with Section 6, providing Conclusions and a future
outlook on the use of carbon-based materials in the electrogeneration of
H20o.

2. Carbon-based electrocatalysts

Carbon exhibits a substantial surface area coupled with exceptional
electrical conductivity, leading to a highly advantageous scenario for the
homogeneous distribution of catalytic sites and rapid charge transfer
during the oxygen reduction reaction. This unique combination of
properties significantly enhances the catalytic efficiency, making carbon
a suitable material for this application (Munoz-Morales et al., 2023).

Carbon-based materials have garnered widespread recognition for
their outstanding performance as cathodes in the electrosynthesis of
hydrogen peroxide, effectively serving as efficient alternatives to noble
metal catalysts (Cordeiro-Junior et al., 2020; Zhang et al., 2020; An
et al., 2022). The remarkable performance of carbon-based materials in
H0; electrosynthesis can be attributed to a spectrum of exceptional
properties. Derived from Earth’s reserves, these materials boast abun-
dant availability, establishing them as a sustainable and effortlessly
obtainable resource. Their low cost makes them a cost-effective option,
providing an economically viable solution for HyO2 electrosynthesis.
With a non-toxic nature, these materials pose minimal environmental
hazards, contributing to greener and safer chemical processes. The
versatility and tunability of carbon-based materials allow tailoring their
structures to suit specific applications, offering adaptability and effi-
ciency. Impressive electrical conductivity facilitates swift charge trans-
fer, leading to enhanced electrochemical performance. Furthermore,

their inherent electrochemical stability ensures prolonged and reliable
operation, a crucial factor for sustainable processes. Exhibiting an
extensive surface area, carbon-based materials provide ample active
centers for catalytic reactions, promoting efficient HoO5 production.
Together, these inherent properties make carbon-based materials a
promising choice for achieving superior performance in HyO3 electro-
synthesis (Kim et al., 2018; Wang et al., 2020c; Zhou et al., 2021).

By capitalizing on these remarkable characteristics, carbon-based
materials have carved out a crucial role in advancing the electrosyn-
thesis of HyO», paving the way for sustainable and eco-friendly chemical
synthesis methodologies (Bu et al., 2021).

Indeed, a wide array of carbon-based materials has been successfully
developed for HyO- electrosynthesis. Among these, graphene, graphite,
carbon nanotubes, and carbon black (Fig. 4) stand out as prominent
examples, showcasing the versatility and effectiveness of carbon mate-
rials in this application. Through their unique properties and excep-
tional catalytic capabilities, these carbon-based materials have
demonstrated great potential in advancing the electrosynthesis of HyO,
driving innovation in sustainable and efficient chemical synthesis
methodologies (Marques Cordeiro-Junior et al., 2022).

2.1. Graphene

Graphene is a unique two-dimensional material comprising sp® hy-
bridized C atoms arranged in hexagonal rings, which stack together to
form layered sheets. The commonly employed method for its synthesis
involves the initial production of graphene oxide (GO), and then the
reduction process that yields reduced graphene oxide (rGO) (Magne
et al., 2022). GO and rGO composites have been the focus of several
research works because of their diverse applications. Notably, they show
great potential as electrocatalysts specifically for the 2-electron ORR,
facilitating the HyO; electrogeneration, as highlighted in a review by Y.
Feng et al. (Feng et al., 2021).

Gao et al. (Gao et al., 2020) reported effective synthesis of graphene
oxide through coating and annealing methods, yielding an impressive
production of 6 mg L' of HyO, within a span of 60 min. This finding
highlights the potential of GO as a catalyst for HoO; generation. In the
same year, a review paper (Yu and Breslin, 2020) underscored the po-
tential applications of 2D graphene and graphene-like for HoO, gener-
ation. The review brought attention to the versatility and exciting
possibilities of these advanced materials for efficient HoO5 production,
emphasizing their potential impact on various industries and
applications.

In a paper published in 2022, Li et al. (Li et al., 2022a) demonstrated
the production capabilities of rGO synthetic fabric when reduced with
HI and NaBH4. The reduction with HI resulted in an estimated H505
production of 4.78 mg h™! cm™2, with a current efficiency of 57.97%
within 60 min. Conversely, the reduction with NaBH, exhibited a higher
estimated HO2 production of 5.59 mg h™! em 2, with a current effi-
ciency of 63.94%.

A research work carried out by Li et al. (Li et al., 2022c) observed
that varying the reducing temperature of graphene oxide had a signifi-
cant impact on the HyO, generation rate, resulting in an impressive rate
of 20.4 mg h™! em~2 Interestingly, while the controlled reduction
process led to higher HyO, production, unreduced graphene demon-
strated the highest peroxide selectivity.
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Fig. 4. Different types of carbon-based electrocatalysts.

Furthermore, a work by Lee et al. in 2022 (Lee et al., 2022) show-
cased the remarkable potential of crumpled graphene electrocatalysts,
with the presence of highly active defect arrangements and
oxygen-functionalized groups. This innovative catalyst exhibited
exceptional selectivity to produce H305, achieving an impressive rate of
473.9 mmol gcat™! h™!, and displayed remarkable stability over a
testing period of 46 h. These discoveries provide fresh insights into the
promising application of crumpled graphene in the field of electro-
catalysis for HoO; synthesis.

2.2. Graphite

Graphite felt (GF) represents a standard three-dimensional electrode
possessing remarkable electrical conductivity (370.37 § m™!). This
exceptional conductivity has rendered it widely utilized for hydrogen
peroxide electrogeneration and electrochemical advanced oxidation
processes (EAOP) aimed at pollutant degradation. Notably, the exten-
sive surface area and robust mechanical properties of graphite felt make
it an excellent choice as a cathode for the H,O; electrogeneration. These
advantageous characteristics contribute to its effectiveness in generating
H,0,, enabling its applications for water treatment and pollutant
removal (Miao et al., 2014; Zhao et al., 2022).

In a significant breakthrough in 2019, W. Zhou et al. (Zhou et al.,
2019b) published their findings, introducing an environmentally
friendly and pragmatic electrochemical modification technique for
graphite felt. This method enables in situ operation and facilitates
sequential cathode modification, leading to hydrogen peroxide genera-
tion. Remarkably, the modified graphite felt demonstrated considerable
improvement, achieving an impressive 183.3% higher Hy05 yield
compared to conventional methods. Furthermore, the researchers

conducted long-term stability testing over 30 cycles, and the modified
graphite exhibited excellent durability and consistency throughout the
testing period.

In 2020, Diouf et al. (Diouf et al., 2020) published a study on the
Hy0, electrogeneration. They employed a graphite cathode extracted
from exhausted batteries for this purpose. The study extensively
explored hydrogen peroxide production parameters, including the
characteristics and concentration of the electrolyte, pH levels, the
presence of Fe>" ions, and oxygen injection. The researchers made a
comparative analysis by evaluating the performance against a vitreous
carbon electrode. This research represents a significant step towards
sustainable and eco-friendly methodologies for HoO2 generation, with
the potential to repurpose used materials for beneficial applications. The
findings shed light on the viability of graphite cathodes from exhausted
batteries as efficient alternatives, contributing to the growing body of
knowledge on green electrochemical processes and their impact on the
environment.

Also in 2020, J. Zhou et al. (Zhou et al., 2020) introduced a
remarkable integrated strategy aimed at modulating the structure of
graphitic felts. The researchers conducted a thorough investigation of
the various treatment processes and their significant contributions to
reaction activity. Through chemical and electrochemical oxidation, the
team successfully induced the creation of imperfections in the structure
and the introduction of oxygen-based functional moieties. These modi-
fications significantly contributed to improving the reaction kinetics,
ultimately leading to enhanced Hy0O, production rates. Additionally,
thermal treatment was employed to facilitate the efficient interfacial
transfer of Oy during the 2-electron ORR. The combination of these
treatment methods in a synergistic approach resulted in an impressive
five-fold increase in the HyO, yield. This substantial improvement
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demonstrates the effectiveness of their integrated strategy in maxi-
mizing HyO3 synthesis. The study’s findings offer valuable insights into
the manipulation of graphitic felt structures for advanced electro-
chemical applications.

In 2021, Wang and Lin (Wang and Lin, 2021) conducted a study on
the utilization of graphite felt and its modifications for HoO; electro-
generation and electro-Fenton applications. Their research yielded a
notable achievement of approximately 5 mg L™ of peroxide generation
using pure graphite felt. In the subsequent year, K. Wang et al. (Wang
et al., 2022a) investigated the impact of several parameters on the HoO5
electrogeneration using graphite powder. Overall, these two studies
contributed with valuable insights for the optimization of
graphite-based materials for efficient H,O5 generation, paving the way
for advancements in electrochemical applications and water treatment
processes.

In 2022, Xu et al. (Xu et al., 2022a) presented a noteworthy study
investigating the potential of graphite felt anodized with sodium hy-
droxide, ammonium bicarbonate, or sulfuric acid aqueous solutions as
cathodes for in situ hydrogen peroxide production. The researchers
performed electrolysis at —0.60 V (vs. SCE) for 120 min and obtained
promising results. Among the different anodization methods, graphite
felt anodized with 0.2 M HySO4 exhibited exceptional performance,
achieving an H,0, yield of up to 110.5 mg L1 in a 0.05 M NaySO4
electrolyte. When compared to the raw graphite felt used as a cathode
under the same conditions, this anodization process led to a remarkable
15.85-fold increase in the HyO3 yield. Further exploration and optimi-
zation of these anodization techniques could pave the way for more
sustainable electrochemical processes in the future.

2.3. Carbon nanotubes

Carbon nanotubes (CNTs) are known for their remarkable properties
that make them very promising electrode materials. They exhibit a range
of unique characteristics, including remarkable electrical conductivity,
large surface area, cost-effectiveness, as well as easy and precisely
tunable atomic arrangement via processes like heteroatom doping and
surface functionalization. Additionally, CNTs are considerably stable
even under harsh reaction conditions, while maintaining significant
mechanical strength.

These exceptional attributes make CNTs stand out as electrode ma-
terials in various applications. Their high electrical conductivity pro-
motes efficient electron transfer, which is pivotal for enhancing their
performance for energy storage and conversion applications. Further-
more, CNTs’ properties can be tuned at an atomic level to customize the
structures to meet specific application requirements. Moreover, the
substantial surface area of CNTs implies a higher amount of active sites,
leading to increased electrochemical activity. This aspect is particularly
advantageous for applications in batteries, supercapacitors, and fuel
cells, where fast charge-discharge rates and high-power output are
desirable. Besides their exceptional electrical properties, the mechanical
strength of CNTs provides enhanced durability, ensuring long-term
stability and reliability in demanding environments (van Dommele
et al., 2006; Zhang et al., 2008; Gong et al., 2009).

In 2019, Xia et al. (Xia et al., 2019) published fascinating findings
regarding the electrogeneration of hydrogen peroxide H,O, utilizing
both pure and phosphorus-doped carbon nanotubes. Their research shed
light on the electrochemical properties and potential applications of
these nanotubes in H>O2 synthesis. Subsequently, in 2020, G. Pan, X.
Sun, and Z. Sun (Pan et al., 2020) made an exciting breakthrough by
introducing a highly efficient cathode for HyO5 electrogeneration. They
developed a co-modified graphite felt electrode using a combination of
multi-walled carbon nanotubes (MWCNTS) and carbon black (CB). The
resulting electrode, labeled MWCNTSs-CB/GF, demonstrated exceptional
performance for the HyO2 production. After 120 min of operation, the
MWCNTSs-CB/GF electrode achieved an HyO, generation of 309.0 mg
L~ with an impressive current efficiency of 60.9%. This outstanding
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performance highlighted the MWCNTs-CB/GF electrode potential as a
superior catalyst for electrochemical HoO; synthesis.

Also in 2020, a study conducted by L. Tao, Y. Yang, and F. Yu (Tao
et al., 2020) introduced a novel modified electrode for cathodic appli-
cations by incorporating active carbon fibers (ACFs) with porous carbon
(PC) and CNTs. The researchers investigated the influence of different
CNT mass ratios on both HpO production and electric energy con-
sumption. Remarkably, they found the best ratio was 1:7. The study
revealed a significant enhancement in HyO9 production when using
PC-CNTs/ACFs as the cathode, with an impressive output of 1554.55 mg
L. In stark contrast, the HyO5 production with raw ACFs as the cathode
was substantially lower at just 59.96 mg L. This striking difference
highlights the exceptional performance and efficacy of the novel
modified electrode.

Wang et al. (Wang et al., 2020b) conducted a study utilizing oxidized
carbon nanotubes as catalysts to emphasize the role of O, supply in such
processes. They carried out a comprehensive evaluation by comparing
the current efficiency of hydrogen peroxide generation on two distinct
electrode setups: a rotating ring-disk electrode (RRDE) and a gas diffu-
sion electrode (GDE). By utilizing oxidized carbon nanotubes as cata-
lysts, the researchers aimed to elucidate the importance of oxygen
availability in HoO generation. The comparison between the RRDE and
the GDE allowed them to precisely assess the impact of different oxygen
supply mechanisms on the efficiency of HoO, production. Their findings
provided useful perspectives on the intricacies of the electrochemical
process and how oxygen availability influences the overall performance
of the catalyst. Understanding the correlation between oxygen supply
and Hy0; generation is crucial for optimizing and enhancing the effi-
ciency of such processes.

In a study published in 2022 (Liu et al., 2022a), Liu et al. showcased
the impressive potential of optimized oxygen-functionalized CNTs
(O-CNTs). These enhanced O-CNTs exhibited an exceptional selectivity
of approximately 92% for producing H,O5 across a broad voltage range
in a 0.1 mol L™' KOH solution. Additionally, the study revealed an
astonishingly high hydrogen peroxide production rate of 296.84 mmol
L7! g7! cat h™!, emphasizing the remarkable efficiency of these nano-
tubes as catalysts for HoO, synthesis.

2.4. Carbon black

Carbon black is a type of nanocarbon consisting of spherical particles
primarily composed of nearly pure elemental carbon. This ultralight and
extremely fine black powder exhibits a density ranging from 1.70 to
1.90 g ecm™. It is produced through the incomplete combustion or
thermal decomposition of carbon-containing substances, such as coal,
natural gas, heavy oil, and fuel oil, under limited air supply conditions.
Carbon black has attracted global attention thanks to its intricate
structure, fundamental properties, and diverse applications. Particularly
in catalysis, carbon black has become popular due to its exceptional
electrical conductivity, high surface area, and remarkable stability
(Moraes et al., 2015; Zeng et al., 2017; Gautam and Verma, 2019).
Similar to other carbon-based materials presented in this section, carbon
black’s high surface area provides many active sites for catalytic re-
actions and its stability ensures long-lasting performance, even under
challenging catalytic conditions. The unique combination of these
properties makes carbon black an interesting material for several ap-
plications, such as environmental remediation, energy conversion, and
industrial chemical synthesis. The ongoing research and exploration of
carbon black’s capabilities continue to expand its potential for
addressing global challenges and advancing catalytic science (Moraes
et al., 2015; Zeng et al., 2017; Gautam and Verma, 2019).

Printex L6 carbon (PL6C) stands out as one of the most extensively
employed carbon black in the H,O5 electrogeneration. Over the last few
years, extensive research has been conducted on PL6C, primarily
focusing on surface modifications to enhance its performance (Cor-
deiro-Junior et al., 2020; Trevelin et al., 2020; Trevelin et al., 2023). In
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its pure form, PL6C exhibits an impressive HyO, selectivity surpassing
80%, making it an attractive catalyst for this electrochemical process.
Furthermore, it is a stable and lasting catalyst, with a maximum lifetime
of 36 h or approximately 7.5 days of uninterrupted operation. Within
this time frame, it consistently produces a range between 150 and 350
mg L ! of hydrogen peroxide, holding great promise for applications in
various industries (Cordeiro-Junior et al., 2022; Cordeiro Junior et al.,
2022; Marques Cordeiro-Junior et al., 2022; O. Silva et al., 2022; Kronka
et al., 2023). As investigations into PL6C continue, it is evident that its
role as a key catalyst in H,O, production will expand, driving innovative
solutions for sustainable and efficient electrogeneration processes.

Vulcan XC-72 is another well-known type of carbon black specif-
ically designed to have a high surface area and porosity. Vulcan XC-72
can effectively promote several catalytic reactions, including those
related to HyO, generation (Trevelin et al., 2023). In electrochemical
processes, it works as a highly efficient catalyst support material
(Assumpcao et al., 2011; Antonin et al., 2017). It is worth noting that
researchers continue to explore different catalyst materials and elec-
trochemical setups to improve efficiency and scalability and, in this
context, Vulcan XC-72 carbon is a very promising candidate
(Pérez-Rodriguez et al., 2018). Recently published studies have show-
cased its remarkable potential for H,O2 generation (Aveiro et al., 2018a;
Aveiro et al., 2018b; Paz et al., 2018; Pinheiro et al., 2019; Kornienko
et al., 2020; Paz et al., 2020; Machado et al., 2022; Moura et al., 2023).
Further surface modifications can also be applied to Vulcan XC 72 to
improve its catalytic performance for this application (Aveiro et al.,
2018a; Aveiro et al., 2018b; Paz et al., 2018; Pinheiro et al., 2019;
Kornienko et al., 2020; Paz et al., 2020; Machado et al., 2022; Moura
et al., 2023).

The subsequent section of this review delves into a more compre-
hensive examination of surface modifications and diverse catalyst types

0O—C—o0

“Metalfree Ephancing H,0, electrogeneration
via carbon material modification

approach”
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seamlessly integrated into carbonaceous matrices. Despite the inherent
goodness of carbon-based materials in facilitating the 2-electron ORR, it
is acknowledged that they may not be optimal electrocatalysts for this
process. Therefore, the continuation of the text addresses the various
modifications undertaken to optimize their performance. These ad-
vancements are strategically designed to elevate both efficiency and
catalytic activity, ultimately bolstering the sustainable production of
hydrogen peroxide through electrochemical means.

3. Increased Hy0; electrogeneration through modification of
carbonaceous materials

The quest for efficient and sustainable HyO5 electrogeneration has
driven significant research towards enhancing the performance of
carbon-based catalysts. Tremendous efforts have been made by the
scientific community to explore various approaches, including hetero-
atom doping, surface functionalization, and catalyst engineering to
modify carbonaceous materials (diagrammed in Fig. 5). These modifi-
cations introduce defects in the carbon structure and functional groups
on the catalyst surface, improving the selectivity for HoO5 production
via the 2-electron ORR. This section presents novel strategies and the
achieved advancements in improving HoO; electrogeneration through
the modification of carbonaceous materials.

3.1. Doped carbon materials

3.1.1. Hetero-atom doped carbon materials

Among the possible heteroatoms employed for doping carbon ma-
terials, nitrogen is the most extensively reported. Despite the evident
performance enhancements observed in nitrogen-doped carbon cata-
lysts, the true nature of catalytically active sites has been largely

MnO,
NaNbO,
CeO,
WO,
NiO,

Fig. 5. Some approaches used to increase H,O, electrogeneration by carbonaceous materials.
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overlooked, primarily due to the co-existence of several nitrogen func-
tional groups within nitrogen-doped materials.

N-doped carbon materials can be synthesized through various
methods, each tailored to achieve specific properties and applications.
Common techniques include (i) Chemical vapor deposition (CVD): in
this method, a carbon precursor is exposed to a nitrogen-containing gas
at high temperatures, resulting in the incorporation of nitrogen atoms
into the growing carbon structure; (ii) pyrolysis of nitrogen-containing
precursors: nitrogen-containing organic compounds, such as amines or
nitriles, are pyrolyzed in an inert atmosphere to produce N-doped car-
bon materials; (iii) template-assisted synthesis: a template such as a
zeolite or silica, is impregnated with a carbon precursor and a nitrogen
source. After carbonization, the template is removed, leaving behind N-
doped carbon with controlled porosity; (iv) electrochemical methods:
these can be employed to introduce nitrogen into carbon materials, for
example, during the electroreduction of nitrogen-containing electro-
lytes; (v) physical mixing with nitrogen-containing substances, such as
urea or ammonia, followed by heat treatment to promote N-doping
(Kamedulski et al., 2022; Zhang and Waki, 2022). Each synthesis
method offers unique advantages and can be optimized to tailor the
N-doped carbon materials for specific applications, such as energy
storage, catalysis, and environmental remediation.

In N-doped carbon catalysts for the ORR, different types of nitrogen-
containing functional groups can work as active sites that will contribute
to the general catalytic performance. These functional groups can pro-
mote the ORR and improve the efficiency of carbon-based materials.
Some of the key nitrogen-containing functional groups found in N-doped
carbon catalysts for ORR are: pyridinic nitrogen (Pyri-N), pyrrolic ni-
trogen (Pyrr-N), graphitic nitrogen (Grap-N), quaternary and pyridinic-
N-oxide. Pyridinic nitrogen (Pyri-N) species, known for their ability to
influence nearby carbon atoms and topological carbon defects, are
typically recognized as active sites. Several studies have suggested that
N-doped carbon-based catalysts tend to promote the four-electron ORR
pathway. However, Wan and collaborators (Wan et al., 2022) investi-
gated the effect of N-doping on the 2-e” ORR pathway. The authors re-
ported well-controlled N-doping carbon nanotube and graphene using a
microwave-assisted pulse heating method, obtaining Grap-N, Pyrr-N,
and Pyri-N configurations with high centrality. Their findings showed
that the Pyri-N sites were the most effective for the 2e- ORR, with high
0O,-to-H04 conversion, and a selectivity of 93.5% on N-CNT and 98.35
on N-rGO. These results illustrate the importance of fine-tuning the
catalytic sites at an atomic level as a strategy to change the material
selectivity towards the preferred reaction pathway.

Starting from different commercially available carbon black, Kame-
dulski et al. (Kamedulski et al., 2022) investigated N-doping promoted
by gamma radiation treatment. Their results showed that the carbon
black source is crucial for the catalytic performance and selectivity.
Overall, N-doping improved the selectivity towards the 2-e” pathway,
but the commercial carbon black PK 1-3 Norit exhibited the best activity
among the selected materials after that functionalization. N-doped PK
1-3 Norit yielded a 1.95 electron transfer in ORR, which means a high
0O,-to-Hy04 conversion rate, in comparison with 2.21 on pure PK 1-3
Norit.

Recent works also report N and O co-doping as an approach to
improve the 2-electron selectivity of carbon-based materials (Koh et al.,
2022; Xu et al., 2022¢; Zhang et al., 2022a; Sun et al., 2023b). Zhang
et al. (Zhang et al., 2022a) reported a catalyst based on pyrolyzed
biomass, co-doped with N and O functional groups. The obtained cata-
lyst had a 4 times higher surface area in comparison with the undoped
material. The presence of N and O functional groups on the surface
resulted in a high selectivity of 90% for the 2-electron ORR across a
broad potential range, with a faradaic efficiency of about 80%.

Other non-metallic dopants have also demonstrated potential as
catalysts for hydrogen peroxide electrosynthesis. The introduction of
dopants such as sulfur (Xu et al., 2022b; Qian et al., 2023; Wang et al.,
2023a), boron (Liu et al., 2022b; Fan et al., 2023a), and fluorine (Zeng
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et al., 2022) can induce structural changes and alter the surface prop-
erties of carbon, influencing the kinetics and efficiency of the 2-electron
pathway. In this sense, Xu et al. (Xu et al., 2022b) synthesized an S,
N-co-doped few-layered graphene that exhibited outstanding activity for
the 2-electron ORR, with H,0, selectivity reaching an impressive range
of 90%-100%. The calculated faradaic efficiency achieved a maximum
value of 93%. The observed results indicate that the combined presence
of oxidized sulfur and pyridinic N had a positive impact on the catalyst’s
performance, reducing the Fermi level of the active edge carbon sites.
Furthermore, the *OOH intermediate binding energy optimization
favored the 2-electron pathway, contributing to the exceptional selec-
tivity and efficiency for HyO2 production.

The carbon doping with heteroatoms which sizes and electronega-
tivities distinct from those of carbon atoms into the carbon host has the
potential to lead charge redistribution among carbon atoms through
charge transfer with the heteroatoms. This, in turn, results in the
modification of geometric, electronic properties causing changes in
other characteristics, such as morphologies, enhancing porosity, and
additional actives functional groups (Ma et al.,; Hu and Dai, 2019).
Wang et al.(Wang et al., 2023a) results demonstrate that S and N doping
can positively alter the electronic nature of carbon atoms adjacent to
heteroatoms. This alteration is beneficial for oxygen adsorption, leading
to increased selectivity for the ORR and Hy0, yield. However, in Juan
Wan studies (Wan et al., 2022) the investigation of N-doped carbon
nanotubes (CNTs) found contrasting results. N-doping increased the
ORR activity but decreased the selectivity for ORR 2e-, these findings
were deemed optimal for other catalyst-ORR applications, such as fuel
cell devices. In conclusion, one of the main features governing the
tuning of doping in carbon for ORR selectivity towards hydrogen
peroxide is the nature of the formed active site and the specific in-
teractions with O molecules.

Doping carbon-based materials with metal atoms is another inter-
esting strategy to tune the catalytic activity. The synergistic effect be-
tween metal and carbon defective sites can enhance the ORR and H,0,
selectivity. This is particularly attractive when non-noble metals are
employed, given their relative abundance and low cost. Wang et al.
(Wang et al., 2022b) reported a high-performance electrocatalyst
featuring single-atom nitrogen-coordinated Pd, synthesized via one-step
thermolysis of Pd-doped zeolitic imidazolate frameworks (ZIFs). The
obtained catalyst exhibited well-dispersed Pd-N-C and optimal perfor-
mance for the 2-electron ORR. The achieved H205 selectivity was above
95%, in comparison with the Pd-free catalyst with ~50%. Acknowl-
edging that the selectivity was related to Pd sites, the authors carried out
density functional theory (DFT) calculations to reveal that the Pd-Ny4
catalytic sites have a thermodynamic preference for breaking the *-O
bond rather than the O-O bond, which accounts for the high selectivity
for HyO9 production. Despite the use of a noble metal with a high
associated cost, this work shows that small amounts of dopant already
resulted in a great impact on the catalytic activity.

Over the past few years, co-doping with transition metals and ni-
trogen has become the focus of various research works. Fe/N co-doped
graphene with a high efficiency for 2-electron ORR was described by
Yu et al. (Yu et al., 2023). The enhancement of the ORR performance
was attributed to the strong interaction between N-Fe bonds. This
interaction between FeOx and N accelerates electron transfer during the
electrochemical reaction, thereby boosting the HoO, generation. This
material achieved 92.7% H0; selectivity, while the undoped catalyst
reached 51.1 % H,0; selectivity. Furthermore, the Fe-doping has a
bifunctional role acting as a Fenton-like site for hydroxyl radicals in situ
generation. Lopez et al. (Barranco-Lopez et al.,, 2023) investigated
Fe-doped carbon xerogels, synthesized by a one-step sol-gel polymeri-
zation, as bifunctional electro-Fenton catalysts and noted that the ma-
terial facilitated both the in situ HoO5 production and its conversion into
hydroxyl radicals. In this case, Fe significantly enhances the electro-
catalytic activity and Fe-O-C active sites promote mainly the 2-electron
pathway with high selectivity.



A.B. Trench et al.

The selectivity of a catalyst for the 2-electron ORR primarily depends
on how the *OOH intermediate absorbs on the active sites. This ab-
sorption behavior, including its strength and configuration, is signifi-
cantly influenced by the catalyst’s electronic structure, specifically its
metal d-band center (Liu et al., 2023). Thus, carbon electrocatalysts
functionalized with transition metals are among the most promising and
cost-effective alternatives for catalyzing this reaction. In this sense, Hao
Hu and collaborators (Hu et al., 2023a) systematically investigated
different carbon-supported transition metal (Mn, Fe, Co, Ni, Cu) cata-
lysts. The materials were synthesized using a straightforward pyrolysis
method mediated by zinc. Different transition metals led to significant
variations in the oxygen content within the M — C catalysts. The results
indicated that Cu-C and Co-C are promising catalysts for the ORR,
mainly through the 4-electron mechanism. On the other hand, Fe-C and
Mn-C catalysts exhibit a combination of both 2 and 4-electron path-
ways. Additionally, Ni-C works as an efficient catalyst for HoO2 gener-
ation, following the 2-electron pathway. The research reveals a
correlation between the ORR selectivity of M — C catalysts and the
content and type of oxygen-containing functional groups within the
structures. The authors suggest that C-O-C functional groups are
probably active sites for the 4-electron pathway.

Some reports show Pd-based modified carbon as a promising catalyst
for efficient 2-electron ORR (Fortunato et al., 2020; Fortunato et al.,
2022; Cordeiro Junior et al., 2023). In this sense, Fortunato (Fortunato
et al., 2020) developed a catalyst based on less than 1 wt% of Pd
nanoparticles dispersed on Printex L6 (PL6C) carbon black prepared by a
simple hydrothermal method. The authors achieved a carbon catalyst
with well-dispersed Pd sites with an improved electrochemical active
surface and an 84 % Hy0; yield. When gas diffusion electrodes based on
1% Pd/PL6C were used, a considerable improvement in the process
faradaic efficiency and a considerable reduction in energy consumption
was observed for the H,O5 electrogeneration compared to pure PL6C.
Another work in this direction has been carried out by Cordeiro Junior
et al. (Cordeiro Junior et al., 2023). In this work, a Pd-based com-
plex/PL6C catalyst shifted the ORR onset potential to more positive
values and achieved a remarkable 97% selectivity toward Hy,O5 pro-
duction. This electrocatalytic effect was attributed to n-n interactions
between the Pd?* dz? orbital and nearby carbon atoms with oxygenated
functional groups within the carbonaceous matrix. The theoretical an-
alyses indicated that Pd?" in combination with oxygenated carboxyl
functional groups, denoted as COOH, played a pivotal role in facilitating
the interaction between O, and hydronium ions to generate the OOH*
species. Overall, the Pd-based complex/PL6C catalyst is a promising
candidate for efficient and selective hydrogen peroxide production.

Finally, the literature indicates that carbon materials functionalized
with metal atoms can be highly effective for the 4-electron ORR.
Therefore, the selection and the synthesis methodology of the catalyst
play a crucial role in determining the ORR mechanism selectivity, tuning
the catalyst surface with specific active sites for 2-electron ORR.

3.2. Surface functionalization

3.2.1. Oxygenated groups

Carbon materials containing oxygen functional groups have shown
great potential as efficient electrocatalysts for the 2-electron ORR. The
synthesis of these materials generally follows two main approaches: top-
down and bottom-up. In the top-down approach, oxygen functional
groups are introduced into pre-existing carbon materials through
oxidative treatments like HNOs, plasma, and heat treatments. These
treatments lead to the implantation of oxygen functionalities into the
carbon matrix, enhancing its catalytic activity for ORR. On the other
hand, the bottom-up approach involves the transformation of oxygen-
and carbon-containing precursors via pyrolysis at high temperatures.
This process results in the formation of graphitized carbon materials
with inherent oxygen functionalities. Both approaches offer distinct
advantages, and researchers can tailor the synthesis method based on
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specific applications and desired properties. O-doped carbon materials
hold immense potential for advancing sustainable energy conversion
technologies due to their metal-free nature and high catalytic activity
(Lee et al., 2023).

Potential development trends for electrochemical HyO, production
include the identification of catalytic active sites and the focusing
modification of the carbon with active species. These approaches aim to
enhance the efficiency and selectivity of HyO5 electrogeneration, paving
the way for more sustainable and efficient electrochemical processes. Li
et al. (Li et al., 2022a) conducted a study involving a 3D reduced gra-
phene oxide synthetic fabric (rGOSF) cathode, aiming to achieve a high
electrocatalytic activity for HoOo generation. This investigation incor-
porated a multi-step reduction approach designed to fine-tune the oxy-
gen functional groups present on the rGOSF surface. Subsequent
electrochemical assessments indicated that the active sites responsible
for HyO, generation were primarily derived from carboxyl groups.
Density functional theory (DFT) calculations further confirmed the
crucial role of carboxyl groups in the oxygen reduction process to
generate HpOy. A carefully chosen carboxyl-rich functional molecule
was employed to develop an active species-modified rGOSF cathode
through a precise wet co-spinning assembly. The resulting
carboxyl-functionalized rGOSF exhibited significantly enhanced activity
for Hy0, generation with 90 % H,0, selectivity and a current efficiency
of 63.9 %.

Investigating environmentally friendly processes, Fan and collabo-
rators (Fan et al., 2022) reported a biomass-based graphene with tunable
oxygen species fabricated by a CO; laser. The laser-induced graphene
(LIG) demonstrated outstanding catalytic performance, boasting an
impressive selectivity of over 85% of Oz-to-H202 ORR, along with a high
Faraday efficiency surpassing 78% and a mass activity of 814 mmol
g{altalyst h! using a flow cell setup. These remarkable results surpass the
performance of most reported carbon-based electrocatalysts. DFT ana-
lyses indicate that the meta-C atoms adjacent to C-O and O]C]O species
play a pivotal role as key catalytic sites, further contributing to the su-
perior performance of the LIG catalyst. Overall, functionalizing carbon
with oxygenated groups is a very promising direction for optimizing
catalytic materials for the HoO5 electrogeneration (Chu et al., 2022; Lee
et al., 2023).

In a recent study, Chu et al. (Chu et al., 2022) developed a novel
electrocatalyst by  covalently linking  anthraquinone to
amino-functionalized carbon nanotubes (NCNT-AQ) and modifying it
with PTFE on carbon felt. The introduction of anthraquinone through
chemical bonding significantly improved the current efficiency of the
electrocatalyst. After 1 h of operation, the current efficiency of CNT,
NCNT, and NCNT-AQ reached 57.2%, 54.5%, and an impressive 89.2%,
respectively. Furthermore, the H;0, generation rate achieved an
outstanding value of 2.09 M g{altalyst h~! at a current density of 50 mA
cm™2, which was 4.45 times higher than that achieved by traditional
electrodes. These results highlight the tremendous potential of the
NCNT-AQ electrocatalyst for efficient HyO2 production, surpassing
conventional methods by a significant margin.

Briefly, the literature shows the strong effort from the scientific
community to explore and develop increasingly efficient modifiers and
catalytic materials. These advancements highlight the ongoing dedica-
tion to finding innovative and environmentally friendly processes, with
the potential to revolutionize HyO, production and other electro-
chemical applications.

3.2.2. Metallic oxides

Recent research works demonstrated that metal oxides also have
good electrocatalytic activity for HyO, production. Metal oxides have
drawn attention as promising modifying-carbon materials due to their
low cost and relative abundance, in contrast to noble metals. These
properties facilitate metal oxides applications on a large scale. Notably,
metal oxides’ morphological and electronic properties can be tuned by
changing simple parameters during the synthesis process, making them
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very promising catalysts.

Recently, several metal oxides have been reported as a strategy to
modify carbon electrocatalysts and improve their activity for HoOy
electrogeneration. Some examples of carbon-based materials function-
alized with metal oxides include Nb,Os (Valim et al., 2021; Trench et al.,
2023; Trevelin et al., 2023), RuOs (Valim et al., 2021), NiOy (Wu et al.,
2022; Nosan et al., 2023), MnO, (Aveiro et al., 2018a; Moura et al.,
2023), ZrO9 (Kronka et al., 2023), TiO5 (Tu et al., 2022), WO3 (Paz et al.,
2020; Xu et al., 2023b), CeOo (Pinheiro et al., 2018), and NaNbOs
(Antonin et al., 2023). In a nutshell, the modification of carbon with
oxides can significantly enhance the electrogeneration of HyO, through
the ORR by various mechanisms. The addition of oxides on the carbon
surface creates new active sites, facilitating the electrochemical
adsorption of oxygen and hydronium ions (H") during the ORR. This
favorable interaction promotes the formation of H,O5 as an intermediate
product. Additionally, certain oxides can improve the electrical con-
ductivity (and for instance the hydrophilicity) of the modified carbon
material, leading to more efficient electron transfer during the ORR. This
enhanced conductivity contributes to a higher electrochemical reaction
rate and improved hydrogen peroxide generation. Lastly, specific oxides
can act as regulators of active sites on the carbon surface. By influencing
the structure and geometry of carbon atoms at the surface, they impact
the selectivity for H,O5 formation during the ORR, making the process
more efficient and selective.

In this sense, Antonin et al. (Antonin et al., 2023) conducted a study
to explore the catalytic activity of NaNbOs microcubes decorated with
CeOy nanorods on carbon. Their findings revealed a significant
improvement in HO2 electrogeneration when using NaNbOs;@-
Ce0,/C-based materials compared to pure Vulcan XC 72. Notably, the
1% NaNbO3@CeO,/C electrocatalyst exhibited a lower initial potential
for the ORR, favoring the 2-electron mechanism with an impressive 82%
selectivity towards HpOs. The introduction of oxygen-containing func-
tional groups played a crucial role in optimizing active sites and tuning
properties. Density functional theory calculations indicated that both
the surfaces of NaNbOs and CeO, exhibit similarly low theoretical
overpotentials for this reaction, with CeO, further enhancing the cata-
lyst by facilitating electron transfer. These findings underscore the po-
tential of metallic oxide heterostructures modifying C-based
electrocatalysts as promising materials for in situ HpOy electro-
generation, offering valuable insights for future applications and ad-
vancements in this field.

Moura et al. (Moura et al., 2023) investigated the influence of
different crystalline phases of the same oxide (MnOs) on the catalytic
activity and showed that the crystal structure and morphology of the
modified MnO,/C yielded distinct performance for the 2-electron ORR.
Nosan et al. [104] reported different nickel-functionalities on reduced
graphene oxide (rGO) surfaces. The catalysts were prepared at various
heat treatment temperatures in a slightly oxidizing atmosphere. The
results revealed alterations in the nickel/oxygen functionalities, result-
ing in different electrochemical performance, stability, and selectivity
for Hy05 production. The NiO-rich catalyst — (Ni@rGO treated at 900 °C)
reached the highest % H305 production with 89% efficiency.

Coupling metal nanoparticles with metallic oxides is another inter-
esting strategy to enhance the HoO» electrogeneration on carbon ma-
terials (Fortunato et al., 2022; Kronka et al., 2023). Kronka et al.
(Kronka et al., 2023) have achieved a highly efficient catalyst for H,Oo
production by anchoring gold nanoparticles (Au NPs) onto a hybrid
substrate composed of ZrO, and Printex L6 carbon (Au-ZrOy/PL6C). The
Au-ZrO,/PL6C catalyst exhibited a remarkable 97% selectivity towards
H,0; electrogeneration. It also demonstrated improved activity in terms
of ORR onset potential to more positive values compared to Au/PL6C
(selectivity of 80%). These enhanced catalytic properties were attrib-
uted to the synergistic effect between the gold nanoparticles and the
Zr0y/PL6C hybrid support. This synergism facilitated efficient electron
transfer and provided a favorable environment for the HoO2 generation
during the ORR.
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Summarily, modifying carbon with metallic oxides can enhance the
catalytic activity for hydrogen peroxide electrogeneration from the ox-
ygen reduction reaction by providing new active sites, improving con-
ductivity and hydrophilicity, as well as regulating active sites. These
improvements result in higher electrocatalytic efficiency and this is a
promising approach for electrochemical applications involving Hy05.

In general, the literature has been actively exploring methods to fine-
tune ORR activity in carbon-based catalysts, striving to attain optimal
outcomes with high selectivity for the ORR 2-electron mechanism.
Despite these efforts, there are gaps in the fundamental understanding of
the modifying effects and structural diversity of such carbon catalysts.
However, certain studies have started to address and demystify these
aspects, primarily employing a combination of theoretical simulation
tools and experiments to comprehend the origin of the activity.

4. Theoretical simulations for electrogeneration of Hy05

Computational simulations are very useful tools to understand what
contributes to a great catalytic performance and selectivity of a given
material at an atomic level. The obtained data can either complement
the experimental analysis or provide entirely new information that
would not be accessible otherwise. In this sense, density functional
theory (DFT) calculations are often performed to unravel catalytic
trends, providing results in the form of adsorption and reaction energies,
Gibbs free energies, charge transfer processes happening on the catalytic
surfaces, electronic properties such as band structure and density of
states, and structural changes that might happen over the course of a
given reaction (Lucchetti et al., 2021).

An important milestone for studying the ORR with DFT calculations
was the development of the computational hydrogen electrode (CHE)
model, by Ngrskov et al. (J. K. Ngrskov et al., 2004). In this case, the
experimental standard reduction potentials are employed so that theo-
retical overpotential values are closer to the experimentally observed
onset potential, providing a straightforward comparison with the ex-
periments. Besides, only the reaction intermediate steps need to be
considered, reducing computational costs. Other electrochemical cell
phenomena can be described with this model in a simplified way, such
as pH and applied potential effects. This model revolutionized the field
and has been extensively discussed and used in the literature ever since.

The Gibbs free energy of reaction intermediates has become partic-
ularly useful as a catalytic descriptor (J. K. Norskov et al., 2004), and
since then, other descriptors have been proposed in the literature as well
(Li et al., 2020; Lucchetti et al., 2021; Chaudhary et al., 2023). With
unified descriptors calculated systematically, the analysis of different
materials now became possible on a large scale and with comparable
results, which has always been a major obstacle for meaningful corre-
lations among different computational studies (Lucchetti et al., 2021).
This effort from the computational chemistry scientific community to
work under the same framework in a systematic way accounts for the
progress achieved in the last decade - thousands of different materials
have been thoroughly investigated with DFT alongside experimental
validation.

For the last decade, the 4-electron ORR pathway was a major focus of
most studies using DFT, as shown in a review from 2021 (Lucchetti et al.,
2021). The Hy0, generation was usually taken as an unwanted parallel
process to be avoided in fuel cells, and therefore, not often addressed in
the literature. Some pioneering works in that direction have been car-
ried out by Siahrostami et al. (Siahrostami et al., 2013), Chen et al.
(Chen et al., 2018), Lu et al. (Lu et al., 2018), and Koh et al. (Koh et al.,
2023) focused on the 2-electron ORR for HyO5 electrogeneration, using
DFT calculations to show the role of specific types of defects and
oxygenated functions for the catalytic activity of carbon-based mate-
rials, as well as of the coordination environment in single-atom catalysts.
In fact, oxygenated functions or borders seem to be the main catalytic
sites to promote this reaction across different carbon-based materials,
including nanotubes (Chu et al., 2023). After that, there has been a shift
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of focus towards the Hy0, electrogeneration in this field, as can be seen
by several very recent works in the literature (Mavrikis et al., 2021;
Byeon et al., 2023; Gao et al., 2023; Zhang et al., 2023b).

As described in section 3.1, doping carbon materials with nitrogen,
or a combination of nitrogen and different atoms, especially metals, has
been a good strategy to improve the catalytic activity for the HoOy
generation. Carbon nanotubes, following that same trend, can also be
improved with nitrogen doping, as shown by a combined experimental
and theoretical work from Hu et al. (Hu et al., 2023b). Oxygenated
groups (such as -COOH) can also be combined with nitrogen function-
alization with a positive effect of performance enhancement for this
reaction in carbon-based materials, as observed with DFT calculations
(Sun et al., 2023a). Recently, Li et al. (Li et al., 2021b) synthesized a B, N
co-doped carbon aerogel with remarkable performance for HyO elec-
trogeneration, where the DFT simulations showed that hBN catalytic
sites coupled with neighboring pyridinic-N synergistically were on top
of the activity volcano plot, due to lowering the energy barrier for *OOH
formation and the B 2p electrons strongly interacting with the O 2s
electrons. The mechanism selectivity can also be fine-tuned and modu-
lated by the action of the selected functionalization combined with ni-
trogen doping, as shown by Cheng et al. (Cheng et al., 2023). In this
work, the ORR activity could be switched in N-doped hollow meso-
porous carbon spheres by either the addition of P (increasing the 2-elec-
tron selectivity) or S atoms (increasing the 4-electron selectivity).

Recently, computational simulations have shed some light on which
specific nitrogen sites might contribute to the catalytic selectivity. For
instance, in an experimental and theoretical work from Peng et al. (Peng
et al., 2023), the authors noted that the coordination of pyrrolic-N sites
promotes a favorable adsorption of the *OOH intermediate species,
therefore accounting for the outstanding performance observed. Dual
pyrrolic-N sites, specifically, were able to promote the reaction with a
remarkably low overpotential (AG+goyg = 0.05 eV). Besides DFT calcu-
lations, the authors also performed ab initio molecular dynamics AIMD
simulations to investigate the effects of the alkaline aqueous medium,
showing that the higher reaction barriers for the 4-electron mechanism
hinder this route and promote the observed Hy0; selectivity.

M — N (metal-nitrogen) or even O/N-M (metal, oxygen and/or ni-
trogen) moieties have also been extensively explored in the literature
(Lucchetti et al., 2021), and particularly promising results have been
recently obtained with moieties based on Ni (Zhang and Xiao, 2020;
Chaudhary et al., 2023; Yue et al., 2023), adjacent co-doping Ni-Fe
(Zhang et al., 2023c), Co (Yan et al., 2023), and Mo (Dong et al., 2023),
with high efficiency and selectivity for the 2-electron ORR. N-doped
carbon nanotube-encapsulated nickel nanocatalysts were also able to
promote the direct ORR to hydroxyl radical and this material was
employed for BPA degradation with ~100% efficiency, circumventing
the Fenton process intrinsic limitations (Li et al., 2023).

Graphitic carbon nitride also seems a promising new carbon-based
material for HoOy electrogeneration (Teng et al., 2021). In a recent
work (Feng et al., 2023), g-C3N4 was further enhanced with terminal
—CN groups, and the DFT calculations indicated that this tertiary N site
was an electron-rich region. This structure was not only very selective
for the 2-electron ORR, but it was also capable of promoting its con-
version to hydroxyl radical, which is highly desirable for water treat-
ment applications. In a similar direction, Ren et al. (Ren et al., 2023b)
synthesized atomically dispersed Mn on aryl amino substituted g-C3Ny, a
modification that enabled the direct HoO generation via water oxida-
tion reaction (WOR) from seawater, under visible light irradiation.

This scenario is very relevant within the context of pollutant
degradation since most emerging contaminants end up in the ocean as
well (He et al., 2023). With the aid of computational simulations, the
authors were able to identify the molecular orbitals involved in the
process, as well as the HOMO-LUMO dominant transition (474 nm) on
these materials, in very good agreement with the experimental results
where the reaction was promoted with a LED lamp with a 427 nm
wavelength. The authors emphasize that the computational analysis
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indicated that photoexcited electrons and corresponding holes are
actually localized in the vicinity of the aryl amino group, demonstrating
the importance of also considering the metal neighboring sites for ORR
and WOR mechanisms. Yang et al. (Yang et al., 2023a) synthesized
ultra-low content Pt single atoms on g-C3N4 nanosheets and performed
GGA-PBE calculations modeling the g-C3N4 porous structure with
Grimme’s D3 vdW correction. Unlike pure g-C3Ny, the DFT calculations
showed that when a Pt atom is adsorbed on the porous structure and
bonded to three nitrogen atoms, this single-atom catalytic site promotes
the *OOH adsorption and, consequently, the HoO5 formation with zero
overpotential. This is a remarkable result, given that most catalysts still
have a low overpotential value associated with a potential determining
reaction step. It also shows how the coordination environment can be a
determinant factor for the preferred pathway since Pt-doped carbon
materials are usually selective towards the 4-electron ORR.

It has been suggested in the literature (Anantharaj et al., 2021) that
isolating ORR active sites by surrounding those with inert sites is a good
strategy to preserve O-O bond and promote the 2-electron mechanism.
This has also been corroborated by a theoretical work from Wei et al.
(Wei et al., 2022b), where the authors observed that single Pd sites
(PdCy4) are very active and selective for this mechanism, while the cat-
alytic activity diminishes as Pd atoms clusterize over defects on the
carbon network (C4Pdy, x = 2, 3, 4, 5). This shows why it is important to
take the coordination environment into account. Another example in
that direction is a work carried out by Wang et al. (Wang et al., 2020a)
where DFT calculations revealed that, even though Fe-doped carbon
materials are usually selective towards the 4-electron mechanism, the
presence of OH axial ligands on the metal center shift the selectivity of
the catalysts towards the HyO2 generation. These theoretical studies
show that fine-tuning the catalytic sites at an atomic level might be a
promising direction for the optimization of novel materials.

The functionalization of carbon-nitrogen materials with other
organic structures to form electron donor-acceptor pairs is another
interesting strategy (Sha et al., 2023), as is the combination of
carbon-based and carbon-nitrogen structures as a way to fine-tune its
molecular structure and consequently, the catalytic selectivity towards
the reaction of interest (Luo et al., 2023). In these cases, DFT simulations
can provide valuable insights into the charge-transfer properties of the
obtained interfaces (Luo et al., 2023).

Among other carbon-based materials that have been explored
recently with computational methods for the HyO; electrogeneration, it
is also worth mentioning the use of conjugated microporous polymers
(Yang et al., 2023c), covalent organic frameworks (Huang et al.,; Yang
etal., 2023b; Zhou et al., 2023), metal-organic frameworks (Zhang et al.,
2023a) and well-defined molecular metal phthalocyanines (Fan et al.,
2023b), all with outstanding performance, and eventually with previous
theoretical screening employed as a way to guide and optimize the
experimental synthesis (Fan et al., 2023b). The advantage of this kind of
carbon-based material is that there are numerous possibilities of
elementary building blocks that can be specifically designed in order to
regulate the physical and electronic structure to achieve
high-performance catalysts (Ling et al., 2023).

Finally, other advanced carbon-based materials can still be explored
for this application. A recent example is a boron-doped defective
nanocarbon electrocatalyst synthesized from fullerene (C60) and boric
oxide as the precursors from Shen et al. (Shen et al., 2023). The com-
bination of topological pentagon defects and boron dopants yielded
catalytic sites on top of the volcano activity top, with close-to-ideal
AG+goy values and with a HyO5 production rate of 247 mg L'hh
Fullerenes have already been extensively studied in the theoretical
literature, and this work shows the new possibilities for using compu-
tational methods to investigate fullerene-based catalysts for the 2-elec-
tron ORR.

A few challenges still remain for accessing electrochemical processes
with computation methods, such as the coordination environment, the
complexities of solvent, ions in solution, and a reliable and cheap pH
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description, to mention a few (Di Liberto et al., 2023; Exner, 2023). For
instance, Ramaswamy and Mukerjee (Ramaswamy and Mukerjee, 2011)
proposed that, in alkaline media, an outer-sphere electron transfer
mechanism is what might cause the 2-electron ORR to happen, with the
change in pH affecting the electric double-layer structure entirely and
consequently shifting the preferred reaction pathway. This type of
contribution can be the determining factor for the mechanism selec-
tivity, and it cannot be addressed in any way within the CHE framework.

Only recently a model has been proposed to access this kind of effect
with DFT calculations by Kelly et al. (Kelly et al., 2020) and Li et al. (Li
et al., 2021a), describing the local changes in the double-layer with a
saw-tooth explicitly applied potential, keeping the surface atoms froze
and allowing the reaction intermediates to relax. This model can indeed
describe this kind of effect in very good agreement with experimental
observations where only the CHE and its mathematical pH correction
would fail, but the calculations are considerably more expensive. Zhang
et al. (Zhang et al., 2022b) also were able to investigate the behavior of
the electric double-layer with different pH values, using AIMD simula-
tions. The authors set up the medium pH by adding the equivalent
number of cations/protons to account for a Vgyg (potential relative to
RHE) = —1 V. They were able to observe that, under these conditions,
Na™ cations on the double-layer have a “protective” effect, keeping
protons away from the HoO5 molecule during the ORR and preventing
its dissociation. Another work in that direction also highlighted the ef-
fect of C1™ ions in a P-doped carbon catalyst, stabilizing the adsorbed O,
molecule and the *OOH intermediate and therefore promoting the
2-electron ORR (He et al., 2023). These recent studies show that
continuous development and methodology refining are required so that
computational simulations can approach the actual electrochemical
cells” environment, as well as correctly describe the outliers or excep-
tions from the previously established methods.

After the major breakthroughs achieved with the CHE framework -
high-throughput screening of catalysts, thousands of calculations being
performed within a unified method and with replicable results, and even
the development of new catalysts entirely from computational calcula-
tions (Chen et al., 2023a) - we are currently under a new paradigm in
this field. There is already a lot of effort and resources being employed
by the scientific community worldwide to make this data available and
to speed up the development of novel and better catalysts. Some note-
worthy examples of that are the Open Catalysis Project (https://opencat
alystproject.org/), the Catalysis Hub (https://www.catalysis-hub.org/),
and the Materials Project Catalysis Explorer (https://next-gen.mater
ialsproject.org/catalysis). With the ever-growing amount of data being
generated in this field, we are now moving towards the utilization of
machine learning and artificial intelligence (ML/IA) methods to 1) try to
identify the same catalytic trends already established with DFT with
computationally cheaper algorithms, and 2) train new models that are
capable of extrapolating from the available data and predict entirely
new structures of groundbreaking catalysts.

Regarding the HyO5 electrogeneration, some recent works in the
literature have employed ML to screen MN (metal-nitrogen) function-
alized carbon materials (Chen et al., 2023b). For instance, Wang et al.
(Wang et al., 2023c) used ML to investigate the O3 adsorption on Ni(II),
Co(I), Cu(Il), Fe(Il), Fe(Ill), and Mn(II) single-atom catalysts supported
on 15 different N-C substrates and proposed a new descriptor derived by
independence screening and sparsifying operator (SISSO) (Ouyang
etal., 2018), an approach that can be used for small training sets. Zhang
et al. (Zhang et al., 2023d) screened 690 different single-atom catalysts
for the 2-electron ORR with different ML algorithms and identified 4
new promising materials, namely Zn@Pc-N3C;, Au@Pd-Ny,
Au@Pd-N;C3, and Au@Py-N3C;, with remarkably low overpotentials.
The authors also note that the catalytic activity prediction of these
materials using ML is about 500 thousand times faster than that based on
DFT.

Machine learning seems to be a new and promising approach to
finding new catalysts (Chen et al., 2023c) but the best and most
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important features (among element identity, number of electrons in d or
p orbitals, Bader charge, d-band center, bond lengths, enthalpy of for-
mation, energy above Hull, adsorption energies and structural param-
eters, just to list some of the possibilities) and models to be chosen are
still being studied and developed (Tamtaji et al., 2022; Chen et al.,
2023c). Another argument is whether the best descriptors should be
correlated with actual physical interpretations or if one should rely on
the “black box” nature of some ML methods (Tamtaji et al., 2022).
Finally, a major obstacle is the amount of data required to train those
models - not only a high-quality and very large database is required, but
specifically negative examples must also be present to train most of the
ML algorithms so that the results can be reliable. Unfortunately,
“negative results” are highly swept under the rug in the scientific liter-
ature as it is now, and only the best and most promising results are
published and made available. Theoretical calculations are extremely
valuable and it is evident how far we have come with these tools,
especially over the last two decades. The future of this field is also being
shaped by that, and what we want and need for the development and
discovery of catalytic materials will depend on how well the scientific
community is able to improve computational methods and converge to a
common ground from now on.

5. Environmental applications

5.1. Treatment of effluents through advanced oxidative electrochemical
processes

5.1.1. Electro-Fenton, photo-electro-Fenton, and solar-electro-Fenton
process

Electrochemical advanced oxidation processes (EAOPs) have already
demonstrated great potential for organic pollutants degradation in
aqueous medium. The HyO, molecule has a crucial role in this process
and it is considered a green reagent since during the degradation process
Hy0, breaks down into water and oxygen. However, there are some
limitations in this kind of process, for example, certain pollutants can be
partially degraded into other harmful organic structures or nitro com-
pounds, cyanides, and some sulfate groups. Furthermore, some organic
molecules are more recalcitrant, which means that an additional step is
often required to completely oxidize them. In this context, Fenton re-
actions can be a good alternative, since the highly reactive radical «OH
is generated. eOH radical is a powerful oxidizing agent, capable of
attacking and breaking down an extensive range of organic molecules
(Brillas, 2012; Clematis and Panizza, 2021; Gamarra-Giiere et al., 2022).

Different kinds of electrochemical oxidative processes have been
developed, namely.

1 Electro-Fenton: In this process, the Fenton reaction is coupled with
electrochemical techniques and the H,O electrogeneration occurs in
situ, along with Fe reduction.

2 Photo-electro-Fenton: in this case, light is used to activate the Fenton
reaction, and to amplify the eOH production (Borras et al., 2013).

3 Solar-electro-Fenton: similar to the previous item, but in this case
solar photoactivation is employed (Skoumal et al., 2009).

Electro-Fenton (EF) processes are based on the HyO5 electro-
generation combined with iron (Fe*") oxidation under acid conditions,
producing highly reactive eOH species. The reaction can be written as
the equation below:

Fe*t + H,0, » Fe*t + e« OH + OH™ )]

The Fe?" species act as catalysts, being oxidized to ferric ions (Fe3")
while generating ¢OH and hydroxide ions (OH ) as products. In this
reaction, a small quantity of Fe?' is added to the solution containing
H30, to promote the Fenton reaction. The generated eOH is highly
reactive and can attack and oxidize organic pollutants in the solution,
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breaking them down into smaller structures and less harmful com-
pounds. The optimum pH value for this kind of process is around 3. This
low pH is necessary for the efficient hydroxyl radicals generation
through the Fenton process. Photo-electro-Fenton (PEF) and solar-
electro-Fenton (SEF) are similar, except that UV irradiation increases
the hydroxyl radical generation combining the electrochemical re-
actions with photochemistry principles (Oturan et al., 2021; Peleyeju
and Viljoen, 2021). In both cases, additional hydroxyl radicals are
formed by the action of ultraviolet (UV) irradiation, according to Eq. (8):

®

Since the UV irradiation enhances the production of hydroxyl radi-
cals, its use leads to more efficient degradation processes (Brillas, 2013;
Moreira et al., 2013). The SEF is a variation of the EF process where
sunlight is the energy source for that. The reactions for this process are
presented in Eq. (9), and (10) below:

HyO+hv (UV) > e OH+ o H

Feé* +H,0,— ¢ OH + OH™ + Fe’* 9)

hv (UV / sunlight) + H,O — ¢ OH + e H (10)

It is evident that SEF offers a more renewable and environmentally
friendly approach to the degradation of pollutants in comparison to
using artificial UV light. Regardless of the method, PEF or SEF, however,
UV irradiation has a decisive role in amplifying the eOH production
(Brillas et al., 2009). Finally, another advantage of the EAOPs is that
FeZ* species can be renewed on the cathode by the reduction reaction of
Fe3t, according to the following reaction described in Eq. (11) [176].

Fe*t + e o F** a1

As we continue to deal with a myriad of complex and persistent
pollutants, the flexibility, efficiency, and environmental advantages of
EAOPs make them an increasingly vital tool for wastewater treatment
applications. One of the most compelling features of EAOPs is their ef-
ficiency in comparison with other traditional methods. They are
particularly useful for degrading complex and highly stable organic
molecules that are otherwise resistant to conventional treatment pro-
cesses, and the combination with UV irradiation further enhances the
processes at the same time it decreases their environmental footprint.

5.1.2. The radicals formed in each process

During the application of EAOPs, various radical species can be
formed such as eOH, superoxide radicals (¢O5-), and other reactive ox-
ygen species (ROS) (Wang et al., 2018). In EF, ¢OH and hydroperoxyl
radicals (HOqe) are the primary species generated during the process.
These radicals are powerful oxidants, hydroxyl radicals being the most
reactive and can quickly react with organic pollutants. These species are
formed according to Egs. (12) and (13):

0O, +H  +e - 00; (12)

HO; +H' +e¢” —HO; 13)

Additionally, the anode material employed in EF processes can also
influence the types and amounts of radicals generated. Different anode
materials can promote specific electrochemical reactions that result in
the generation of distinct radicals. The active anodes (mixed metal oxide
anodes — MOMs) are designed to generate ROS directly, including eOH.
Depending on the medium, these anodes can also generate chlorine and
sulfate radical species (Oliveira et al., 2018; Pointer Malpass and de
Jesus Motheo, 2021). Non-active electrodes (DDB), on the other hand,
do not directly generate hydroxyl radicals on their surface during the
electrochemical process. Instead, they facilitate the electron transfer
between the solution and electrode surface and the formation of chlorine
species, if used in electrochlorination. Both active and non-active anodes
have distinct advantages and applications in electrochemical processes
(Colina-Marquez et al., 2009; Shin et al., 2019; de Mello et al., 2021;
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Santacruz et al., 2022; Soares et al., 2023).

Regarding the generation of other species like Cle (chlorine radical)
and SOg4e (sulfate radical), their presence and contribution to the organic
pollutants degradation are highly dependent on specific reaction con-
ditions. Chlorine radical (Cle) generation may occur when chloride ions
are present in an aqueous medium and undergo different reactions at the
anode surface. This can happen in some electrochemical processes when
chloride ions are naturally present in the water or when chlorine-based
compounds are intentionally added to aid in disinfection (Wang and
Wang, 2020; Dionisio et al., 2022). Likewise, sulfate radical (SOg4e)
generation can happen when sulfate ions are present in the water. These
radicals are potent oxidants and can also contribute to the organic
pollutants degradation (Liu et al., 2019).

Other reactive species can be formed when an alcoholic medium is
used, such as methoxy radicals and ethoxy radicals. Methoxy radicals
(eOCH3), are produced when the hydroxyl radical eOH removes a
hydrogen atom from a methoxy group (-OCH3), present in the solution.
The ethoxy radicals (eOCyHs) can be formed similarly. These radicals
are also highly reactive and can contribute to the degradation process.
Their formation can be influenced by various factors such as pH, tem-
perature, and the presence of metal catalysts. Therefore, optimizing the
process conditions is essential to maximize the generation and effec-
tiveness of these radical species to promote pollutant degradation (de
Mello et al., 2022a; de Mello et al., 2022b; Fiori et al., 2022; Patidar and
Srivastava, 2022; Santacruz et al., 2023). In this sense, electron para-
magnetic resonance (EPR) spectroscopy, is a powerful analytical tech-
nique used for the characterization and detection of free radicals and
other paramagnetic species. This method allows the investigation of the
nature, concentration, and reactivity of free radicals (Santacruz et al.,
2022; Webster, 2023).

5.2. Degradation of organic pollutants

The production of organic wastewater across various sectors,
including print and textile dyeing, agriculture, and healthcare, has
become a major environmental issue. This kind of wastewater might
contain a plethora of toxic organic pollutants, including dyes, pharma-
ceuticals, and pesticides, all of which possess high molecular bond en-
ergy and pose considerable challenges in terms of degradation (Lai et al.,
2023). Consequently, the rising levels of environmental contamination
and associated biological problems attributable to organic pollutants
call for the development of environmentally responsible and sustainable
methodologies to efficiently address organic wastewater treatment.

Pesticides, particularly, pose a significant environmental challenge.
These compounds are extensively employed in agriculture to enhance
crop yields, however, inadequate application practices and subsequent
runoff may result in water pollution. Persistent pesticides can accumu-
late in aquatic ecosystems, affecting aquatic life and potentially entering
the food chain (Syafrudin et al., 2021). Moreover, these chemicals may
exhibit toxicity to non-target species, disrupt ecosystems, and even lead
to the development of pesticide-resistant organisms. Addressing this
issue requires comprehensive monitoring, improved agricultural prac-
tices, and the development of eco-friendly alternatives to minimize
pesticide pollution and safeguard water quality (Aidoo et al., 2023;
Brovini et al., 2023).

Dyes can also be very harmful to water bodies, affecting their
aesthetic quality, elevating biochemical and chemical oxygen demand,
inhibiting photosynthesis, and compromising plant growth. Moreover,
the recalcitrant nature and bioaccumulative properties of these dye
compounds may pose risks of toxicity, mutagenicity, and even carci-
nogenicity (Al-Tohamy et al., 2022; Patil et al., 2022, 2022).

Pharmaceuticals in the environment have the potential to exert
toxicity at various levels within biological systems and their impacts on
organisms remain incompletely elucidated. Certain pharmaceuticals can
induce enduring and irreversible genetic alterations in microorganisms,
even at low concentrations, leading to increased resistance. The



A.B. Trench et al.

combination of these pollutants into ’drug cocktails’ often results in
unpredictable toxicity. Additionally, specific pharmaceuticals have been
categorized as endocrine-disrupting compounds (EDCs) due to their
harmful impacts on the human endocrine system (Sires and Brillas,
2012; Martinez-Sanchez et al., 2022; Orttzar et al., 2022).

The preceding observations emphasize the importance of completely
removing these pollutants and their metabolic byproducts from aquatic
ecosystems to prevent potential toxicity and alleviate other adverse
health effects. The widespread occurrence of these pollutants calls for
effective remediation strategies. To tackle the urgent challenge of
removing and mitigating organic pollutants, various treatment ap-
proaches have been developed. The following section provides a
comprehensive compilation of literature investigations focusing on the
degradation of pesticides, dyes, and pharmaceuticals, using Fenton-
based processes with in situ electrogenerated H,O5, aiming to address
the risks associated with toxic organic pollutants and explore sustainable
solutions.

5.2.1. Wastewaters containing pesticides

Synthetic solutions polluted with pesticides like thiamethoxam
(Meijide et al., 2016), pymetrozine (Fdez-Sanroman et al., 2020), par-
achlorophenol (Al-Zubaidi and Pak, 2020), lindane (Dominguez et al.,
2018), a mixture of diuron and glyphosate (Rosa Barbosa et al., 2018), 2,
4-D (Garcia et al., 2014), and S-metolachlor (Guelfi et al., 2018) have
been remediated with EF processes. Other pesticides such as atrazine
(Komtchou et al., 2017) and carbaryl (Kronka et al., 2023) have been
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treated with the PEF process. A mixture of tebuthiuron and ametryn
(Gozzi et al., 2017), bentazol (Guelfi et al., 2018), and asulam (Vigi-
|-Castillo et al., 2023) were treated by a SPEF treatment (Table 1). All
Fenton-based processes described in Table 1 were conducted with in situ
electrogeneration of HyO, through O, electroreduction. The Hy0, pro-
duction is evidently influenced by various operational parameters,
including the electrode configuration, applied current, and mass trans-
port characteristics of the chemical species involved in both the chem-
ical and electrochemical reactions inherent to the process
(Martinez-Sanchez et al., 2022).

In this context, Komtchou et al. (Komtchou et al., 2017) observed
that HyO; electrogeneration is proportional to the applied current den-
sity. In their study, they employed graphitic carbon plates as the cathode
and a BDD electrode as the anode within a reactor. They found that
applying current densities of 2 mA cm ™2 and 18.2 mA cm 2 led to Hy0,
concentrations of 1.0 mg L™ and 4.1 mg L™}, respectively. Interestingly,
they observed that as the current density increased, so did the produc-
tion of HyO5. However, it reached a maximum point beyond which no
additional increase in HoO4 production was observed, likely due to its
subsequent oxidation at the anode.

It has been noted that the electrogeneration of HyO4 is enhanced
when materials with high surface area are employed, and other pa-
rameters such as excellent conductivity, large porosity, and high hy-
drophilicity also contribute positively (Garcia et al., 2014; Kronka et al.,
2023). For instance, Kronka et al. (Kronka et al., 2023), demonstrated
that the incorporation of Au-ZrO; onto the surface of carbon Printex L6

Table 1
Literature review on pesticide degradation using Fenton-based processes with in-situ H,O, electrogeneration from O, electroreduction.
Pesticides Fenton-based Electrodes Experimental parameters Removal Reference
P ffici
rocess Cathode Anode efficiency
Atrazine Photoelectro- Graphite BDD j=2mA em 2, 0.03 M NayS0,, 0.1 mM Fe?*, 100% HPLC (90 Komtchou et al.
Co =100 pg L Fenton pH = 3.0, 23 £ 2 °C, UV irradiation (A = 254 min) (2017)
nm). Working volume = 5.0 L. 81.3% TOC (7
h)
Thiamethoxam Electro-Fenton Carbon-felt BDD j=143 mA em~2,0.01 M Na,S0y4, 0.1-0.3 100% HPLC (10 Meijide et al.
Co=60mgL~! mM Fe?", pH = 2.8. Working volume = 0.25  min) (2016)
L. 92% TOC (8 h)
Organochlorine pesticides Electro-Fenton Carbon-felt BDD j =16.6 mA cm™2, without addition of 100% HPLC (4 Dominguez et al.
Co=0.2mgL! supporting electrolyte, 0.1 mM Fe?*, pH = h) (2018)
7.0, 25 °C. Working volume = 0.23 L. 90% TOC (6 h)
Pymetrozine Electro-Fenton Fe-doped BDD I=100 mA, 0.01 M NaySO4, 0.3 mM Fe*", pH ~ 100% HPLC (2 Fdez-Sanroman
Co=5mg Lt carbon felt = 3.0. Working volume = 0.15 L. h) et al. (2020)
90% TOC (5 h)
Carbaryl Photoelectro- Au-ZrO,/PL6C BDD j=50mA cm~2, 0.1 M K5S0,4, 0.25 mM Fe?t,  90% TOC (1 h) Kronka et al.
Co=5-20mg L! Fenton pH = 2.5, 25 °C, 5 W UVC lamp. Working (2023)

Parachlorophenol Electro-Fenton Carbon-felt Ti-RuOy/Ir0,
Co=50mgL™!
Lindane Electro-Fenton 3D carbon-felt BDD
Co=5-10mgL~!
Bentazon Solar Carbon-PTFE BDD, Pt, or Ti|
Cp = 0.208 mM photoelectro- RuO,
Fenton
Tebuthiuron* + ametryn” Solar Carbon-PTFE BDD
Co =20 mg L1 (TOC) photoelectro-
Fenton
Diuron Cp = 0.10 mM + Electro-Fenton Carbon-felt Ti/

glyphosate Cy = 0.13 Ruo 36Ti0.6402

mM
2,4-D Electro-Fenton Carbon-PTFE BDD
Co=276 mgL!
Asulam Solar Carbon-felt BDD
Co=10mgL™’ photoelectro-
Fenton
S-metolachlor Electro-Fenton Carbon-PTFE BDD

Co=795mgL?!

j = 4.1 mA cm~2, supporting electrolyte not

j=16.6 mA cm 2, 0.05 M NaySOy4, 0.05 mM

j =3.33-100 mA cm 2, 0.05 M NaySOy, 0.5

j=25-100 mA cm 2, 0.05 M NaySOy, 0.5 mM

j=0.45mA cm 2, 0.05 M NaSOy4, 1.0 mM

j =100 mA cm 2, 0.05 M NayS0O,, 0.5 mM

volume = 0.15 L.
Al-Zubaidi and Pak
(2020)

~92% COD (2
reported, 0.59 mM Fe?*, pH = 2.5, 25 °C. h)

Working volume = 1.0 L.

100% HPLC (15
min)

80% TOC (5 h)
100% HPLC (20
min)

89% TOC (4 h)
100% HPLC
(240 min*, 120
min#)

53% TOC (6 h)
34% TOC (3 h)

Dominguez et al.
Fe2+, pH = 3.0, 25 °C. Working volume = (2018)
0.23 L.
Guelfi et al. (2019)
mM Fe?", pH = 3.0, 30 °C, air flow rate = 1 L
min~!. Working volume = 0.13 L.

Gozzi et al. (2017)
Fe*", pH = 3.0, 35 °C, liquid flow rate = 200 L
h~!. Working volume = 2.5 L.

Rosa Barbosa et al.
Fe2+, pH = 3.0, room temperature, air flow (2018)
rate = 1 L min~'. Working volume = 1.0 L.
I=0.5-2.0 A, 0.05 M Na,SO4, 1.0 mM Fe*",
pH = 3.0, 35 °C, liquid flow rate = 200 Lh ™.
Working volume = 2.5 L.

I1=0.3 A, 0.11 mM NaySOy, 0.3 mM Fe?", pH
= 3.0, room temperature, air flow rate =1L
min~!. Working volume = 0.2 L.

83% TOC (7 h) Garcia et al. (2014)

96% HPLC 90%
TOC (2 h)

Vigil-Castillo et al.
(2023)

100% HPLC (4
Fe*, pH = 3.0, 25 °C, air flow rate = 1 L h)
min~". Working volume = 0.1 L. 95% TOC (9 h)

Guelfi et al. (2018)
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resulted in a notable enhancement of HoO5 production. The improved
selectivity of Au-ZrO,/PL6C was ascribed to the synergistic interplay
between anchored Au nanoparticles on the ZrO5/PL6C hybrid support.
This synergy facilitated electron transfer and promoted the metallic
state of Au nanoparticles, ultimately boosting catalytic activity in HyO4
production.

5.2.2. Wastewaters containing dyes

Synthetic solutions contaminated with various dyes, including a
mixture of tetracycline, methyl orange, congo red and methylene blue
(O. Silva et al., 2022), methyl orange (Marquez et al., 2020), and
methylene blue (Soto et al., 2020) have been effectively remediated
using the EF process. On the other hand, dyes like ponceau SS (dos
Santos et al., 2018), and reactive orange 16 (Cornejo et al., 2023), have
been treated with the PEF process. Sunset yellow (Pinheiro et al., 2020)
acid blue 29 (Fajardo et al., 2019), allura red AC (Thiam et al., 2015),
and evans blue (Antonin et al., 2015a) were successfully treated using
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the SPEF treatment (see Table 2).

In photoassisted electro-Fenton processes, choosing the right UV
source is paramount, as the degradation kinetics can be influenced by
both the wavelength and intensity of the radiation. Thus, careful
consideration of different types of irradiation sources is essential to
optimize the process efficiency. For example, Paz et al. (Paz et al., 2020)
conducted EF and PA-EF (simulated solar photoelectro-Fenton) experi-
ments by immersing a pen-type mercury UV lamp with a wavelength of
254 nm in a 350 mL Orange II dye solution (91.23 mg L™1). After 60 min,
EF achieved an 88% discoloration, while PA-EF achieved 100%. How-
ever, it is crucial to consider the relationship between the selected lamp,
the obtained results, and the costs of the overall process.

In this regard, SPEF represents an attractive and environmentally
sustainable alternative compared to the costs associated with high-
energy UV lamps. By harnessing natural sunlight, SPEF offers a more
economically viable and eco-friendly option for driving the photo-
assisted electro-Fenton process, making it an appealing choice for

Table 2
Key findings derived from the degradation of dye compounds via Fenton-based processes utilizing electrogenerated H,O5 from O, electroreduction.
Dye Fenton-based System Experimental parameters Best results Reference
Process Cathode Anode

Orange II Simulated solar WO, 75/Vulcan Pt j=100mA cm~2, 0.1 M K,S04, 0.5 mM Fe?*, pH  100% HPLC Paz et al. (2020)
Cop = 0.26 mM photoelectro- XC72 = 3.0. Working volume = 0.35 L. (1 H)

Fenton 91% TOC (6 h)

Methyl Orange Electro-Fenton and  Pt-black TiO, nanotube Undivided quartz cell - Irradiation: 4 W UV 97.34%, (O. Silva et al.,

Methylene Blue* photocatalysis photoanode lamp; 0.1 M NaySOy, 0.2 mM Fe?t, pH = 1.5. 95.36%*, 2022)
Congo Red” Working volume = 0.25 L. 93.23%" and
Tetracycline® 73.80%%

Co=20mgL™! UV-Vis (1h)

Methyl Orange Electro-Fenton and 3D-like air- Ti|Ir-Sn-Sb j=10-25mA cm™2, 0.05 M NaySO4, 0.5 mM 99% UV-Vis Marquez et al.
Co = 20-50 mg photoelectro- diffusion carbon oxide anode Fe?*, pH = 3.0. Working volume = 2.0 L. (30 min) (2020)
Lfl(TOC) Fenton EF 66% TOC

(7h)
PEF 94% TOC
(7h)

Methylene Electro-Fenton Carbon-PTFE DSA j=16.67 mA em~2, 0.1 M NaySOy, 0.5 mM Fe?", 100% UV-Vis Soto et al. (2020)
Blue pH = 3.0-6.0, 25 °C, air flow rate = 150 mL (8 min)

Co=20mgL’ min ™. Working volume = 0.5 L.

Sunset Solar photoelectro-  Carbon-PTFE Pt I=100 mA, 0.13 M NacCl, 0.25 g of Fe30,4 as 100% UV-Vis Pinheiro et al.
Yellow Fenton catalyst, pH = 3.0, 20 °C, O, gas bubbled at 0.2 (15 min) (2020)
Co=100mg L™’ bar. Working volume = 0.35 L. 71% TOC (90

min)

Ponceau SS Photoelectro- Carbon-PTFE BDD j=100mA cm 2, 0.05 M Na,SOy, 0.5 mM Fe?*, 98% TOC (6 h) (dos Santos et al.,

Co = 0.19 mM Fenton pH = 3.0, 35 °C, air flow rate = 400 mL min "}, 2018)
liquid flow rate = 200 L h™". Irradiation: 160 W
UVA lamp. Working volume = 2.5 L.

Reactive Orange Photoelectro- Graphite felt Ti|RuO, j=10mA cm 2,0.05 M Na,SO,, 0.5 mM Fe?*, 37% TOC (6 h) Cornejo et al.

16 Fenton pH = 3.0, air flowrate =1L min~!. Irradiation: (2023)
Co =50 mg L™* UVA lamp. Working volume = 2.0 L.

Acid Blue 29 Solar photoelectro- Carbon-PTFE Ti|RuO, j=33.3mA cm 2, 0.05 M NaySO4, 0.5 mM Fe?*, 100% HPLC Fajardo et al.
Cp=118mg L! Fenton pH = 3.0, 35 °C, liquid flow rate = 300 mL (15 min) (2019)

min~!. Working volume = 0.13 L. ~100% COD
(6 h)

Allura Red AC Solar photoelectro-  Carbon-PTFE Pt j =50 mA cm~2 0.05 M NaySOy4, 0.5 mM Fe?*,  100% UV-Vis Thiam et al. (2015)

Co=115mgL™!  Fenton pH = 3.0, 35 °C, liquid flow rate = 200 mL (40 min)
min . Working volume = 2.5 L. 94% TOC (4 h)

Evans Blue Solar photoelectro- Carbon-PTFE Pt Jj=55.4mA cm~2, 0.05 M NayS0O4, 0.5 mM Fe?*, 100% UV-Vis Antonin et al.

Cop = 0.245 mM Fenton pH = 3.0, 35 °C, liquid flow rate = 300 mL (20 min) (2015a)
min . Working volume = 0.1 L. 88% TOC (5 h)

Methyl Orange Co Photoelectro- Grafite rod TiOy/Ti407 3V, pencil-type UV lamp (A = 365 nm) and 70% Becerril-Estrada

=5x10°M Fenton photo-anodes saturated activated carbon, pH = 3.0, liquid flow 60 min et al. (2020)
rate = 110 mL min ™!, Working volume = 0.075
L.

Bright blue FCP Co Electro-Fenton Graphite cloth and Carbon cloth 0.5 A (corresponding to about 8 V) iron loaded 100% Robles et al. (2020)
=100 mg L™} Activated carbono ionic resin, pH = 3.0, flow rate = 30 mL min~'. 70 min

as 3D type Working volume = 0.25 L. UV-Vis
electrode

Orange II Cy = 10
mg Lt

Methyl Orange Co
=20mg L™*

Electro-Fenton

Electro-Fenton

half-cylin- ders of
porous carbon

Modified carbon
paste electrode

half-cylin- ders
of porous
carbon

Pt wire

2.27 mA cm 2 (corresponding to about 8 V) iron
loaded ionic resin, pH = 3.0, flow rate = 50 mL
min~!, Working volume = 2 L.

V=-0.8 Vvs Ag|AgCl,. Working volume = 0.02 L.

83% UV-Vis
90 min

99% UV-Vis
120 min

Garcia-Espinoza
et al. (2021)

Ortiz-Martinez
et al. (2021)
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wastewater treatment and pollutant removal.

5.2.3. Wastewaters containing pharmaceuticals

Various synthetic solutions contaminated with different pharma-
ceuticals, such as ibuprofen (Shi et al., 2021), ofloxacin (Xu et al.,
2023a), sulfamerazine (Deng et al., 2020), and predinisolone (Moham-
madi et al., 2023) have been effectively treated using the EF process.
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Conversely, pharmaceuticals like sulfamethazine (Wang et al., 2020e),
paracetamol (Pinheiro et al., 2019), bronopol (Ye et al., 2019), and
carbenicillin (Ren et al., 2023a) were oxidized through the PEF process.
A mixture of sulfamethoxazole and trimethoprim (Murillo-Sierra et al.,
2018), erythromycin (Pérez et al., 2017), ciprofloxacin (Antonin et al.,
2015b), trimethoprim (Zhang et al., 2016), levofloxacin (Coria et al.,
2018), and sulfanilamide (El-Ghenymy et al., 2013) were successfully

Table 3
Selected results obtained on the degradation of pharmaceuticals using Fenton-based processes with H,O, electrogeneration in situ from O, electroreduction.
Pharmaceuticals Fenton-based Electrodes Experimental parameters Removal Reference
P ffici
rocess Cathode Anode ernciency
Sulfamethoxazole + Solar Carbon-PTFE BDD j = 33.3 mA cm~2, supporting 87.4% TOC Murillo-Sierra
Trimethoprim photoelectro- electrolyte: 0.05 M NaySOy4, 0.5 mM (4 h) et al. (2018)
Cop =50 mg L7 !of Fenton Fe?*, pH = 3.0, 35 °C, cathode fed

sulfamethoxazole +11.1
mg L' of trimethoprim

Ibuprofen Electro-Fenton Hollow fiber-based structure
Co=10mgL™! incorporating carbon
nanotubes
Sulfamethazine Photoelectro- Carbon black-
Cp = 0.2 Mm Fenton polytetrafluoroethylene (PTFE)
modified graphite felt
Erythromycin Solar Graphite-felt
Cp = 0.225 mM photoelectro-
Fenton
Ciprofloxacin Solar Carbon-PTFE
Co = 0.245 mM photoelectro-
Fenton
Ofloxacin Electro-Fenton Biogenic Fe-Mn oxides and
Co=20mgL™! carbon black (CB-Bio-FeMnO,)
Sulfamerazine Electro-Fenton Carbon felt
Co=20mgL™!
Trimethoprim Solar Activated carbon fiber
Co = 200 mg L™} photoelectro-
Fenton
Levofloxacin Solar Carbon cloth| graphite-felt
Co=30mgL™! photoelectro-
Fenton
Paracetamol Photoelectro- 1% CeO, HARN/Vulcan XC-72
Co=157mgL? Fenton
Bronopol Photoelectro- (Co, S, P)-modified MWCNTSs
Cp = 0.28 mM Fenton
Ibuprofen Electro-Fenton Carbon-PTFE
Co=10mgL™
Sulfanilamide Solar Carbon-PTFE
Co=239mgL! photoelectro-
Fenton
Prednisolone Electro-Fenton rGO/Sn0,/SSM

Co=20mgL™!

Carbenicillin Photoelectro- Nimesh|C-PTFE
Cp = 0.049 mM Fenton

Triclosan Electro-Fenton Carbon cloth
Co=10mgL™!

with 1 L min~! of O,. Working
volume = 0.13 L.
IrO, coating j=10mA cm’z, 0.05 mol L™} 94.8% Shi et al. (2021)
Na,SO4, 0.7 mM Fe?*, pH = 7.0, flow  HPLC (150
rate of 0.6 L min~'. Working volume ~ min)

=0.2L 41.8% TOC
(120 min)

DSA with j =100 mA cm 2, 0.05 M NaySOy, 83.5% TOC Wang et al.
IrO, and 0.3 mM Fe*", pH = 3.0. Working (4h) (2020e)
RuO, volume = 0.2 L.
Platinized Cathodic current density: —0.16 mA 69% TOC Pérez et al. (2017)
titanium cm 2, 0.05 M NaySO4, 0.5 mM Fe*,  (5h)
plate pH = 3.0, 35 °C. Working volume =

1.4 L.
BDD j=33.3mA cm’z, 0.05 M NasSOy4, 95% TOC Antonin et al.

0.5 mM Fe?*, pH = 3.0, 25 °C, O, (6h) (2015b)

flow rate = 300 mL min~'. Working
volume = 0.1 L.

Ti/PbO, j=50mA cm 2, 0.05M NaySO4, pH ~ 41% TOC Xu et al. (2023a)
= 6.5. Working volume = 0.1 L. (6 h)
BDD sheet j = from 2.5 to 15 mA cm’z, 0.05 M 98.5% Deng et al. (2020)

NayS04, 0.48 mM Fe®*, pH = 3.0,0,  HPLC (90
flow rate = 300 mL min . Working ~ min)

volume = 0.1 L. 85.6% TOC
(6 h)
Ti|RuO, j=18mA cm 2, 0.05 M Na,SO4, 1.0 80% TOC Zhang et al. (2016)

mM Fe?*, pH = 3.0, 25 °C, O, flow (6h)
rate = 60 mL min~'. Working
volume = 0.125 L.
Pt Ecqt = —0.30 V/SCE, 0.05 M NaySOy,, 100% TOC Coria et al. (2018)
0.5 mM Fe?*, pH = 3.0, 25 °C, liquid (3 h)
flow rate = 3 L. min~'. Working
volume = 6.0 L.

BDD Eeq = —2.7 V/Ag/AgClL, 0.1 MK,SO4  98.4% TOC  Pinheiro et al.
+ 0.1 M HSO4, 1.0 mM Fe?*, pH = (6 h) (2019)
3.0, 35 °C. Working volume = 0.35 L.

RuO,0rBDD  j =40 mA cm ™2, 0.05 M NaySOy4, 0.5 94% TOC Ye et al. (2019)
mM Fe?*, pH = 3.0, 35 °C, liquid (6h)

flow rate = 180 L h~". Working
volume = 2.5 L.

IrO, sleeve j=8mA cm ™2, 0.05 M NaySO4, 0.7 ~50% TOC Shi et al. (2022)
mM Fe?*, pH = 3.0, air flow rate = 2h)
0.6 L min~". Working volume = 0.2
L.

Pt j =50-150 mA cm ™2, 0.05 M 92% TOC El-Ghenymy et al.
Na,S04, 0.25-5.0 mM Fe?*, pH = (5h) (2013)

3.0, 35 °C, liquid flow rate = 200 L
h~!. Working volume = 2.5 L.

Pt I =410 mA, 0.05 M NaySOy4, 1 g of 84% TOC Mohammadi et al.
1GO/Fe304/CF, pH = 4.5, room (2h) (2023)
temperature. Working volume = 0.1
L.

Pt or BDD I=100 mA, 0.01 M NaySOy4, 0.5 mM 100% HPLC Ren et al. (2023a)
Fe*, pH = 3.0, 25°C, air flow rate= (13 min)
0.6 L min~'. Working volume = 0.15  84% TOC
L. (6h)

Carbon cloth V= -0.8 Vvs Ag|AgCl, ionicresinas ~ 100% Garcia-Espinoza
iron supporter, sequential circulation =~ HPLC (85 et al. (2019)

and polarization stage, 30 mL min~ 1.

Working volume = 0.2 L.

min)
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treated using the SPEF process (see Table 3).

The selection of anode material significantly influences the degree of
pollutant mineralization in aqueous media. Tables 1-3 demonstrate that
RuOg, IrO4, TiOg, graphite, and Pb have been extensively studied and
demonstrated their effectiveness in removing pesticides, dyes, and
pharmaceuticals. However, recent reports highlight BDD as the
preferred anode material. Employing BDD for the removal of these
organic pollutants has consistently yielded degradation ranging from 80
to 100%. This underscores the potential of BDD as a highly efficient
option for achieving effective pollutant removal in water treatment
applications.

In that sense, Ye et al. (Ye et al., 2019) examined the oxidation of
bronopol through photoelectro-Fenton treatment, employing either a
BDD or RuOs-based anode. The combination of the BDD anode and a
catalyzed cathode yielded the most promising results, achieving com-
plete bronopol removal within 210 min and 94% mineralization after
360 min at 40 mA cm 2. This exceptional performance was attributed to
the synergistic action of *OH, BDD(*OH), and sunlight, highlighting the
potential of the BDD-based system for efficient pollutant degradation in
water treatment applications. Ren et al. (Ren et al., 2023a) investigated
the degradation of carbenicillin while comparing Pt and BDD as anode.
BDD was selected due to its exceptional capacity to generate the largest
amount of reactive M(*OH) according to Eq. (14):

M+H,0— M(OH)+H" + e- a4

Thus, the EF processes have showcased efficiency in oxidizing
organic contaminants in synthetic solutions. Significantly, the BDD
anode surpasses Pt and DSA in oxidation capacity by generating a
greater quantity of reactive radicals. Additionally, Carbon-PTFE-GDE
cathodes demonstrate superior HyO, production when compared to
activated carbon fiber and carbon felt cathodes. However, a challenge
emerges in the mineralization process, attributed to the gradual and
complete photolysis of Fe(Ill)-carboxylate complexes. In this context,
solar prepilot flow plant provides more practical insights compared to
conventional tank reactors. For the Carbon-PTFE-GDE, the optimal Fe?*
concentration was approximately 0.50 mM. Superior performance is
consistently observed at higher contaminant concentrations and lower
current densities, leading to a significant reduction in the rates of
parasitic reactions. These reactions may involve the dimerization reac-
tion of eOH on the surface of the anode and/or in the reaction medium
(Eq. (15)). Furthermore, there is the destruction reaction of ¢OH when
reacting with HyO,, forming HO; (Eq. (16)), and the reaction of eOH
with Fe?* through reaction (Eq. (17)).

2°0H —2H,0, (15)
H,0,+°0H — HO;+ H,0 (16)
Fé®* +*OH — Fe** + OH™ a7

6. Conclusions and future outlook

Hydrogen peroxide is a powerful oxidizing agent, being used in
hospital environments, paper and textile bleaching processes, chemical
syntheses, and in water treatment plants based on advanced oxidative
processes. The main methods of producing HyO, are anthraquinone
oxidation, direct synthesis of HyO5 using noble metals, and electro-
chemical methods. Currently, the most used is the anthraquinone
oxidation process, but as it is a method that involves several steps and
requires handling and storing H,0», this method becomes expensive and
not environmentally friendly. The direct synthesis of HoO2 uses noble
metals, which makes this method more expensive. Furthermore, they
pose serious risks of explosion, making this method unfeasible for large-
scale production of HyO. A promising, economically, and environ-
mentally friendly alternative is the in situ production of HyO5 through
the electrochemical method using the ORR. This methodology can be
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applied using carbon-based electrocatalysts, which are low cost, abun-
dant, and high selectivity for HyO».

Different carbon-based materials, such as graphene, graphite, carbon
nanotube, and carbon black have already been studied and presented
promising results for generating HyO, by 2-electron ORR. However, as
they are not ideal for this function, several modifications have already
been made in order to optimize their performance. Carbon materials
functionalized with metal atoms, for example, can be highly effective for
4-electron ORR, with the selection and synthesis methodology of the
catalyst being fundamental in determining the selectivity of the ORR
mechanism, tuning the catalyst surface with specific active sites for the
2-electron ORR to form hydrogen peroxide through electrochemical
means. Another modification that stands out for 2-electron ORR is the
addition of oxygen functional groups to carbon materials. This insertion
can be carried out using different methodologies, which offer different
advantages. The identification of catalytic active sites and modification
of the carbon focus with active species can increase the efficiency and
selectivity of HoOy electrogeneration, paving the way for more sus-
tainable and efficient electrochemical processes. Furthermore, the
modification of carbon materials with metal oxides can increase the
catalytic activity for the electrogeneration of HyO3 as it can provide new
active sites, improving conductivity and hydrophilicity, as well as
regulating the active sites. Therefore, it is clear that carbon materials are
promising for the electrogeneration of HyO, and different approaches
can be used for this purpose.

To better understand the structure of different carbon materials, as
well as the real effects of modifications used in these materials to
improve their efficiency for generating H,O» using the 2-electron ORR,
many researchers have focused their efforts on carrying out theoretical
simulations. Density functional theory calculations were carried out and
provided results in the form of adsorption and reaction energies, Gibbs
free energies, charge transfer processes occurring on the surfaces, among
other information, which helped to understand how the modifications
were able to favor the 2-electron ORR. Finally, different carbon-based
electrocatalysts were applied to the degradation of pollutants using
advanced oxidative electrochemical processes, being efficient in a wide
class of pollutants (drugs, dyes, pesticides, and herbicides). The results
presented in this review demonstrate how promising carbon materials
are for electrogeneration of HoO, using the 2-electron ORR. However,
the practical implementation of this technology is still a challenge to be
overcome. For this methodology to be used in large-scale productions,
some obstacles must be overcome (Zhou et al., 2019a; Cordeiro-Junior
et al., 2020; Salmeron et al., 2021; Wang et al., 2021b; Santos et al.,
2022) such as.

1. Stability and durability: Carbon electrocatalysts can suffer from
stability and durability problems during H30O, electrogeneration
processes. This compromises the performance and H,0, production,
generating additional costs. Thus, to apply these electrodes, studies
with longer tests must be provided to determine the real stability/
efficiency ratio of carbon electrocatalysts. Furthermore, the use of
gaseous diffusion electrodes, which facilitate the transfer of electrons
and O, mass to the cathode surface (Wang et al., 2021a), improving
electrode efficiency, is highly recommended. However, the extensive
use of this type of electrode can generate infiltrations and floods and
affect its efficiency. Thus, longer stability tests and further investi-
gation are even more necessary for this type of electrode;

2. Realistic tests: More realistic and robust parameters are required for
both electrogeneration tests and application in effluent treatments,
such as low electrolytes and high pollutant concentrations, as well as
real matrices of reuse water and/or river waters;

3. Scalability and cost: For industrial applications, the scalability and
cost-effectiveness of the electrogeneration process are crucial factors.
Therefore, further studies should be aimed at designing reactors that
promote high amounts of HyO, production with low energy
consumption.
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