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Resumen / Abstract

Esta tesis doctoral trata sobre la sintesis y caracterizacion de diferentes
materiales basados en carbono, 6xidos metalicos y materiales compuestos oxido
metalico-carbono, como catalizadores activos para reacciones de reduccién de
oxigeno (ORR) y reacciones tipo Fenton, asi como, su actividad bifuncional
(generacion directa de radical hidroxilo). EI origen de esta investigacién se debe
a la necesidad de hallar nuevos procesos capaces de degradar contaminantes
emergentes, como los antibioticos, que pueden causar problemas ambientales y de
salud publica. Algunos materiales, que mostraron actividad ORR con alta
selectividad hacia la via de 4 electrones, fueron propuestos como prometedores
catalizadores para aplicaciones en microceldas de combustible. Los resultados

experimentales y su discusion se presentan en este informe en ocho capitulos.

En términos generales, se determind que es posible obtener catalizadores
bifuncionales en el proceso de electro-Fenton mediante el ajuste adecuado de una
selectividad hacia los 3 electrones, con lo cual, se logra la generacion directa de

radicales hidroxilo capaces de degradar antibioticos como la tetraciclina.

Varias series de materiales de carbono (xerogeles y carbones activados),
dopados con eco-grafeno, hierro, 6xido de manganeso, nitrégeno, azufre, fésforo o
boro, han sido sintetizados, caracterizados y probados en la reaccion de reduccion
de oxigeno y en el proceso electro-Fenton. Todos los resultados obtenidos se han
correlacionado con las propiedades texturales y quimicas de los catalizadores

sintetizados, y estos se han estructurado en los siguientes capitulos:



Capitulo I: Introduccién y objetivos. Este capitulo presenta el estado del arte
del proceso de electro-Fenton en el cual se enmarcan las reacciones y catalizadores
involucrados en este proceso. Se presentan las ventajas y limitaciones de cada una
de las variantes estudiadas como reacciones tipo Fenton, asi como aquellas que

pueden funcionar como catalizadores bifuncionales.

Capitulo II: Materiales y métodos. Se describen los protocolos para la sintesis,
caracterizacion y aplicacion de cada uno de los materiales y técnicas utilizados para

el desarrollo de esta tesis.

Capitulo IlI: Sintesis facil de tintas a base de carbono para desarrollar
electrocatalizadores ORR libres de metales para la eliminacion de amoxicilina
mediante el proceso electro-Fenton. En este capitulo se sintetizaron tintas a base
de carbono como electrocatalizadores ORR libres de metales para la eliminacion de
amoxicilina mediante el proceso electro-Fenton. El catalizador preparado mediante
pintura con tinta (pincel) mostr6 los mejores resultados debido a una buena
combinacion de factores, como la microrrugosidad Gnica y el alto volumen de
mesoporos que resultan en los mejores parametros ORR (Jk=14.59 mA cm 2, 2.03
electrones transferidos y potencial inicial de Eonset= —0.25V). Se destaca la
obtencion de electrodos aplicados al proceso electro-Fenton sin la necesidad de usar
agentes adicionales, como aglutinantes, para la adhesién del catalizador en el

electrodo.



Capitulo I1V: Bio-carbones dopados (S, N, Py B) como catalizadores duales
altamente eficientes para la degradacion de tetraciclina mediante el proceso
electro-Fenton heterogéneo. Este capitulo describe el dopaje con diferentes
heterodtomos (S, N, P y B) de carbon activado obtenido a partir de un residuo de la
industria del aceite de oliva (alperujo). Todas las muestras mostraron una mejora
en las propiedades electroquimicas después del dopado. Sin embargo, la muestra
con el mejor Jk (10.38 mA cm2) y el potencial de inicio mas bajo (—0.14V) fue la
dopada con N. Esto podria atribuirse a los grupos funcionoales (N-piridinico y N-
pirrélico), que se conocen como sitios activos para la ORR 2e .

Capitulo V: Control del tamafio de las esferas de xerogel de carbono como
factor clave que rige la selectividad hacia H20: en catalizadores electro-Fenton
bifuncionales libres de metales para la degradacion de tetraciclina. Este
capitulo describe el desarrollo de esferas de xerogel de carbono dopadas con eco-
grafeno, en diferentes porcentajes. Ademas, se evalud el efecto del dopado en las
esferas de xerogel de carbono de diferentes tamafios (micrométricas y
nanométricas). Los resultados muestran que las muestras obtenidas tienen una
actividad bifuncional para la generacion directa de OH- mediante la ruta de 3
electrones. Un factor importante en la actividad catalitica es el tamafio de las esferas
de xerogel de carbono, que esta asociado con el efecto del dopado con N, debido a
que, segun los resultados de XPS, en las microesferas habia una mayor cantidad de
N piridinico y pirrolitico/piridonico, mientras que en las nanoesferas los principales
grupos de N eran mas grafiticos, lo cual, es mas favorable para la ruta de 2

electrones.



Capitulo VI: Esferas de carbono dopadas con manganeso como catalizador
eficiente para la reaccidn de reduccion de oxigeno. En este capitulo se
sintetizaron esferas de carbono mediante el método sol-gel de emulsion inversa, las
cuales fueron impregnadas con manganeso (Mn) en tres porcentajes diferentes (10,
20y 30%). Las muestras se caracterizaron textural, quimica y electroquimicamente.
Los resultados muestran que la presencia de Mn en el material final puede aumentar
la selectividad del catalizador hacia una ORR de 4 electrones; sin embargo, cuando
la cantidad de manganeso es superior al 20%, la ORR tiende a 2 electrones, ademés
de disminuir el valor de Jk. Estos resultados se atribuyen a que la presencia de
manganeso en dos estados de oxidacion redox (Mn?* y Mn®") puede resultar en una
transferencia de carga favorable al oxigeno adsorbido, mejorando la ORR. Ademas,
la disminucion en Jk se asoci6 con una menor cantidad de Mn3*. A partir de estos
resultados, es posible concluir que el dopado con Mn y la correcta sintonizacion de
la cantidad, podria resultar en un catalizador prometedor para diferentes

aplicaciones con ORR.

Capitulo VII: Degradacion de antibidticos mediante el proceso Fenton
asistido por una ruta de reduccién de oxigeno de 3 electrones catalizada por
compuestos de bio-carbdn y manganeso. En este capitulo se describe la sintesis
de materiales de carbono activado dopados con manganeso a partir de aguas
residuales de molinos de aceite de oliva. Se probaron diferentes métodos de
activacion (con H2Og2, antes y después de la calcinacion, y con CO;). Ademas, con
el método de activacion mas adecuado, se utilizaron tres porcentajes diferentes de
Mn (10, 25 y 60%). Las muestras optimas (Jk > 8 mA cm2) se probaron en el

proceso electro-Fenton como catalizadores bifuncionales, donde se pudo



determinar que la generacion de radicales hidroxilo podria tener dos rutas: la
primera es la descomposicion de H>O> en presencia de Mn (Fenton heterogéneo) y
la segunda es la reduccién de oxigeno de 3 electrones directamente. La actividad
bifuncional podria atribuirse a la presencia de ciclos redox Mn**/Mn?* de la fase
MnzO4 en el compuesto.

Capitulo VII: Conclusiones generales. En este capitulo se muestran las
conclusiones generales recopiladas a partir de los capitulos presentados a lo largo
de la tesis. Donde se destaca que es posible obtener catalizadores bifuncionales para
procesos electro-Fenton, mediante el dopaje con heterodtomos de materiales

carbonosos.

This doctoral thesis reports the synthesis and characterization of different
carbon-based materials, metal oxides and metal oxide-carbon composite materials,
as active catalysts for oxygen reduction reactions (ORR) and Fenton-type
reactions, as well as their bifunctional activity (direct generation of hydroxyl
radical), due to the need for new processes capable of degrading emerging
pollutants such as antibiotics that may lead to environmental and public health
problems. Some materials that showed ORR activity with high selectivity towards
the 4-electron pathway were proposed as promising catalysts for applications in
micro fuel cells. The experimental results and their discussion are presented in this

report in eight chapters.

In general terms, it was determined that it is possible to obtain bifunctional

catalysts in electro-Fenton, through the correct tuning of a selectivity towards the



3 electrons with which the direct generation of hydroxyl radicals capable of

degrading antibiotics such as tetracycline is achieved.

Several series of carbon materials (xerogels and activated carbons), doped with
eco-graphene, iron, manganese oxide, nitrogen, sulphur, phosphorus, or boron,
have been synthesized, characterized, and tested in oxygen reduction reaction and
electro-Fenton process. All the obtained results have been correlated with the
textural and chemical properties of the catalysts synthesized and these have been
structured in the following chapters:

Chapter I: Introduction and objectives. This chapter presents the state of the
art of the electro-Fenton process, in which the reactions and catalysts involved in
this process are framed. The advantages and limitations of each of the variants
studied as Fenton-type reactions are presented, as well as those that can function as

bifunctional catalysts.

Chapter 11: Materials and methods. The protocols for the synthesis,
characterization and application of each of the materials and techniques used for

the development of this thesis are described.

Chapter IlI: Facile synthesis of carbon-based inks to develop metal-free
ORR electrocatalysts for electro Fenton removal of amoxicillin. In This chapter
were synthetized carbon-based inks as electrocatalysts ORR metal-free for the
remotion of amoxicillin by electro-Fenton process. The catalyst prepared by ink
painting (brush) showed the best results, due to a good combination of factors as,



the unique microroughness and the high volume of mesopores that result in the best
ORR parameters (Jk=14.59 mA cm 2, 2.03 transferred electrons and initial potential
of Eonset=—0.25V). The achievement of electrodes applied to the electro Fenton
process without the need to use extra agents such as binders for the adhesion of the
catalyst on the electrode is highlighted.

Chapter IV: Doped Bio-Carbons (S, N, P and B) as highly efficient dual
catalysts for the degradation of tetracycline through heterogeneous electro-
Fenton process. This Chapter describes the doped with different heteroatoms (S,
N, P and B) of activated carbon obtained from a waste of the olive industry
(alperujo). All samples showed improvement in the electrochemical properties later
of doped, which indicates, however, the sample with the best Jk (10.38 mA cm?)
and E° onset lowest (—0.14V) was the doped with N. This could be attributed to the
functional groups (N-pyridinic and N-pyrrolic) that are known as active sites for
the ORR 2e.

Chapter V: Size control of carbon xerogel spheres as key factor governing
the H20: selectivity in metal-free bifunctional electro-Fenton catalysts for
tetracycline degradation. This Chapter describes the development of carbon
xerogel spheres doped with eco-graphene, in different percentages. In addition, was
tested the effect of doped in the carbon xerogel spheres of different size (micro and
nanometric). The results show that the samples obtained have a bifunctional activity
for generation direct of OH- for way 3 electrons. The size of the carbon xerogel
spheres, result important in the catalytic activity, principally associated with the
effect of N doped, due to that conform to the XPS results, in the micro spheres had



higher amount of N pyridinic and pyrrolitic/pyridonic, meanwhile that in the nano
spheres the principal N groups N graphitic, which is most favourable for the way

of 2 electrons.

Chapter VI: Manganese doped carbon spheres as an efficient catalyst for
Oxygen Reduction Reaction. In this Chapter were synthesized carbon spheres by
inverse emulsion sol-gel method, which were impregnated with manganese (Mn)
in three different percentage (10, 20 and 30%). The samples were characterized
textural, chemical, and electrochemically. The results show that the presence of Mn
in the final material can increase the selectivity of catalyst to an ORR 4 electrons,
however, when the amount of manganese is higher than 20%, the ORR tends to 2
electrons, in addition to the value of Jk decrease. These results are attributed to that
the presence of manganese in two redox oxidation states (Mn?* and Mn®*) can result
in a favourable charge-transfer to adsorbed oxygen, improving the ORR. Also, the
decrease in Jk was associated with a lower amount of Mn®*. From these results, it’s
possible conclude that the doped with Mn and the correct syntonise of the amount,
could give as result a promising catalyst for different applications with ORR.

Chapter VII: Antibiotic degradation via Fenton process assisted by a 3-
electron oxygen reduction reaction pathway catalyzed by bio-carbon-
manganese composites. In this Chapter described the synthesis of manganese-
doped activated carbon materials from olive mill wastewater. In this chapter, were
tested different methods of activation (with H20- pre and post calcination, and CO>
method). In addition, with the optimal activation method, were tested three different
percentage of Mn (10, 25 and 60%). The optimal samples (Jx > 8 mA cm2), were



tested in electro-Fenton process as bifunctional catalysts, where was possible
determinate that the generation of hydroxyl radical could have two routes, the first
is the decomposition of H20- in presence of Mn (heterogeneous Fenton) and the
second, the ORR 3 electrons directly. The bifunctional activity could be attributed
to the presence of redox cycles Mn**/Mn*2 from Mn30. phase in the composite.

Chapter VIII: General conclusions. In this chapter, the general conclusions
gathered from the chapters presented throughout the thesis are highlighted. It
emphasizes that it is possible to obtain bifunctional catalysts for electro-Fenton

processes through the doping of carbonaceous materials with heteroatoms.
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CHAPTER I: INTRODUCTION AND OBJECTIVES

Abstract

Currently, the presence of emerging contaminants in water sources has raised concerns worldwide due to low
rates of mineralization, and in some cases, zero levels of degradation through conventional treatment methods.
For these reasons, researchers in the field are focused on the use of advanced oxidation processes (AOPs) as a
powerful tool for the degradation of persistent pollutants. These AOPs are based mainly on the in-situ
production of hydroxyl radicals (OH¢) generated from an oxidizing agent (H,O; or O,) in the presence of a
catalyst. Among the most studied AOPs, the Fenton reaction stands out due to its operational simplicity and
good levels of degradation for a wide range of emerging contaminants. However, it has some limitations such
as the storage and handling of H,O,. Therefore, the use of the electro-Fenton (EF) process has been proposed
in which H,O; is generated in situ by the action of the oxygen reduction reaction (ORR). However, it is
important to mention that the ORR is given by two routes, by two or four electrons, which results in the products
of H,0, and H,0, respectively. For this reason, current efforts seek to increase the selectivity of ORR catalysts
toward the 2e™ route and thus improve the performance of the EF process. This work reviews catalysts for the
Fenton reaction, ORR 2e~ catalysts, and presents a short review of some proposed catalysts with bifunctional
activity for ORR 2e™ and Fenton processes. Finally, the most important factors for electro-Fenton dual catalysts

to obtain high catalytic activity in both Fenton and ORR 2e™ processes are summarized.
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1.1.-FROM FENTON AND ORR 2E-TYPE CATALYSTS TO
BIFUNCTIONAL ELECTRODES FOR ENVIRONMENTAL
REMEDIATION USING THE ELECTRO-FENTON PROCESS

1.1.1.- Environmental Problems

One of the largest problems facing society today is water pollution, so special
interest has been aroused in knowing the main pollutants that affect it and their
subsequent treatment. Currently, some pollutants considered conventional (metals,
fats and oils, nitrates, etc.) are controlled and monitored; however, more and more
attention has been paid in recent years to those termed today as emerging [1-3].
Emerging contaminants can be defined as substances and/or chemical compounds
that are not normally monitored but nevertheless remain continuous and remain
present in water bodies despite being treated by conventional wastewater treatment
plants [4-7].

Pharmaceuticals, along with their metabolites and degradation products, are
considered emerging contaminants [8]. Their continuous discharge, together with
their toxic and harmful levels, makes them highly dangerous for human and aquatic
organisms [9,10]; therefore, it explains the importance of exercising controls and
monitoring the concentrations of these pollutants both in the ecosystem and in
effluents [11,12]. Currently, the global pharmaceutical market exceeds one trillion
US dollars [13], which demonstrates the strong growth of this industry and its
impact on the environment.

Among pharmaceutical products, antibiotics are of special interest because
they are made to affect microorganisms, so they are prone to affect microbial

communities in aquatic systems, causing a possible disappearance of them, which
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may have key functions in the ecosystem [14]. An antibiotic is defined as a
chemotherapeutic agent capable of stopping the growth of microorganisms through
cell destruction [15]. Antibiotic use has grown steadily globally, mostly in low- and
middle-income countries [16]. It has been found that the presence of antibiotics in
the environment favors the proliferation of microorganisms resistant to this type of
drug [17].

Aquatic environments have been considered large deposits of antibiotics since
this type of contaminant can arrive through two main ways, wastewater discharge
and agricultural activity [18]. An example of this was a study conducted in 165
rivers in 72 countries, where researchers detected the presence of antibiotics in more
than 60% of the 711 sampling sites [19]. In addition to these bodies of water,
groundwater has also been susceptible to contamination with antibiotics mainly
through the leaching of soils fertilized with manure from livestock, since it contains
high concentrations of veterinary drugs [20].

Currently, wastewater treatment processes are composed of three phases in a
general way:

1. Primary treatment by physicochemical operations.

2. Secondary treatment by biological processes.

3. Tertiary treatment by additional processes.

However, these treatment technologies only achieve moderate to significant
elimination of some antibiotics [21]. For this reason, other types of treatments have
been explored to achieve almost total elimination of the antibiotics present in water.
Currently, in this study, advanced oxidation processes (AOP’s) are explored [22-
24], such as Fenton, electro-Fenton, ozonation, photocatalysis, and
electrocoagulation, among others [25-29], which are based on the in-situ production
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of hydroxyl radicals (OH¢) generated from an oxidizing agent (H202, O) in the
presence of a catalyst. OHe has strong oxidizing power and thus, a high capacity to
degrade organic compounds to simpler and less toxic biodegradable substances, and

in some cases, even reaching complete mineralization [30].

1.1.2.- Fenton Reaction

The first report on the Fenton reaction dates from 1876, where a mixture of
H>0, and Fe?" salt (Fenton reagent) was used to achieve the oxidation of tartaric
acid [31]; from there, various investigations have been carried out to apply this
reaction in multiple applications. It is currently mainly used in environmental

remediation [32-36].

The Fenton reaction can be considered an AOP, where it is based on a mixture of
ferrous ion (Fe?") (usually in a liquid state) with hydrogen peroxide (H.02) [37],
which, under the right reaction conditions, results in the formation of hydroxyl
radicals [38] with high oxidative potential capable of degrading a wide range of

contaminants (figure 1.1) [39].
Fe’" + H,0, - Fe’* + OH + OH’ (1.1)

Fe’* + H,0, - Fe** + H' + HO" (1.2)
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Intermediate

Figure 1.1. Scheme of the Fenton process. In general, the multiple reactions

involved can be summarized by Equations (1.1) and (1.2) [40,41].

The Fenton reactions are based on the oxidation of Fe?" to Fe**, which
simultaneously generates the hydroxyl radical (equation 1.1), followed by the
reduction of Fe*" to Fe*" (equation 1.2), which allows the regeneration of the
catalyst. However, the reaction in which OHe is produced is much faster than that
of catalyst regeneration [42], leading to the accumulation of Fe®" and therefore

decreasing catalytic efficiency.

Among its main advantages are its operational simplicity, zero toxicity, mild
reaction conditions (ambient temperature and atmospheric pressures), and high
degradation efficiency [43-46]. However, there are still some important limitations
to overcome such as the slow reduction rate of Fe** to Fe?" resulting in high levels
of sludge generation with iron content, the deactivation of the catalyst, and a narrow

pH working range [47-51].
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The pH level is one of the most important parameters because it limits
degradation efficiency. At pH values below 3, H>O> goes on to form oxonium ions
(H30."), which have less oxidative power than OHe, while as the pH rises above 3,
colloidal ferric species such as ferric hydroxide are formed from dissolved iron,

which produces high amounts of sludge [52].

Recently, numerous investigations have been carried out (see table 1.1) focused
on the optimization of Fenton conditions. Variables such as catalyst pollutant and
H>O; concentration have been evaluated, as well as the pH of the solution, to
determine under what conditions the highest percentage of pollutant molecule

degradation is reached.

Typically, the pH is a crucial factor in the Fenton process, hardly affecting
catalyst stability and pollutant degradation. From this, numerous investigations
have been carried out with different pH values found at important degradation levels
of pollutants such as antibiotics, colorants, and industrial wastewater. It is known
that the pH optimal value for the Fenton reaction is closer to 3 due to the stability
of H,0,, OHe, and Fe*". In this sense, Rao et al. [53] treated complex recalcitrant
wastewater using FeSO47H,O as a catalyst (typical Fenton catalyst) in a
concentration of 50 mg L' and a pH value of 3 obtaining a degradation of 72% of
DQO. On the other hand, Zhao et al. [54] removed a polymer quaternary ammonium
salt using the same catalyst but using a pH of 2 and a Fenton catalyst concentration
slightly lower (40 mg L"), achieving a percentage of elimination closer to 70%.
Liu et al. [55] degraded a reference colorant for degradation tests, methylene blue,
and analyzed the activation of the Fenton reaction under visible light irradiation
using MoS>-Fe (150 mg L™!) as the Fenton catalyst at a pH value of 3, reaching a
degradation of 65%. In turn, Qin et al. [56] achieved a 99.1% degradation level for
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a widely used antibiotic, amoxicillin, using 1 g L™! of a core-shell structured

MnFe;04@C-NH; at a pH of 3 (Figure 1.2).

Figure 1.2. Schematic of the OHe generation by MnFe204@C-NH2. Adapted from
[56].

Other antibiotics tested at pH 3 have been sulfamerazine (40 mg L),
sulfathiazole (0.5 mg L"), azithromycin (0.1 mg L"), norfloxacin (50 mg L"), and
sulfamethoxazole (0.01 mg L"), with removal percentages >65%, using as Fenton
catalysts, CNTs-Fe;Os (0.5 mg L7'), dissolved iron from zero-valent iron
nanoparticles © mg L, MnFe304-HS (1000 mg L™,
Fe;04/Schwertmannita/carbon (50 mg L") (figure 1.3) and fresh powder from Fe0,
respectively [57-61]. On the other hand, Hommem et al. [62] studied a range of pHs
from 3.5 to 4.5, for the degradation of amoxicillin (0.45 mg L") using FeSO4-7H,0
(0.095 mg L) as catalysts, obtaining 100% degradation in all cases.
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d=0.21 nm
Fe304 (400)
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47 d=0.35 nm

5.nm

Figure 1.3. (a) SEM images of Chem-Sch, Bio-Sch, Fe304/Sch, Fe304/Sch/C, (b)
TEM of Fe304/Sch and Fe304/Sch/C, (¢) HRTEM of Fe304/Sch/C, and (d)
elemental mapping of different elements C, Fe, S, and O recorded from

Fe304/Sch/C [60].

Other authors tried to increase the operating pH to facilitate the use of the
Fenton process in a real application. Cheng et al. achieved a tetracycline

hydrochloride degradation of 91.3% at a pH value of 4 using magnetic pullulan
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hydrogel as a Fenton catalyst (1250 mg L™') [63]. Similarly, Wang et al. [64]
obtained a good tetracycline degradation (83%) at a pH value of 4.3 using iron
loaded in graphitic carbon derived from microplastics. The highest pH values (5 to
5.5) tested also obtained good results: 100% degradation of carbamazepine and
norfloxacin and 86.9% for ciprofloxacin using LaCuo.sMng 503, FeSO4-7H,0 with
hydroxylamine (10 pM of Fe®"), and 8-FesOOH/MWCNTSs as Fenton catalysts,
respectively [65-67]. However, neutralization of the final effluent is still required,
so the search for catalysts and conditions that allow the development of this process
at a neutral pH value is preferred. In this way, several researchers have studied the
degradation of different pollutants such as amoxicillin, sulfadiazine, tetracycline,
sulfadiazine, and rifampicin metronidazole, among others, working at pHs of 6 to
7.5, and obtaining degradation higher that 90% using goethite, Fe>(SO4)3-H20,
single-atom iron fixed in porous carbon, copper-modified MgFe-COs; double-
layered hydroxide, rGO@nFe/Pd, magnetic biocarbon, CoFe>Os-S, and
LaCu.sMno203 [68-75] as Fenton catalysts. Guo et al. [76] also achieved the total
degradation of ofloxacin at the widest pH using GO—Fe304 in a discharge plasma
system. Wang et al. [77] also obtained the total degradation of ofloxacin using
Fe304@S-doped ZnO at a pH of 5.2 to 9.0. For their part, Sun et al. [78] worked in
a wide range of pH values from 3 to 9, degrading 99% of sodium sulfadiazine with

FeCO;3 [6000 mg L1].
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Table 1.1. Operating conditions for some Fenton processes.

Catalyst [Catalyst] [H20,] Pollutant [Pollutant] pH Elimination Ref.
LaCuosMnos0; 06gL" 0.7gL" Ca’bf‘g’;g)ep‘”e 15mgL! 55  100%  [65]
- - Ofloxacin _ 52—
ZnO dopped Fe;0,@S 025gL" 5mLL" (O;‘x)' 10mg L™ 50  100% [77]
Industrial -
FeSO,-7H,0 5omgL’  264mM  westewatr 000 9L 3 2% [53]
Hydroxyethylp
olydialyldimeth
_ _ I ium- _
FeSO,-7H,0 40mgL! 23mLL! yai'g/m‘i'é‘:f 200mg L 2 69.3%  [54]
acrylic-acrylate
(PDM)
- - - sodium .
Siderite (FeCO3) 6gL"! 100 mMol L™ & i ine 50mg L™ 9 99% [78]
Goethite - 460mg L' Amoxicillin 105mgL"! 657 83% [68]
MnFe,0,@C-NH, 1gL’ 3mLL! Amoxicillin 30mgL™"! 3.0 99.1%  [56]
Fe(S04)3-xH,0 30mgL! - Tetracycline 50mg L™ 6.0 90% [69]
Fex(SO4)- TH.0 0095mgL" 235mgL" Amoxicillin  0.45mgL" 3255’ 100%  [62]
1GO-Fes0s 023gL" ; Offvacin  20mgL’ L0 99.9%  [76]
MoS,-Fe 150 mg L' 10 mMol L' Methylene blue 25 mg L™! 3 65% [55]
CNTs-Fe;0q 05¢gL! 245mM  Sulfamerazine 40mgL! 3 70% [57]
Dissolved iron from zero valence - . . O 0
iron nanoparticles (nZV1) 9mg L 34mgL™  Sulfathiazole  0.5mg L 3 >96%  [58]
Fe,(S0,)-7H,0 with o4 . 1
hydroxylamine 10 uM de Fe 1.0 mM Norfloxacin 10mgL 5 100%  [66]
CuS@Fe;04/Pt - - Tetracycline 40 mg L' - 78% _ [79]
Single-atom iron fixed in porous 4 - 4 o
carbon (Fe-ISA@CN) 100 mg L 10 mM Sulfadiazine 2mgL 6.5 96% [70]
LDH-CuMgFe-CO; 05gL"  4mMolL Sulfathiazole  045mgL’ 75  100%  [71]
rGO@nFe/Pd 200 mg L™! 167 mMol Rifampicin 50mgL’! 6.14  946% [72]
MnFe,0,~HS lgL! 29.4mM  Azitromycin -~ 0.1mg L™ 3.0 92.6%  [59]
MagFePC (Hybrid) 250 mg L™! 5mLL"! Tetracycline - 6.0 100%  [80]
. _ . Tet li .
Magnetic pullulan hydrogels 125gL"  125mLL hyfjrrj;{ﬁ):?;e 20mg L 40  91.3%  [63]
Magnetic biocarbon 0.2gL" 50 mM Metronidazole 20mg L™ 6.0 97.4%  [73]
CoFe,0,~S 500 mg L™! 5mMol L™'  Tetracycline 0.1M 7.0 90% [74]
COF B - . B )
(Photo-Fenton) 167 mg L 50mL L' RhodamineB 150 mg L 44  412%  [81]
Fe304/Schwettmann/Carbon 50 mg 45 ul Norfloxacin 50mgL’! 3.0 100%  [60]
§-Fe;OOH/MWCNTSs 235mgL"'  20.6mMol Ciprofloxacin ~ 10mgL' 53  86.9% [67]
-1 Antibiotic 11.53
Fe?* 5'Odn;'\é:2|+l' 10 mmol L™ resistance gene Logag(copies) g™ 3 66.86% [82]
(ARG) dry sludge
Fe-MPC 0.02gL" 1.0 mM Tetracycline 40mg L 4.3 83% [64]
Fresh powder from Fe® - - su”argféhoxaz 10 pugL! 3 100%  [61]
—3
LaCuosMnoz0s o2gLt B8 prceamol  somgLt 67 0% [75]
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Apart from the commonly mentioned conditions, relevance has been found in
some unusual factors, such as the slow and continuous addition of diluted H>O»,
which improved the stochiometric efficacy of the reaction compared to the
concentrated reagent being added only once [83]. Similarly, a high concentration of
H>O: causes an unfavorable effect on the reaction by bringing OHe to H,O [84],

which decreases the efficiency of the process.

Although high percentages of elimination have been achieved for some
pollutants, it is important to note that those tests in which dissolved iron has been
used in solution (conventional process) have an optimal pH value close to 3, which

maintains the previously mentioned limitations.

In order to overcome its limitations, one of the variations in the conventional
process is the use of chelating agents, which can allow the reaction to happen at a
pH close to neutral; however, the possible harmful effects such as toxicity and
contribution to total organic carbon remain to limit its use [85]. Therefore, the use
of heterogeneous catalysts is proposed, where the reactive species are generated
mainly on the surface of the catalyst [86], and not, as in the homogeneous process,
where the reaction happens in the solution. This makes the recovery and reuse of
the heterogeneous catalyst easier [87] and decreases the leaching of Fe** and,
therefore, the generation of sludge. However, some heterogeneous catalysts,

although they present minor leaching, behave as if they were homogeneous [88].

An ideal Fenton heterogeneous catalyst must have high catalytic activity and
stability, and be easy to recover and reuse [89,90]. To supply this, different materials
have been evaluated with iron in different oxidation states. Fe® has been reported as

a possible heterogeneous Fenton catalyst when maintained in acidic conditions and
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in the presence of dissolved O» [91,92]. In the presence of oxygen, the in-situ
generation of H>O> in zero-valent materials is possible, since the surface of the
material can reduce O using two electrons, accompanied by the generation of Fe?*
[93]. Iron oxides, possessing Fe in different oxidation states and being the most
abundant minerals in the earth’s crust, have been evaluated in the Fenton process.
Among these, goethite [94], hematite [95], and magnetite [96] have been
investigated. Among the mentioned iron oxides, Fe;O4 has aroused greater interest,
due to its zero toxicity, effective catalytic activity (thanks to its Fe?" species in its
crystal structure), as well as its easy recovery and reuse due to its magnetic
properties [97-100]. However, Fe3O4 presents a low catalytic activity, mainly due
to the slow speed of the Fe*'/Fe** cycle. Therefore, several strategies have been

proposed to overcome this limitation, such as coating, use of materials as supports,

adjuvants, etc. [101].

It has been found that the addition of different carbon materials can enhance
the Fenton reaction because the presence of carboxyl, carbonyl, and quinone groups
present in the carbon material surface accelerates the reduction of Fe** to Fe?"
(figure 1.4) [102-106]. On the other hand, carbon materials have been also used as
support of the Fenton catalyst. Sun et al. [107] prepared ferric hydroxyquinoline
supported on active carbon fiber, which enhanced the Fe**/Fe*" cycle through the
free electrons presents in the carbon material. Yao et al. [108] supported copper
ferrite on reduced graphene oxide finding that the presence of two metal ions
improved the redox cycle of both ions Cu and Fe together, with a synergistic effect
between the nanocube structure of the copper ferrite and the mesoporosity of the
support. Kusmierek et al. [109] and Cruz et al. [110] used organic xerogel as support

for Fe/N and CoFe>O4 and, in both investigations, a catalytic improvement was
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observed and ascribed to a higher activation of H>O> due to the coexistence of two

differents atoms (Fe and N or Co and Fe) in a same matrix.

@ -

Fe?*

Carbon

Fe3*

@ Fe2+

Figure 1.4. Effect of the addition of carbon in the promoted reduction of Fe** to

Fe?* [104].

This bimetallic synergism and the effect of the support were also observed by
other authors. Zhang et al. [111] prepared Fe/Cu bimetallic-phase-supported
montmorillonite using a two-step strategy of impregnation and calcination and
found excellent efficiency in the removal of rhodamine B in comparison to single-
metal-loaded montmorillonite. These results were ascribed to (i) the expansion of
the montmorillonite pore size due to the insertion of Cu and Fe atoms making this
clay more suitable as a Fenton catalyst, (i1) the electrons involved in the redox
reaction of bimetallic active sites promote the rate of mutual oxidation reactions by
enhancing the H>O» conversion into oxidant radicals, and (iii) the leaching of the
pure metal ions decreases due to the good stability of support. Li et al. [112]
synthesized Fe-Mn/SAPO-18 zeolite catalysts by ion exchange, maintaining the
zeolite structure. The author observed an enhanced degradation efficiency of methyl

orange compared to the single-metal catalysts (Fe and Mn), which was also
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attributed to the synergistic effect of bimetal that improves OHe radical generation
and also promotes the formation of another active species, HO>e. Similarly, Xu et
al. [113] used sepiolite as support for Fe3O4 dispersion to be used as catalysts for
the Fenton degradation of bisphenol A (BPA). The high surface area of the catalyst
and the electron transfer and n-m interactions are responsible for the good BPA
adsorption properties. Thus, the preconcentration of BFA by adsorption near the
active site centers and the generation of hydroxyl radicals in the reaction of H>O>
and active sites make the Fenton degradation easier on the surface of Fe3Os-Sep.
Ferroud;j et al. [114] tried to analyze the catalyst's structure-activity relationships
and the effect of Fe** doping in the Fenton degradation of methyl orange (MO) and
reactive back 5 (RB5) by the synthesis of Fe** doped and undoped maghemite/silica
microporous and mesoporous microspheres (y-Fe>03/Si02 MS). For that study, the
authors concluded that porosity and Fe dispersion play an important role in the
Fenton reaction. The creation of mesoporosity in the support enhances the reactants
and products diffusion allowing a faster degradation of the tested dyes regarding its
microporous counterpart, mainly for the RG5 molecule due to the biggest size. This
degradation activity was improved after the doping of the silica framework with
Fe’". Thus, the best results were obtained for the Fe-doped y-Fe,03/SiO, MS
mesoporous catalyst. This material allows an almost complete degradation of MO
in 25 min in contrast to the doped microporous catalyst, which achieved 92% of
MO degradation in 1 h, and the undoped materials, which produces a much low
degradation efficiency (63%) in 1 h. Similar results were obtained in the
degradation of RBS5. The above-commented strategies to enhance the Fenton active-
phase performances and the improvements achieved are collected and summarized

in Table 1.2.
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Table 1.2. Strategies and improvements in the development of electro-Fenton

Catalysts.

Catalyst Strategy

Improvement Ref

Addition of MWCNT and e
complexation on the

Faster Fe®*/Fe?* cycle (Demonstrated by the generation of OH"
and HO,", combined with an accelerated decomposition of the

Fe (NO3);-9H,0 surface of the MWCNT contaminant). [102]
through the surface o Better catalytic activity by MWCNT carboxylates groups.
groups. Accelerating the intermediate step from Fe-OOH to Fe?.
n'?{gg:};?g (o fo\c:ég?: d The reduction from Fe3* to Fe?* was accelerated. Due to the
FeCl,-6H,0 activated cra)rb on and reducing power of carbon materials. [103]
carbon nanotubes).
Addition of e  Promoted the Fe®*/Fe?* cycle through the transfer of electrons
from carbonaceous material to Fe**.
Fe (NOy)s-9H:0 hydrotheggwrzlcl% prepared | Hydroxy! groups on the surface of hydrothermal carbon strongly [104]
' affect the reduction of Fe**.
e  An efficient Fe**/Fe?* cycle was achieved, thanks to the
FeB coating to Fe;O5 oxidizing and constantly ceding electrons to Fe*".
Fe,0:@FeB core. e  The Fe* could also generate H,0, in situ by the activation [115]
pathway of a single electron of O,.
Addition of granular e The formation of Fe?* was accelerated, which improved the
FeCls-6H,0 activated carbon. catalytic oxidation of the target contaminant. [105]
Ferrihydrite Addltlgnoor:‘eti)écézzgts)on and Faster Fe** reduction rate. [106]

Montmorillonite  Preparation of Fe—Cu

The bleaching efficiency higher, by the electrons involved in the

i - R redox reaction of the metals, promoting the mutual oxidation.  [111]
(Fe/Cu-MMT) - bimetallic active sites. A decrease in the leaching of pure metal ions of Fe and Cu.
Fe—Mn bimetallic active
Fe—-Mn/SAPO-18 sites supported on SAPO-e  Improved degradation efficiency of the contaminant. [112]
18.
FesO.-Sep Sepiolite support for e Improved adsorption of the catalyst and, therefore, the in-situ [113]
e Fes0, nanoparticles. degradation of the contaminant on the surface of Fe;04-Sep.
_ . . . e  The substitution of microporosity or mesoporosity led to a
v-Fe:05-S10,  Mesoporosity creation. greater discoloration of the effluent to be treated. [114]
. - Free electrons in the carbon fibers were able to drive electron
QuFe@ACF Actlvguc;gggtn fiber transfer to ferric 8-hydroxyquinoline to promote the Fe3*/Fe?*  [107]
) cycle faster.
Fe-C Fe-doped carbon xerogel. ¢ Improved dispersion of Fe® species. [116]
e  The redox efficiency improved due to the two metal ions
CFIGO Reduced graphene oxide (Cu*/Cu* and Fe'/Fe?"). [108]
support for copper ferrite.e  Synergistic effect between the nanotube structure of the copper
ferrite together with the mesoporosity of the support.
Fe_N/C Carbon xerogel support e  Improved mass transfer to catalytic active sites. [109]
for heteroatoms (Fe, N). e« Increased activation of H,0, due to the coexistence of Fe and N.
Xerogel support fromthe ®  Increased surface area, increasing exposure to catalytically
CoFe,0,/NOM  natural organic matrix active sites. [110]

(NOM) for CoFe,0..
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As evidenced in the literature, supporting Fenton heterogeneous catalysts is an
effective method to increase the speed of the Fe**/Fe?" cycle, making it possible to
enhance the efficiency of the process. In the same way, an interesting option is the
use of metal-doped (e.g., N-Cu) or bimetallic active phases (e.g., Fe-Mn or Fe-Cu),
which not only favor redox or Fenton reactions but also more complex reactions
such as the oxygen reduction reaction (ORR) (e.g., nitrogen), which is very
important for the electro-Fenton process, another variable of conventional Fenton

that is addressed below.

1.1.3.- Electro-Fenton Process

Heterogeneous Fenton has been proven to be a process with considerable
potential for treating a wide range of pollutants. However, the storage, transport,
and handling of H>O, as well as the high costs associated with the excess
consumption of the reagent are a limitation of the process [117]. To overcome these
problems, the heterogeneous electro-Fenton (HEF) has been proposed, where the
main contributions are the in situ production of H>O» through the ORR at the
cathode, the reduction of Fe*" in the same electrode to supply Fe*" again and the

improved generation of OHe by the applied electricity [118-120].

This process has been successfully used for the degradation of different
recalcitrant pollutants such as drugs, dyes, petroleum derivatives, etc. [121-124].
The mechanism of the electro-Fenton process is given by several stages,

summarized in [125]:
1. Electrogeneration of H2O> (cathodic reduction of O2).

2. Production of OHe (Fenton reaction).
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3. Promotion of the formation of OHe physisorbed on the surface of the

electrode.
4. Regeneration of Fe?" through the direct reduction of Fe** at the cathode.

In general, the reactions involved in the process can be summarized in
Equations (1.3)-(1.6) [126-128]. However, it is necessary to pay special attention to
the possible side reactions associated with the electrolysis of water that can decrease

the performance of the catalytic activity of the process [129].

Fe’"+e - Fe?' (Cathode) (1.3)

O, +2H" + 2~ - H,0; (Cathode) (1.4)
2H>0 - 4H" + Oz + 4¢” (Anode) (1.5)
Fe?* + HyO2+ H' - Fe** + H,0 + OH' (1.6)

One of the most important benefits of this process to highlight is the expansion
of the working pH range with the removal of contaminants at a pH close to neutral
as well as its improvement in levels of biodegradability and toxicity [130,131].
However, as evidenced by equations (1.4) and (1.6), ORR is the limiting step of the
process, so it is important to pay attention to the cathode used [132-134].

Traditionally, carbon materials have been used as cathodes due to their good
conductivity, stability, and low cost. Thus, these carbon materials are presented as
excellent candidates as high-performance cathode electrodes for electro-Fenton
reactions for several reasons that are described in the following. Sun et al. [135]
synthesized a family of porous biochars by the chemical activation of cellulose

powder with ZnCl; and demonstrated that the carbonization temperature plays an
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important role in the catalytic performance in the EF oxidation of organic
contaminants. While a high carbonization temperature favors the generation of
water via the 4-electron pathway, a mild temperature of carbonization (400 °C)
improved the generation of H>O: via the 2-electron pathway. This different behavior
is attributed to the surface chemistry of the carbon surface; mild carbonization
temperatures provide an oxygen-functional-group-rich surface with a high C-
O/C=0 ratio, which enhances the H2O: selectivity. In contrast, the use of higher
carbonization temperatures (700 °C) guarantees a highly graphitic structure and
created a carbon defect-rich porous structure highly selective to the 4-electron
route. As a consequence, the biochar prepared at 550 °C presents a better catalytic
performance as the cathode material for the EF degradation of several organic
pollutants in presence of Fe (II), presenting a high H>O, production rate (796.1
mg/g/h at —0.25 V vs. RHE at pH of 1) and achieving an almost complete removal
(99%) of phenol after 1 h (at —0.25 V vs. RHE, pH = 3, [Fe (II)] = 0.5 mM,
electrolyte: ([Na2SO4] = 0.1 M). Ergan et al. [136] also analyzed the effect of the
thermal activation of activated carbon fibers in the H>O: electrogeneration and EF
efficiency. In this case, the effect of the carbonization time (from 1 h to 10 h) at 900
°C and also the carbonization atmosphere (CO: or N2) was analyzed, observing that
the best H>O production and dye (acid orange 7) degradation (92.9%) was obtained
when the fibers were activated in an N> atmosphere for 5 h due to a superior
hydrophobicity, crystallite size, and larger electroactive surface area. Ramirez-
Pereda et al. [137] compared two types of carbon materials: carbon fibers (CF) and
vitreous carbon (VC) as electrodes for the electrogeneration of H>O,. The authors
found that the generation of H>O»> is enhanced using CF (96% of H>O» production

efficiency) in comparison to VC (54% of H>O» production efficiency), which was
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attributed to possible competitive reactions. Xia et al. [138,139] analyzed the
performance of a polyacrylonitrile-based carbon fiber brush (PAN-CFB) as a
cathode electrode for ORR reduction to H2O: and studied the effect of the
electrochemical modification of its surface. For the unmodified PAN-CFB, the
highest production of H>O> (current efficiency > 90%) was observed at a potential
of —0.9 V in an acidic medium, whereas for electrochemically modified PAN-CFB,
it was obtained at —0.4 V. However, in a neutral medium (pH = 7), an
electrochemically modified PAN—CFB cathode inefficiently generated H»O:
(41.2% of current efficiency) in comparison with unmodified PAN—CBF, which still
retains the high current efficiency (>90%). This was explained based on the surface
chemistry modification after the electrochemical modification treatment, which
converts the N-containing groups from pyridinic-N to 2-pyridone—these newly
ORR active sites were influenced by solution pH, leading to different pathways in
acidic or neutral media. Gao et al. [140] synthesized porous carbon felt modified
with polypyrrole (Ppy) and anthraquinone 2-sulfonate, which had a higher specific
surface area with more active sites for ORR; in addition, the modification with Ppy
decreases the charge transfer resistance. In turn, Chen et al. [141] showed that the
adsorption capacity of the carbon-based cathode plays an important role in the EF
degradation of tetracycline. For that, they activated carbon felt with KOH at
different temperatures, finding that the surface area and the oxygen-containing
functional groups on the surface increased in the KOH activation, which
significantly enhanced the drug adsorption capacity (being the sample carbonized
at 900 °C, which presents the highest adsorption capacity) and also produced the
best tetracycline degradation. This highest degree of pollutant degradation

(tetracycline 80% removal) was explained based on the 3D structure and good
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adsorption capacity of activated carbon felt, which creates a space where the
organic pollutant is adsorbed and preconcentrated near the active sites in charge of
generating the H»>O», and, consequently, exposed to a high concentration of
hydroxyl radicals in the system of homogeneous catalysis. Wang et al. [142]
obtained a complete degradation of dimethyl phthalate using KOH-activated
graphite felt at 900 °C. This high performance was attributed to the high surface
area, the presence of oxygenated functional groups, and the more hydrophilic

surface generated by the activation of the KOH.

Want et al. [143] pointed out the importance of electrode conductivity on its
EF performance. For that, CNT and graphene-modified carbon felt were
synthesized and the effect of this modification was analyzed in the degradation of
azo-dye (RB5) by EF reaction. The modification of the carbon felt with CNT and
graphene increases the degradation rate by 1.2 and 1.5 times than with the original
carbon felt, respectively, giving degradation rates of 55.3% and 70.1%,
respectively, which was attributed to the improved roughening of the smooth carbon

felt fiber (specific surface area), conductivity, and corrosion resistance.

Since the ORR reaction is crucial for the H>O; production, the improvement in
the O supply to the active sites seems to be a key factor for the improvement in the
EF efficiency, together with, as described above, the preconcentration of the
pollutant near the H,O»-producing active sites. In this sense, Ozcan et al. [144]
compared carbon felt with carbon sponge as cathode materials for the degradation
of basic blue 3 (BB3) by EF process finding a faster BB3 degradation using the
carbon sponge-based electrode, which was associated with the major H>O»
production. Sopaj et al. [145] also evaluated the performance of carbon sponges in

comparison with carbon felt and stainless steel in sulfamethazine degradation. The
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highest production of H»O,, and, consequently, the highest degradation, was
obtained using the carbon sponge instead of carbon felt, the classical cathode for
the electro-Fenton process, and stainless steel. This improved catalytic performance
of carbon sponge is attributed to the high specific surface are and porosity, which
results in inadequate conditions for the mass transport of species of interest (O2 and
H>0>) throughout its 3D structure. Ganiyu et al. [146] also synthesized a carbon
foam with high performance (total degradation and high mineralization) in the EF
degradation of sulfanilamide, which was also attributed to the interconnected
spherical cells’ porous structure (Figure 1.5), with high-area B.E.T. that improved
the diffusion of substances and gaseous oxygen in the pores and active sites of the
cathode, together with an excellent hydrophobicity and conductivity. Nonetheless,
it exhibited poor performance in the electro-regeneration of Fe*" from the reduction
of Fe**. This poor Fe?" electro-regeneration of “gas diffuser materials” was also
observed by Brillas et al. [147]. They demonstrated that H>O> generation is
important; however, it is not a uniquely important factor in the degradation of
pollutants by EF. They analyzed the Fe(Ill)-EDDS-assisted EF degradation of
butylated hydroxyanisole (BHA) using a carbon felt or an air-diffusion electrode as
a cathode. They observed a much higher Fe(II) reduction efficiency in the novel
Fe(III)-EDDS-assisted EF process in comparison with conventional EF. Moreover,
the carbon felt resulted in a higher butylate hydroxyanisole degradation despite
having an H>O: generation lower than the air-diffusion cathode, which was
attributed to the greater regeneration of Fe?* observed using the carbon felt. To
overcome this limitation, Chu et al. [148] used a dual cathode system: a gas
diffusion electrode (GDE) to generate H2O» by O: reduction and a graphite

electrode for the regeneration of Fe** from Fe** and analyzed its performance as a
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conventional single-cathode system in the degradation of 4-nitrophenol. They
observed that the dual cathode system led to a more effective degradation of 4-
nitrophenol, even with a lower initial Fe** concentration attributed to the rapid
change between the Fe**/Fe?" couple in the dual cathode system. Since the main
function of GDE is the electrogeneration of H>O,, the regeneration of Fe?" by the
cathodic reduction in the single-cathode system is very weak, whereas this
regeneration was enhanced by the reduction at the graphite cathode in the dual-
cathode system. Chu et al. [149] have also improved the reduction of Fe*" of
graphite by its modification with acidified carbon nanotubes, obtaining a
degradation of 94.7% of p-nitrophenol. The acidification of the carbon nanotube

enhanced the performance in the Fe*" reduction in comparison with the unmodified

graphite cathode.

Figure 1.5. SEM images of carbon foam with low (a) and high magnification (b)
[146].

Other advanced electrodes that improve the Oz-supply are gas diffusion

electrodes (GDE) evaluated by different researchers. Zarei et al. [150] synthesized
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a three-dimensional graphene (3DG)-based carbon paper GDE for the removal of
nalidixic acid. The nalidixic acid removal was 90%, which was attributed to a
higher surface area with more irregularities and roughness than graphene oxide,
allowing rapid diffusion of O to achieve higher H>O: production. On the other
hand, Zhou et al. [151] used graphite felt, but in this case, as a floating cathode in
which one side of a porous cathode is open to the air, and the other side is submerged
in the aqueous solution instead of the traditionally submerged cathode. This novel
strategy allows the creation of a three-phase boundary (O: gas, electrolyte, and
cathode) allowing the usage of O2 from both air and the electrolyte. This disposition
is more energy-efficient and cost-effective in comparison with a GDE because
avoids hydrophobic gas diffusion layer formation and the use of an air or O, pump.
An ibuprofen degradation of 78.3%, with only 25.4% obtained in the conventional
position. Liu et al. [152] used a GDE of graphene doped with N-doped carbon
nanotubes as the cathode in the dimethyl phthalate removal (100%), finding that the

graphene-nanotubes interaction significantly improves the ORR activity.

The hydrophobicity of the cathodes also so important in the EF reaction. Chu
et al. [153] managed to completely degrade cefepime with a sandwich-like
superhydrophobic carbon cathode composed of graphite, carbon nanotubes, and
PTFE observing that the hydrophobicity of the electrode significantly affects the
ORR to H»0; (figure 1.6). Moreover, the prepared superhydrophobic carbon
cathode resulted in an excellent reduction of Oz to H>O», and, consequently, an
excellent cefepime degradation, which is mainly dependent on the OH- production
via Fenton reactions. Karatas et al. [154] also attributed the excellent performance
of a carbon black electrode for the full degradation of atrazine to the

superhydrophobic character of the electrode obtained because this high
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hydrophobicity provides high H>O; yield by supporting the mass transfer of oxygen

molecules.

-
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Figure 1.6. SEM images of “G-Smooth” cathode (a), “G-Rough” cathode (b),
“G/CNT 10%” cathode (c), “G/CNT 20%” cathode (d), and “G/CNT 50%” cathode
(e); Water contact angle images of the cathodes (f) [153].

Another strategy to improve EF performance is the use of metallic-doped
electrode materials. Huang et al. [155] prepared a graphite felt-based cathode by
first doping the graphite felt with Fe-Mn, then with active carbon, carbon black, and
PTFE, and used it for the degradation of ciprofloxacin (figure 1.7). This modified
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graphite felt-based cathode showed a higher degradation efficiency (95.4%) and
wider operational pH range than their unmodified counterpart, which was
principally associated with the larger surface area and volume pore as well as more
active sites. Various researchers have also proposed doping carbon materials for
improving EF efficiency. Ma et al. [156] doped multiwalled carbon nanotubes with
Ag and Cu foam and noted that the high Ag dispersion improves the ORR and Fe*"
regeneration. Dung et al. [157] synthesized cobalt ferrite-coated carbon felt for the
degradation of tartrazine (97%), where it is noted that the presence of Co*"/Co?**
and Fe*'/Fe?" pairs improve the pollutant degradation; additionally, an additional
Fenton catalyst was not needed in this test because the cathode fulfilled both
functions. Paz et al. [158] used doped Vulcan XC72 with tungsten oxide
nanoparticles and showed an improvement in the H>O; production due to the
surface being more acidic and hydrophilic. Fdez-Sanromén et al. [159] degraded
100% of pymetrozine with a cathode based on carbon felt and modified with carbon
nanofibers doped with iron; the improvement was explained by the porous structure
that was enhanced with the incorporated nanofibers, and it was also explained that
the catalytic activity of a typical Fenton catalyst is more effective in the presence

of iron.
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Figure 1.7. SEM images of (a) the unmodified graphite felt (raw GF) cathode, (b)
the unmodified graphite felt (FMBO-GF) cathode, and (c) TOC removal efficiency
and the mineralization current efficiency (MCE) of raw GF and FMBO-GF in 2 h
under 25 mg L! initial pollutant concentration, pH 7, and 2 mA cm™ current

density[155].

In general, it could be summarized that the important parameters to take into
account in the cathode preparation are the mesoporous structure that translates into
the high surface area, the hydrophobicity that plays an important role in terms of
the diffusivity of O; inside and outside of the electrode, as well as the regeneration
of Fe?* that happens in the electrode, and finally, the composition of the cathode,

especially the presence of efficient nitrogenous groups toward ORR [160,161].
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However, more in-depth research should be conducted, despite the extensive
literature that supports the above. In this regard, Cordeiro stressed that graphite
within a series of carbonaceous materials presented the smallest B.E.T. area and
zero existence of oxygenated groups on the surface, and still showed the best
efficiency of H20,, which was associated with its laminar structure and low
hydrophobicity leading to the faster release of H>O> compared to more porous

materials [162].

Another important parameter to consider in the cathode environment is the
balance between the three reactants (oxygen, proton, and electron), which must
have a molar rate of 2:1:2, respectively [163]. For this, it is important to start

studying how to supply air/O», which is based on two types of aeration specifically.
1. Direct aeration in solution.
2. Aeration through a gas diffusing electrode (GDE).

Direct aeration in solution through bubbling is the traditional method; on the
other hand, GDEs have the advantage that thanks to their porous structure and
coexistence of the limits of three phases, they have solved the problems of low
solubility and mass transfer of O [164], which can accelerate ORR kinetics and
gas-use efficiency, summarizing even better energy use. In general, GDEs can

improve ORR mainly due to two main mechanisms [165].

1.The increase in the mass transfer of O, improves the contact of the gas

with the catalyst and, therefore, the active sites for the ORR.
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2.The increase in the mass transfer is not only in reference to O» but also
between the catalyst and electrolyte, which promotes the release of H.O»

and active sites, improving the formation of the oxidizing species.

GDEs can be defined as porous electrodes in which the solid part is in contact
with the gas phase, and then with the solution to be treated [166], which generates
a three-phase interface in which the reactions of interest will happen. GDEs are
mainly composed of a catalyst layer (in contact with the solution) and a diffuser (in
contact with air or oxygen) (figure 1.8) [167]. At this point, it is important to clarify
that a very thick layer of catalyst can decrease the output rate of H2O> to the
solution, which can cause it to degrade on the surface of the material. An alternative
to adjusting the thickness of the layer or avoiding its limitation is to adjust the

hydrophobicity of the catalyst [168].
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Figure 1.8. Schematic of a gas diffusion electrode adapted from [166].

As it has been pointed out, good results have been obtained in the EF
degradation of a huge variety of emerging pollutants. However, since H>O»

production by the O; reduction at the cathode seems to be the limiting step, a deeper
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investigation into ORR 1is necessary to better understand how cathode variations

benefit or affect the efficiency of the EF process.

1.1.4.- Promising New Fenton Catalysts: Spinel Ferrites and Perovskites

Fenton catalysts with higher reaction rates are currently being sought to
increase their overall efficiencies. Among these, spinel ferrites have attracted
increasing interest in recent years due to their low cost, excellent catalytic activity,
and magnetic properties that allow a facile separation and reutilization. In this
section, the synthesis routes, advantages, and applications of spinel ferrites will be

described.
There are different methods of synthesis within which the following stand out:
1. Chemical coprecipitation

Chemical coprecipitation is one of the most promising methods thanks to its
ease of realization, as well as the possibility of mass production. It is mainly based
on the co-precipitation of materials by a pH change. In general, this method consists
of a mixture of precursors with the species of M?" and M>" (metal), to later
precipitate the particles by the addition of a base (KOH, NaOH, or NH4OH). It can
be summarized in Equation (1.7) [169-172].

M2 + 2Fe*" + 80OH" —» MFe;04+ 4H,0 (1.7)
1. Sol-Gel Method

This method is one of the most used for the synthesis of nanoparticles due to
its relatively low cost, operational simplicity, and high homogeneity of the material

obtained. It is based on a series of reactions, summarized in the hydrolysis of a
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metal alkoxide and the subsequent polycondensation of the hydroxyl groups
formed, which produces a three-dimensional matrix [173-175], which must
subsequently be subjected to thermal processes to improve the crystallinity of the

nanoparticles.
IIl.  Hydrothermal/Solvothermal

This process can be defined as a series of chemical reactions that occur in a
closed system with one or more precursors in the presence of the solvent (water for
the hydrothermal case), at a temperature above the boiling point of this [176]. This
process has several advantages such as its operational simplicity, versatility, and
low cost, among others [177,178]. An important advantage to highlight is the well-
controlled diffusivity within the system [179], which allows good control of the
structure and morphology of the synthesized particles.

From these synthesis methods, it has been possible to obtain different new
Fenton-type catalysts at the nanometer scale, with different coatings and supports
[180-182] in order to improve the efficiency of the hetero-Fenton process. It has
been established that in the hetero-Fenton process, having a catalyst with a higher
amount of transition-metal ions and a higher specific area leads to better Fenton
activity [183,184]. Fe;O4 is currently being extensively investigated as a Fenton
catalyst [185-187] due to its relatively high activity and easy magnetic separation.
An essential advantage is the presence of Fe*" and Fe** in a single material, due to
its cubic structure where half of the Fe** ions occupied all of the tetrahedral sites
and the Fe?" ions are founded in the octahedral, allowing the presence of the two
important species in Fenton processes. It has been reported in the literature that

transition-metal ions occupying tetrahedral sites are catalytically inert, while those
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located at octahedral sites tend to determine catalytic activity, which is due to effect
that the metal cations in these positions are found exclusively on the surface of the
solid and thus take part in reactions to generate OHe radicals [188]. It has been
suggested that the activation of H2O; in the presence of magnetite takes place on

the surface of the solid, i.e., the Fe™-OH [189].

According to crystalline field theory, common metal cations have the following
order of preference to occupy octahedral sites, Cr** > Ni*" > Cu*" > AP* > Mg?** >
Fe?* > Co?" > Fe** > Mn*' > Zn*' [190]. The most studied are Fe, Mn, Cu, Ni, Zn,
and Co [191,192].

Spinel ferrites have a general formula of A”B*»0 % and a cubic lattice
structure, where positions A and B are occupied by divalent and trivalent metal
cations, according to the distribution of cations in the lattice, and the spinels can be
normal, random, or inverse. In a normal spinel, tetrahedral sites are related to
position A and octahedral sites to B. In a reverse spinel, tetrahedral sites are
occupied by half of the B cations and the octahedral sites by all of the A cations.
This distribution of cations is responsible for determining the magnetic properties
of ferrites [193]. There are different types of spinel-structured materials; however,
in this work, we will focus specifically on three of them: copper and cobalt ferrites

and iron cobaltite.

Copper ferrite (CuFe;04) is a well-known material with a reverse-spinel
structure, which has a stable structure that reduces metals leaching, together with
unique magnetic, electrical, physical, and chemical properties [194-197]. These

properties make them a promising Fenton-type catalyst. Cu" ions have been
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reported to have the ability to generate OHe radicals by a mechanism similar to that

of Fe?" according to Equations (1.8)—(1.10) [198].

Cu" + H,0, - Cu?" + OH + OHe (1.8)
Cu* + H,0; - Cu*+H" + OHy" (1.9)
Cu”"+OHy » Cu'+H" + O, (1.10)

Feng et al. [199] synthesized CuFe,O4 nanoparticles to be used as a Fenton
catalyst in the degradation of sulfanilamide. They suggest that CuO is more reactive
and effective than Fe*" for the activation of H2O> and, which is more important, can
work in a higher pH range than conventional iron oxides. Moreover, Zhang et al.
[200] observed that the leaching of Cu*? is 30 times lower in CuFe2O4 than with
CuO. The promising performance of the copper spinel ferrite as a Fenton catalyst
was pointed out by several authors. Suraj et al. [201] synthesized CuFe;O4 by the
chemical coprecipitation method and used it as a heterogeneous Fenton catalyst for
the treatment of pulp and paper wastewater, obtaining a 78% elimination of the
chemical oxygen demand. Ding et al. [202] demonstrated that the morphology of
the spinel is also very important. They synthesized hollow CuFe;O4 spheres with
oxygen vacancies (figure 1.9), which demonstrated greater degradation of
ciprofloxacin than normal CuFe;Og4 particles. This better performance of hollow
spheres was attributed, among other factors, to the synergistic oxygen vacancies
and confinement effects on the catalyst surface. The oxygen vacancies produce
highly active electron rich Cu” species, which enhanced the H>O; activation and,
thus, the hydroxyl radical generation. In turn, the hollow structure is responsible for
concentrating the organic pollutants near the *OH-generator active sites, improving

the organic pollutant molecules/sOH radicals contact, and accelerating the
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degradation. According to Deyou et al. [203], the particle size and surface area are
more important factors than a crystalline structure for improving the catalytic
efficiency of CuFe;O4. Lopez-Ramon et al. [204] evaluated the effect of calcination
temperature on the catalytic activity of CuFe,O4 synthesized by the sol-gel method,
finding that the calcination temperature has two opposite effects: the activity
decreases with increasing temperature due to the increase in crystalline size and
cubic to tetragonal transformation of ferrite and appearance of hematite; however,

the metal leaching decreases with increasing calcination temperatures.

Figure 1.9. SEM (a) and TEM (b) of CuFe>O4 hollow spheres [202].

Cobalt ferrite (CoFe204), like other ferrites, has a high catalytic activity, stable
crystal structure, low solubility, magnetic properties, as well as the ease of
controlling the leaching of cobalt due to the strong interactions between metals, and
the strong redox activity of Co with catalytic properties similar to those of noble
metals (Pt, Ir, and Au) [205-208], which make it a promising material as a Fenton-

like catalyst.
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Feng et al. [209] synthesized monodispersed CoFe>O4 nanoparticles by a
solvothermal method to evaluate them as a Fenton catalyst in the degradation of
methylene blue, reaching a concentration decrease of 96.8%. The authors
highlighted that the existence of Co*" ions could favor the decomposition of H>O»
to OHe and subsequently give way to different reactions, as evidenced in Equations

(1.11)~(1.14).

Co*" + H,0, » Co*" + OH + OH" (1.11)

OH" + H,0, » OOH" + H,0; (1.12)
Fe** + OOH' - Fe** + H" + O, (1.13)
Co**+O0H" -» Co*" + H' + 0, (1.14)

Sing and Singhal [210] demonstrated that the transition-metal doping of cobalt
ferrites is a promising method for tuning the physical characteristics of catalysts
and thus, enhancing their catalytic and magnetic properties. For that, the authors
synthesized a series of Ru-doped cobalt ferrite nanoparticles by the sol-gel method
for the photo-Fenton degradation of red Remazol textile dye, achieving a
degradation of approximately 90% within 120 min. The mechanism proposed is
based on the photocatalytic and Fenton character of the Ru-modified ferrite. An
electron-hole pair is created by the irradiation of cobalt ferrite nanoparticles with
visible light. The photogenerated electrons are responsible for the OHe generation
from H,0; and also the reduction of the Fe** cation on cobalt ferrite to Fe?*, which
further generates OHe radicals in the reaction with hydrogen peroxide. Vinosha et
al. [211] also analyzed the photo-Fenton performance of CoFe>O4 nanoparticles

obtained by means of chemical coprecipitation, achieving almost total degradation
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of methylene blue (~99.3% in 75 min) under visible light irradiation. As an
outstanding result, they proposed that the pH used in the synthesis was not an
impact parameter that affected the morphology of the catalyst; however, it
significantly affects the particle size (a more alkaline (pH > 9) medium, larger
crystallite size). It has been proposed that the reactions that lead to the formation of
CoFe;04 by the chemical coprecipitation method in an aqueous medium, are those

presented in equations (1.15) and (1.16) [212].
2Fe*" + Co?" - Fe,Co(OH)s (1.15)
Fe>Co(OH)s = CoFe204 + 4H20 (1.16)

In turn, Iron cobaltite (FeCo204) has been also studied in environmental
remediation and energy storage, thanks to its electrical properties and
electrochemical performance [213]. In the energy storage field, Mohamed et al.
demonstrated that iron cobaltite nanorods show a better capacity and lower
overpotential as the cathode of lithium—O; batteries than other metal cobaltites (Mn,
Ni, and Zn) [214] because the FeCo0204 surface has the highest number of
electropositive Co** active sites that improve the oxygen adsorption and Fe** in the
tetrahedral site that favors the release of electrons to reduce oxygen. Yadav et al.
[215] demonstrated that iron cobaltites are also efficient for supercapacitive and
photocatalytic applications due to the valence states of the Fe**/Fe? and Co**/Co*"
species, which are considered active catalytic sites. These nanoflake-like iron
cobaltites present a capacitance as high as 1230 F ¢! (5 mV s™!) with a good rate
capability and superior cycling stability and also show a good photocatalytic
performance achieving up to 94.19% degradation of crystal violet dye under

sunlight illumination. However, despite this, very little work has been carried out
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with reference to their evaluation as a Fenton-like catalyst. Zhang et al. [216]
synthesized nitrogen-containing carbon/FeCo204 composites and analyzed their
performances as Fenton catalysts for the degradation of methylene blue obtaining
almost 100% removal in 10 min without pH adjustment, which was attributed to
the uniform distribution of bimetals and nitrogen doping, which ensured the
exposure of sites with high catalytic activity. Zhao et al. [217] analyzed the behavior
of FeCo0204/g—C3N4 as a photo-Fenton catalyst in the degradation of rhodamine B
(RhB), obtaining 98% degradation in 45 min, which was attributed to a synergetic
interaction between photocatalytic and Fenton-like reactions and the effective
separation of the photogenerated charges. Therefore, it is proposed that the use of
iron cobaltite as a pristine catalyst (without doping or support) in the Fenton

reaction may be promising for future applications.

In general, spinel ferrites turn out to be attractive materials for catalytic
activities in Fenton processes, mainly because they manage to improve the
generation reaction of Fe?* and achieve a synergistic effect between metal ions with

valences similar to those of iron involved in the process (M*", M**, M: Metal).

Perovskites are other types of materials with promising catalytic activity that
can be synthesized by the abovementioned methods (Chemical coprecipitation, sol-
gel, and hydro/solvothermal) [218-221]. Perovskites can be defined as a type of
mixed oxide with different formulations, binary (ABO), ternary (AA’BO or
ABB’0), and quaternary (AA’BB’0), where A and B are cations sites occupied by
alkali metals, alkaline-earth metals or rare-earth metals and transition metals,

respectively [222].
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Some perovskites have been studied in different Fenton-type reactions, for
example, Carrasco-Diaz et al. [75] removed paracetamol by Fenton reaction using
LaCui-xMxO3 (M = Mn, Ti) as the catalyst and determined that the most active
catalyst was the one that contained the highest amount of Cu®" at the surface.
Moreover, they found that the titanium and manganese species seem not to be
responsible for the improvement of activity with respect to the sample LaCuOs3. Li
et al. [223] synthetized a Ca;—xFeOs-s perovskite and determined that the A-site
cation can distort the FeOs octahedra in the perovskite and regulate the oxygen
vacancies (OV) concentration; in this way, an A-site cation deficient of CagoFeOs.
s results in an improved H20: activation for the degradation of tetracycline by a
Fenton-like process. Similarly, Xie et al. [224] found that the copper incorporation
in LaCoOs perovskite improved the electro-Fenton activity due to the enhancement
of redox activity and oxygen vacancies, but in this case, by the substitution of B-
site elements, which synergistically promoted the activation of hydrogen peroxide
to a hydroxyl radical (OHe¢). On the other hand, Rusevova et al. [225] degraded
phenol via heterogeneous Fenton-like reactions using iron-containing LaFeOs3, and
BiFeOs perovskites, and made a comparison with data reported in the literature
using, as a catalyst, nano-sized Fe(Il, III) oxide particles, determining that the
perovskites synthetized in this work had a higher catalytic activity. Zhao et al. [226]
determined that BiFeOs; supported in carbon aerogel (BFO/CA) with a three-
dimensional (3D) structure improves the catalytic activity and stability of BiFeOs,
resulting in an interesting strategy for the development of advanced catalysts for its

possible application in Fenton processes.



INTRODUCTION AND OBJECTIVES 79

In summary, perovskites are materials similar to spinel ferrites, and the
contribution of two different metal species (formation of OVs) can be of interest to

the Fenton process.

1.1.5.- Oxygen Reduction Reaction through Two Electrons (ORR 2 )

The oxygen reduction reaction (ORR) has attracted attention in recent years
due to its applicability in various fields of industry, both in energy storage and water
treatment processes [227-229]. However, this review is focused on ORR as a route
for the electrogeneration of H>O», a product that controls the efficiency of the

electro-Fenton oxidation reaction.
In general, ORR involves two types of reactions [230]:
I.  Oxygen molecules that are converted directly into water (4e");

II.  Oxygen molecules that are initially reduced to peroxide and later to water
(2¢").

Analyzing the mechanism, it has been established that ORR 2e™ takes place in
two steps involving two single proton-coupled electron transfers; in the first, there
is the transfer of electrons and generation of the HOO intermediate linked to the

active site (*), while in the second, H2O: is produced (equations (1.17 and 1.18)).
Oy +*+H"+e - OOH* (1.17)
OOH*+H"'+e > H,O+ * (1.18)
However, H,O» types formed at the cathode can react in three ways [231]:

I.  Being electro-reduced to H>O at the cathode (usually at porous cathodes).
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II.  Being oxidized to O> at the anode via HO»- as an intermediate.
III.  Disproportionate to Oz and H20O in a non-electrochemical reaction.

Therefore, the objective in the design of catalysts for the electroproduction of
H>0O; by ORR is to synthesize materials capable of binding the OOH* intermediate
with the appropriate strength; this is neither very strong nor weak to avoid the 4e~

pathway predominating [232].

The most studied way of improving the performance of the ORR 2e™ is the
synthesis and optimization of the cathode materials, since, together with the
generation of H2O», the current efficiency and, therefore, the energy consumption
needs can also be taken into account [233]. In general, an optimal catalyst for ORR
2e” must have good electrical conductivity, stability, and resistance to acid
corrosion [234], properties associated with carbon-based materials [235]. Carbon
materials have proven to have excellent properties for use as a cathode due to their
high electrical conductivity, zero toxicity, low cost, high stability, and high catalytic
activity [236-238]. However, although carbonaceous materials exhibit high
selectivity toward H>O> production, they have a slow kinetic toward this reaction,

resulting in poor performance.

Different strategies to improve the electrochemical production of H>O2 have
been recently studied and one of them consists of the deposition of other catalysts
or metal oxides (MnO>, V205, and CeO3) on the surface of carbonaceous materials
[155]. On the other hand, doping with heteroatoms such as oxygen (O), sulfur (S),
nitrogen (N), and fluorine (F) is another strategy developed to increase the
electrocatalytic performance of carbon materials. The carbon lattice doping with

heteroatoms introduces defects to the carbon structure, modifying their atomic and
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electronic structure and, thus, resulting in new promising materials for several
energetic applications such as energy production and storage. However, the
improvement mechanism of the introduction of these heteroatoms is still under
debate by researchers worldwide. Some authors [239-243] found that the
introduction of some oxygen functional groups can induce greater electrical
conductivity and electrocatalytic activity thanks to the formation of a hydrophilic
surface. Recently, different carbonaceous materials have been evaluated as ORR
2¢  catalysts, where the importance of the amount and type of oxygenated
functional groups present on the surface of these has been evidenced, finding that a
greater amount of carboxyl group translates into greater efficiency in H2O>
generation because it facilitates the displacement of the electron density of the
active site, allowing a better interaction in the adsorption of Oz [162,244]. In the
same way, it has also been established that the higher the ratio of Ip/lg in

carbonaceous materials, the greater the production of H2O2 [245].

Zahoor et al. [246] indicated that the sp? electron configuration of graphite,
graphene, and nanotubes are rich in © electrons which can be transferred without
resistance in ORR; however, this electron flow is not enough to promote ORR.
Thus, the heteroatom introduction (e.g., N) within its network induces n electron
activation by bonding with the solitary electron pairs of N and providing negative
charges. The carbon atoms adjacent to nitrogen have a high positive charge density,
which increases the adsorption of oxygen and reactive intermediates, which results
in enhanced ORR activity. Okamoto et al. [247] found by density-functional
calculations that the adsorption of O2 is more energetically favorable with the
increase in the number of N around a C=C bond. Lagarreta-Mendoza et al. [248]

proposed quantum phenomena for the explication of the ORR mechanism on N-
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doped carbon-based electrocatalysts, which consists of the hybridization change in
carbon atoms in the graphene lattice, from sp? to sp>. Nitrogen doping could induce
a quantum tunnel phenomenon called nitrogen inversion, which consists of a
process in which the lone pair of a sp® nitrogen atom migrates from one face of the
atom, travels through the nucleus (quantum tunneling), and reappears on the other
side. This inversion of nitrogen (due to network defects) allows the N atom to act
as a “switch” that activates or stops the flow of electrons, generating active sites for
ORR. The heteroatom—carbon interaction induces the activation of the electron n
when joining with the lone pairs of N so that later, the O, molecules are reduced
into the carbons positively charged by the neighboring N. Additionally, it has been
observed that the insertion of a single atom of N does not, apparently, have enough
influence to alter the carbon, so a minimum of three atoms are necessary to cause
small differences in the length of the C and N bonds [248]. As reported in the
literature, N-pyrrolic is more likely to promote ORR 4e™ by increasing electron
donation capacity, while N-pyridinic has more tendency for ORR 2e™ [249]. Wang
et al. [250] investigated the ORR 2e™ activity of multiwalled carbon nanotubes
(MWCNT) with different degrees of oxidation by oxidation with concentrated
sulfate and potassium permanganate at 20 to 60 °C for 1 h. They observed that the
presence of oxygen groups created after the oxidation treatment enhances the H.O»
generation, with the MWCNT always being oxidized and more active than the
nonoxidized counterpart. Among the oxidized MWCNT, the sample prepared at
middle conditions (40 °C and 1 h) present the best H>O, selectivity which was
explained by the composition of its outer and inner structure. After the oxidation
treatment, the outer surface is damaged by the creation of a large number of defects

together with the introduction of oxygen functional groups such as COOH and C-
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O-C that act as excellent active sites for the ORR 2e”, while the inner structure is

maintained, ensuring its good electrical conductivity.

Similarly, it is reported that carbon doping with heteroatoms and transition
metals can energetically optimize the charge and rotation density of carbon, helping
to promote the activation and reduction of Oz by weakening the O-O bond in the
ORR process [251]. Some studies have found that N can change the mode of
adsorption of O, while sulfur (S) affects the binding capacity of the OOH
intermediate by varying the spin density [252,253]. Ting Soo et al. [254] reviewed
the electrochemical performance of modified graphene as an ORR electrocatalyst,
and the spin density, charge, and energy gap were evaluated, finding that the
microstructural properties of heteroatom-doped graphene and the high spin density
or atomic charge density on adjacent carbon atoms are the key factors that
contribute to the enhanced electrocatalytic activity. However, an over-dose of
heteroatom doping has negative effects due to the formation of high-sized clusters
that make electron transfer difficult. Zhang et al. [255] explained that any chemical
species that is substituted for graphene can lead to a high asymmetry spin density
and atomic charge density, which promotes ORR. However, by applying DFT
calculations they demonstrated that ORR on N-doped graphene is a four-electron
pathway. Conversely, Pei Su et al. [256] prepared N-doped graphene showing high
H>O» yield, selectivity, and low EEC. They also observed that the C=C and N-
pyridinic bonds in N-graphene have the ability to enhance the onset potential, while
the N-graphitic groups are responsible for the current disk obtained. Moreover, in
EF reaction, they demonstrated that N-graphitic are responsible for the H>O»
generation, and N-pyridinic groups catalyze the OHe radical productions from H>O»

(figure 1.10). To further investigate the effect of the N-group amount and nature,
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Pei Su et al. [257] controlled the N-surface chemistry of N-doped graphene (N-GE)
via pyrolysis temperatures (200, 300, 400, 550, 750, and 950 °C) in the catalytic
activity, observing that the value of electrons transferred in the ORR was in the
range of 2 to 2.5 for temperatures of 200 to 400 °C, and from 2.5 to 2.7 for further
temperature increases. Thus, the sample pyrolyzed at 400 °C presented the highest
active N content and H>O; selectivity and achieved the highest phenol degradation
(93.58%). They proposed that the conversion of graphite N and pyridinic-N in N—
GE plays an important role in the oxygen reduction reaction (ORR) and OHe
conversion, while the conversion of pyridinic-N-oxide to pyridinic-N is critical for

catalyst stability and sustainability.

Carbon

Figure 1.10. Schematic illustration of the effect of N-contained surface groups in

the generation and activation of H>O». Adapted from [256].

Qin et al. [258] and Xie et al. [259] evaluated N and O co-doped carbon
material, highlighting the synergistic effect of the different species composed of the
two atoms in question on the generation of H>O». The pyridine-N groups combined
with ether (C-O-C)/carboxyl (COOH) were highlighted, which presented lower

adsorption energy of the intermediate *OOH, facilitating protonation toward H>O».
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Some studies [260] have also pointed out that the COOH and carbonyl (-C=0)
groups are active for ORR 2e™, and mainly the COOH group.

Iglesias et al. [261] synthesized N-doped graphitized carbon nanohorns (N-
CNH) via coating and controlled annealing of polydopamine (PDA) (figure 1.11)
and analyzed its use as an electrode material for OEE 2e". The excellent catalytic
performance of N-CNH to perform ORR 2e¢" is explained based on the high surface
area and accessible porosity of the CNH scaffold, a good distribution of different
N-contained surface groups, and improved conductivity and easy electron transfer.
The authors also highlight that the microporosity and the specific pyridinic/pyrrolic
ratio are crucial factors affecting the ORR route. The microporosity decreases the
residence time of H>O» on the material avoiding further reduction to H>O». The
relative types of N atoms also affect the electrocatalytic performance. However, the
influence is dependent on the pH. At an acidic pH, protonation of the N-pyridinic
occurs which compromises the ability to weaken the O-O bond producing H>O> as
the main product while at a neutral or alkaline pH, a reduction in selectivity toward
H20: 1s observed because the formation of H,O by the O-O breaking becomes

progressively more available.
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Figure 1.11. Synthesis of N-doped graphitized carbon nanohorns and TEM images
at each stage of the synthesis [261].

Chen et al. [262] also demonstrated that porosity is so important in controlling
the selectivity of the process. Chen et al. determined that activated carbon with
abundant micropores and a high surface area is better for high ORR activity via 4e,
while carbon and graphite black with a smaller specific area tend to catalyze ORR
via 2e". Granules with more micropores facilitated the ORR process and caused a
further reduction of H>O», leading to less H>O: generation. Similarly, Wenhui He et
al. [263] analyzed the effect of the 3D hierarchical porosity on N-doped carbon on
the catalytic performance. For that, they prepared N-doped carbon with hierarchical
micro-, meso-, and macroporosity by the use of 3D macroporous templates and
endogenous pore-generating agents with the assistance of KOH activation. It was
concluded that the catalytic efficiency of nitrogen-doped species in ORR highly
depends on their degree of exposure to the carbon matrix and that the hierarchical

structure can strongly influence the rate of diffusion of Oz and rapid release of H2O».
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In general, it can be concluded that there are some important requirements to
obtain carbonaceous materials with high catalytic activity for ORR 2¢™ such as high
porosity (subject to further investigation), large surface area, presence of
oxygenated groups, bonds C=C, N-pyridinic, and a greater amount of C atoms sp>

hybridization.

Zhang et al. [264] synthesized interface atomic domains (IAD) of C/N/O atoms
(pyridine-N, C=0), from biomass tar by pyrolysis, oxidation, and doping. With this
assured an ordered structure (by pyrolysis), with functional groups C=O
(oxidation), which results as a host for the generation of N-pyridinic (doping). As a
result, it was found that the material obtained had high selectivity for ORR 2e™ (N-

pyridinic) and an excellent mass transfer of O2 (C=O and ordered structure).

Another strategy is the doping of porous carbon materials with transition metals
which can accelerate the redox reaction by the action of metal ions, thereby
increasing the rate of electron transfer. Similarly, nonprecious metals have proven
to have an excellent capacity for ORR [265]. It has been shown that compared to
bare carbon, metal/carbon compounds have a noticeable improvement toward ORR
[266]. Metal/carbon catalysts can adsorb O> in two ways, which translates into a

greater or lesser efficiency toward reduction via 2 or 4 electrons [267-270].

I.  Lateral adsorption leads to a longer bond length and therefore weakens the

0O=0 bond, giving as a product, H>O (figure 1.12).

II.  Adsorption at the end, where oxygen is adsorbed in the form of OOH, which
can produce H>O> and H>O (Figure 1.12).
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Active
site

Figure 1.12. ORR pathways depend on the geometric structure of catalysts.
Adapted from [271].

Thus, to obtain metal-doped materials selective to the electrogeneration of
H>0:, the end-on adsorption of O2 molecules on the catalyst surfaces need to be
promoted. One strategy is the isolation of the active atomic metal sites [271]. For
that, three pathways have been developed: (i) alloying an active metal with an inert
metal that can induce geometric isolation of the active metal where the O is end-
on adsorbed; (i1) the partial poisoning of the active metal surface with an inert phase
or molecules, e.g., the coating of Pt nanoparticles with amorphous carbon by CVD

(figure 1.13); and (iii) the synthesis of atomically dispersed catalysts.
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Figure 1.13. Effect of a carbon coating on Pt/C catalysts surface by acetylene CVD,
and H>O» selectivity depending on the CVD operation time for Pt/C catalysts.
Adapted from [272].

Some nonprecious metals, used as a doping material in carbonaceous matrices,
despite increasing costs, are offset by high dispersion in the matrix, which favors
the production of HO> [273]. In general, although iron may be an ideal metal to
regulate the binding energy of the intermediate *OOH with the carbon matrix, it
has been shown that it has a strong tendency toward the route of 4e™ [274,275]. Co
is one of the metals studied for ORR, demonstrating greater selectivity toward two
electrons compared to Fe [276]. On the other hand, Chen et al. [277] investigated
the incorporation of Cu atoms in mesoporous N/O-codoped graphitic carbon
catalysts with a tailored mesoporosity concluding that the H>O» production depends
on the number of C atoms bound to the O atom, which increases by doping with a
tiny amount of N. However, the inclusion of copper significantly decreased the
selectivity toward H2O.. Cu, having a strong binding with oxygen, quickly
generates blockages of the active sites due to the O and OH species generated in the

reaction [278]. In other studies, Zhang et al. [279] synthesized Au@Cu>—xS-CNTs
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core-shell deficient in Cu and determined that the catalysts exhibited higher ORR
activity and selectivity toward H>O», associated with the Cu defects, which (from
theoretical calculations) decreases the energy of reaction of OOH*. Wang et al.
[280] probed that the nanostructure of the Cu active site is the key to the success of
the catalyst; if the active site and host effect are optimally coordinated, it will
certainly show considerable potential in the catalytic performance. For that, the
authors designed electron-deficient and electron-rich Cu active sites by the
regulation of nitrogenous ligand solvents and analyzed the effect in the capture and
activation of the C=C bond of acetylene. The results showed that the Cu sites,
stabilized by N-pyrrolic, generate electron-deficient states that improve the
activation capacity of acetylene and, thus, the catalytic activity (hydrochlorination).
In turn, Hyo-Noh et al. [281] determined that Cu can strongly increase the chemical
bonding with O (unfavorable for ORR 2e") and thus bare Cu particles cannot
catalyze the ORR at all, but this energy can be easily controlled by the coating with
N-doped carbon shells (regulated through CO> treatment), resulting in ORR activity
comparable to the Pt (111) surface.

Therefore, recently, the investigate into other types of metals has begun.
Lenarda et al. [282] investigated different metal (Fe, Ni, Mn, and Co) nanoparticles
embedded with an N-doped graphitic carbon and determined that the nature of the
metal dictates the type of final surface N-group by obtaining different N-
pyridinic/N-pyrrolic ratios, which is essential for H>O; selectivity. The optimal ratio

was obtained when Co was used.

Thus, Co is presented as a promising metal to increase the ORR activity without
losing H2O; selectivity. In a recent study, Gao et al. [283] prepared single-atom

transition metals anchored in nitrogen-doped graphene citing that Co could be an
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active site for the ORR 2e™ pathway since the bond with the OOH* intermediate
has optimized adsorption energy, neither too strong nor too weak, in addition to
presenting a higher OOH* to O* reduction barrier than that achieved with iron and
magnesium atoms. However, Cao et al. [284] evaluated Co nanoparticles supported
on N-doped holey graphene aerogel in ORR, determining that the reaction pathway
was given by a 4-electron process. Collman et al. [285] studied the geometric effect
of cobalt on two different porphyrin structures (monomeric and dicobalt), where the
monomeric consists of a Co atom surrounded by N, with which they were able to
determine that the selectivity toward H>O; is favored mainly by the isolated site
above the electronic effects, since in both cases, the union of the OOH* is the same.
In turn, Ferrara et al. [286] studied the effect of pyrolysis temperature against the
selectivity of H2O2 in Co-encapsulated nanoparticles on a nitrogen-doped carbon
matrix, determining those higher temperatures (>800 °C) lead to greater H>O>
selectivity, attributed to a larger degree of graphitization and pyrrolic N content.
However, the N and O content progressively decreases with increasing pyrolysis

temperature, leading to a lower ORR current density.

However, some of the problems of catalysts doped with nonprecious metals are
related to their instability in selectivity toward H2O> with pH. At acidic pHs, the 2e~
route 1s favored; however, at basic pHs, the 4e™ route is given. Therefore, the use of
metal oxides such as magnetite has been proposed to improve the ORR 2e™ activity

of catalysts based on carbonaceous materials [287].

With the above, and considering the other limitations associated with both the
ORR 2e  and Fenton reactions, the doping of carbonaceous materials with
structures of the spinel ferrite type is proposed as a viable solution, where the

desired bifunctionality is achieved, both for obtaining H>O> and its subsequent
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decomposition (Fenton) to *OH. This fact, together with the metal active site control
and the spontaneous radical *OH production in controlled N-doped carbons, opens
the gate to the design of new bifunctional catalysts for the simultaneous production
of H>O» and its conversion to *OH radicals for the electro-Fenton oxidation of

organic pollutants in the water.

1.1.6.-Bifunctional Electro-Fenton Catalyst for Direct OHe Formation

Despite the advances achieved in EF and ORR for the on-site production of
H>0O,, there are still some problems to overcome such as the secondary pollution
related to the Fenton catalysts [288,289] and the requirement of two catalysts: one
selective to the reduction of oxygen to H>O> and another Fenton-type catalyst for
the transformation of H>O» to hydroxyl radicals. Recent efforts are being made to
develop materials with dual functionality for the electroreduction of oxygen to H2O>
and Fenton catalysis. However, the preparation of heterogeneous EF catalysts with
high selectivity and activity toward ORR via the two-electron pathway is
challenging since the active sites for Fenton catalysis are mainly transition metals
that usually catalyze oxygen reduction via the 4e route without the production of

H>0,.

One strategy to develop bifunctional catalysts capable of generating and
activating H>O> is the doping of carbon materials with different heteroatoms or
carbon structures. Li et al. [290] demonstrated that heteroatom-doped carbon
materials can convert H>O2 to *OH radicals without the need for a Fenton metal
catalyst. For that, the authors synthesized an O, F-codoped carbon bifunctional
catalyst by the carbonization of polyvinylidene fluoride and proposed that the H>O>
generation depends principally on the ratio C-O/C=0 (optimal value in 4), while
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the activation to OHe occurs on the semi-ionic C-F bonds obtaining a sulfamerazine
degradation of 90.1% in 3 h during the metal-free EF process. A similar fact was
observed by Yang et al. [291] using N-doped graphene. They found that the
bifunctional effect is attributed to the presence of N-graphite, which influences the
H>0; generation and N-pyrrolic responsible for H>O, activation. Similarly, Haider
et al. [292] synthesized, in situ, an electrode from polyaniline-derived N-doped
carbon nanofibers with bifunctional activity in EF, which was attributed to the
content of C=C, oxygen groups, and N-graphitic, which enhanced the H»O»
generation and which can be further activated by N-pyridinic to generate the OHe
radicals. In turn, Qin et al. [293] used it as a bifunctional metal-free cathode based
on O-doped carbon nanotubes. They attributed the excellent metal-free EF behavior
of this catalyst to the defects and the C-sp® that enhances the oxygen adsorption
promoting the H>O> production and to the -C=0 active sites that are associated with
the OHe production. Chen et al. [294] found that groups BC3 and BC>O present in
a boride-activated carbon enhanced the oxygen adsorption and facilitated the
desorption of *OOH, improving the H>O, generation but also promoting the in situ
conversion to OHe. Xie et al. [295] showed that the reduced graphene oxide could
improve the H>O> generation, while the MOF (MIL-88A) and carbon felt (MIL-
88A/CF) could activate the H>O, to OHe; thus the cathode rGO/MIL-88A/CF

resulted in an excellent bifunctional catalyst.

The introduction of different metals in the carbon matrix for use as bifunctional
catalysts has also been studied from simple immobilization to more complex
structures such as core-shell. Zhang et al. [296] immobilized Fe3O4 in a gas
diffusion electrode (GDE) and used it as a rotating cathode for the EF removal of

tetracycline. They concluded that the rotating disk gas diffuser greatly enhanced the



94 Chapter |

mass transfer providing a high efficiency in the H>O; generation, whereas the Fe3O4
active phase was capable of dissociating the H>O> to OH. Cui et al. [297] also
developed a Fe;O4/MWCNTs/CB (carbon black) GDE, which has high
performance in the production and activation of H2O.. The presence of CB
enhanced the H>O» production, whereas its activation to OHe was ascribed to
=Fe(Il) on the surface of Fe;04/MWCNTs. Moreover, an improvement in the
regeneration of Fe’" was observed due to the high-speed charge channel of
MWCNT (figure 1.14). On the other hand, Hu et al. [298] synthesized a bifunctional
catalyst based on FesC and FeN nanoparticles encapsulated by porous graphitic
layers and determined by density function calculations that the active sites for H2O:
generation were the Fe3C, and the activation to OHe depend on FeNx sites. Cao et
al. [299] designed and synthesized FeOx nanoparticles embedded into N-doped
hierarchically porous carbon for its use as a bifunctional catalyst against phenol,
sulfamethoxazole, atrazine, rhodamine B, and 2,4-dichlorophenol in neutral water
solution. They found that the presence of N pyridinc and N-pyrrolic increased the
H>Os selectivity, and the FeOx nanoparticles could enhance the electron transfer to
improve the OHe production. Moreover, the Fe**/Fe** cycle could be enhanced by

the strong interaction between N-doped porous carbon and FeOx NPs.
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Figure 1.14. (a) Possible heterogeneous EF catalytic mechanisms using
Fe304/MWCNTs/CB GDE dual—composite. (b) TEM and (c) SEM images of
Fe3:04/MWCNTs/CB composite [297].

Another proposal to improve the production and activation of H>O» has been
the use of catalysts with the presence of two or more different metal or metallic
species that can moderate the activity of alone metals and thereby obtain better
bifunctional activity. Ghasemi et al. [300] prepared a cathode with carbon
nanotubes (CNTs) and CuFe nano-layered double hydroxide showing that the
incorporation of CNTs improves the H>O> generation, and the atoms of Cu and Fe
were responsible for the generation of OHe. Cui et al. [301] used Cu/CuFe204
integrated graphite felt as a bifunctional cathode and attributed the H2O> generation
to Cu’ and the OHe production to primary Fe?" ions. Moreover, the Fe**/Fe?" redox
cycles could be accelerated by the electron donation of Cu® and Fe®, and even Cu'.
Similarly, Luo et al. [302] degraded 98.1% of tetracycline in 2 h using Cu-doped
Fe@Fe>O3 core-shell nanoparticles loaded on nickel foam as a cathode, and
determined that Cu® and Fe’ react with O» producing H»O,; Fe** and Cu" are
responsible for the OHe generation from the in situ generated H>O>. Moreover, they

proposed that Fe?" and Cu?* additional EF active sites could be generated from the
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redox process between Cu™ and Fe** and the replacement reaction between Cu?*
and Fe’. Sun et al. [303] synthesized a nickel foam cathode co-modified with core-
shell CoFe alloy/N-doped carbon (CoFe@NC) and carbon nanotubes (CNTs),
where the production of H>O> was attributed to CNTs and the activation to OHe to
CoFe@NC through Fe** and Co?" oxidation to Fe** and Co’", which are again
reduced by Co’/Fe and the electric field. Similarly, Yu et al. [304] determined that
the carbon felt was the ORR catalyst selective to H2Oz, and the Co and Fe atoms
generated the OH (Co > Fe) in the cathode of CoFe-layered double
hydroxide/carbon felt with bifunctional activity. Li et al. [305] prepared an
electrode doped with Fe and Mn oxides coated with a carbon layer and determined
that the carbon material was responsible for H>O, generation, and the metals for
OHe production. It was also noted that the presence of Mn considerably improves
the regeneration of Fe**/Fe?" due to Mn that could transfer an electron to Fe to

accelerate the cycle.

Bifunctional catalysts using a 3-electron ORR pathway have also been recently
proposed as an improved alternative. Xiao et al. [306] reported a catalyst capable
of directly generating OHe via a 3-electron pathway with FeCo alloy encapsulated
by carbon aerogel. This performance was principally associated with the generation
of H2O» by the 2 electron ORR of the COOH group present in the graphite shell,
followed by the reduction by one electron toward OHe. This 3-electron pathway can

be regulated by the electrons from the encapsulated metals.
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1.1.7.- CONCLUSIONS

This chapter summarizes the different strategies for the design of catalysts with
high performance toward Fenton processes and the ORR by the 2e” route as a
mechanism to improve the efficiency of the electro-Fenton process, finally focusing
on the design of bifunctional electro-Fenton catalysts for the production and

activation of H>O».

The key to obtaining high efficiency of ORR 2e" is the proper use of structures
that allow the end-on adsorption of O2, oxygenated functional groups on the surface
of the catalyst, as well as the inclusion of doping atoms that allow synergistic effects
toward the selectivity of H2O.. Although the strategies developed have been based
on the amount of H>O; produced and the ORR pathway, some research has opened
a gate to the possibility that the morphology of the surface of the catalyst has a
much greater impact than expected. Therefore, it is necessary to evaluate, in detail,
not only the chemical composition but also other factors such as hydrophobicity,
roughness, and/or porosity of the catalyst surface. In general, there are several
parameters to consider in the search for an ideal catalyst for ORR 2e”, but the
amount of N-pyridinic, hydrophobicity, roughness, and doping metal, are so far the

most crucial.

As Fenton catalysts, different Fenton-type metals and bimetallic-based
materials have been reviewed, raising spinel ferrites as an alternative of interest to
provide the bifunctionality for carbonaceous materials, by improving selectivity
toward ORR 2e", maintaining the metal ions necessary for Fenton-type catalytic
activity suitable for generating OHe obtained from the H,O, generated in the same

structure of the catalyst.
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Finally, bifunctional electro-Fenton catalysts are described for the production
and activation of H,O,. The main strategies are focused on the use of heteroatom-
doped carbon materials or carbon-encapsulated Fenton-type metals/carbon
composites that moderate the metal’s activity and provide an active site for H2O»
generation by the ORR 2e™ route, presenting metal sites for the activation of in situ

generated H2O» to OHe radicals required for the degradation of organic pollutants.
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OBJECTIVES

The general objective of this work is the development of different materials
based on carbon doped with heteroatoms, transition metals or metal oxides and to
study their catalytic activity as electro-catalysts for the electro-Fenton process
general. Based on this, the carbon materials (xerogels and bio-carbons activated)
were doped with different atoms or structures, these materials were characterized
and tested in electro-Fenton process in a bifunctional activity. The results were
correlated with the chemical, electrochemical, textural, and morphological
properties.

The oxygen reduction reaction (ORR) plays a fundamental role in the electro-
Fenton process, making its thorough study and understanding crucial for
overcoming current limitations. In the development of ORR catalysts applied to
electro-Fenton, achieving maximum selectivity towards the two-electron pathway
is sought. However, many studies to date have overlooked the potential direct
generation of hydroxyl radicals through a three-electron pathway. Therefore, it is
necessary to determine possible correlations between material properties that lead
to greater selectivity towards the three-electron pathway.

Finally, considering the progress in the use of carbon-based materials in ORR
applications, the objective in this case was to optimize the selectivity towards the
two or three-electron pathway of the carbonaceous materials developed in this

doctoral thesis, through doping with different dopants.












CHAPTER II: MATERIALES Y METODOS DE CARACTERIZACION






MATERIALES Y METODOS 157

2.1.- MATERIALES

Preparacion de los materiales empleados como catalizadores

En la presenta tesis se han sintetizado, caracterizado y evaluado diferentes
materiales para sus aplicaciones como catalizadores ORR, electro-Fenton y/o
bifuncionales. Estos materiales pueden ser enlistados como:

I.  Xerogeles de carbén dopado con oxido de grafeno.

Il.  Esferas de xerogeles de carbono impregnadas con manganeso.
I1l.  Carbones activados dopados con heteroatomos (S, N, P y B).
IV.  Carbones activados dopados con manganeso (Mn).

V.  Magnetita recubierta con xerogeles de carbono.

La sintesis de cada material sera explicada al detalle en cada capitulo. Sin
embargo, a continuacion, se explicaran teéricamente el fundamento y la ruta de

sintesis para la obtencion de dichos materiales.

2.1.1.- Xerogeles de carbono

Los xerogeles de carbono son solidos porosos sintetizados principalmente
mediante la policondensacion de precursores de carbono. Al formarse, el gel, este
es sometido a un proceso de secado, mediante el aumento de la temperatura o la
reduccion de la presion [1]. En este proceso de secado se podria producir un colapso
parcial de la estructura interna del gel, lo que podria resultar en una disminucion de

la estructura porosa.
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2.1.2.- Oxido de grafeno

El 6xido de grafeno es un compuesto estructuralmente similar al grafeno, pero
con la adicioén de grupos oxigenados tales como hidroxilo, alcoxi, carbonilo, entre
otros. Estos grupos funcionales confieren al 6xido de grafeno mejoras significativas
sobre el grafeno puro, como una mayor solubilidad y la capacidad de funcionalizar
su superficie [2]. Como resultado, el 6xido de grafeno tiene una amplia gama de
aplicaciones en diversos campos. Actualmente, el método mas comin para su
obtencion implica el uso de agentes oxidantes en contacto con grafito, conocido

principalmente como el método de Hummers [3].

2.1.3.- Carbones activados

El carbon activado es un material poroso obtenido mediante la carbonizacion
y activacion de un precursor de carbono. La activacion puede ser realizada mediante
tratamientos fisicos o quimicos y, en la actualidad, se estdn realizando
modificaciones superficiales para mejorar las propiedades del carbon activado y asi
ampliar sus aplicaciones en otros campos como la catalisis [4]. Por otra parte, se
puede producir carbon activado partiendo de bioresiduos (madera, cascara de coco,
etc), con lo cual se disminuye el impacto ambiental y mejora la economia de los

diferentes procesos industriales generadores de dichos residuos [5].

2.1.4.- Magnetita

La magnetita es un oxido de hierro (Fe3O4) que presenta en su estructura el
hierro en dos estados de valencia (Fe?* y Fe*") lo que le confiere propiedades
interesantes para su aplicacion como catalizador Fenton. La magnetita puede ser
sintetizada por diferentes métodos, sin embargo, uno de los mas empleados

actualmente es la coprecipitacion quimica, debido a su simplicidad operacional.
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Este método se basa en la mezcla de dos sales precursoras de hierro con los iones
metalicos de interés, los cuales, al entrar en contacto con una solucién basica, dan

paso a la nucleacion y posterior transformacion a magnetita como producto final

[6].
2.2.- TECNICAS DE CARACTERIZACION
Caracterizacion quimica y textural

2.2.1.- Isotermas de adsorcion

Se realizo la adsorcion fisica de gases N2 a =196°C y de COz a 0°C, las cuales
fueron realizadas con los equipos QUADRASORB-SI y AUTOSORB-1C,
respectivamente, de la casa comercial Quantachrome Instruments. Se siguié un
procedimiento tipico, en el cual se pesan aproximadamente 0.05 g para
posteriormente ser desgasificados a vacio dindmico de 10 Bar a 110°C durante 12

horas.

Con los datos obtenidos de las isotermas de adsorcion de Ny, fueron calculados
los pardmetros de superficie especifica (Sg.e.1) haciendo uso del modelo Briinauer,
Emmett y Teller, volumen de microporos (Wo) determinado por el método de
Dubinin-Radushkevich, la anchura media de microporos (Lo) con la ecuacion de
Stoeckli y el volumen de mesoporos calculado a partir del método de Barret, Joyner
y Halenda (B.J.H). A partir de los datos obtenidos de las isotermas de CO2, también
fueron calculados el volumen y anchura media de microporos mas estrechos,
usando los mismos modelos. Las ecuaciones mencionadas son descritas a

continuacion.
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2.2.2.- Modelo Brinauer, Emmetty Teller (B.E.T)

El modelo B.E.T se basa en 5 principales supuestos los cuales son [7]:
I.  Superficie de adsorcion uniforme

II. La molécula adsorbida en una capa se considera un potencial sitio de

adsorcion para la siguiente capa
III.  Nula limitacién en cuanto al espesor de la multicapa
IV.  No existen interacciones entre moléculas de la misma capa
V.  Mayor energia de adsorcion en la primera capa
Teniendo en cuenta estos supuestos, se plantea la ecuacion 2.1:

v C(p_Po)

Vo~ @]

(2.1)

Donde V es el volumen de Nj adsorbido a —196°C, Vi, es el volumen de N»
empleado para la formacion de una monocapa, (P/Po) es la presion relativa y C es
la constante de B.E.T [8]. Por lo tanto, el calculo de la superficie especifica queda
como S(m? g )=4.356Vm (cm?® g ), para lo cual es necesario aplicar linealizacion
a la ecuacion 2.1 y, con esto, poder calcular el valor de Vi, a partir de la ecuacion
2.2.

@ 1, e

e MM

(2.2)
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Donde los gréaficos obtenidos a partir de la forma f(P/Po) = (P/Po) / [V(1—
(P/Po)], generan lineas rectas a presiones bajas, generalmente en el rango de 0.05<
(P/Po) <0.25. Con lo cual, la pendiente viene dada por m= (C—1) / CVn y la
interseccion con el eje y, por y= 1/CVn, pudiéndose calcular, de esta manera, los

valores de Cy Vi [9].

2.2.3.- Modelo Dubinin-Radushkevich y Stoeckli

El modelo de Dubinin-Radushkevich (DR) se basa en el concepto de potencial
de adsorcion de Polanyi y la teoria de llenado de volumen de microporos [10]. La

ecuacion DR viene dada por [11]:

Wﬂo = exp [—BB—Tzzln2 (%)] (233)

Donde:
W: Volumen de poros llenados en P/Pg (cm® g )
Wo: Volumen total de microporos (cm?® g 1)

B: Constante estructural relacionada al ancho de la distribucion de poros

gaussianos (K 2)
T: Temperatura a la que se realiza la isoterma (K)

B: Constante de similitud, dependiendo del adsorbato (ejemplo: 1 para el

caso del benceno) (—)

Po/P: Inverso de la presion relativa del adsorbato
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Linealizando la ecuacion 2.3 se obtiene la formula aplicada para el calculo del
volumen total de microporos (ecuacion 2.4), siendo log(Wo) la interseccion de la

recta [12].
log(W) = log(W,) — Dlog? (%) (2.4)
Donde:
D: 0.434B(T/B)

La ecuacion Stoeckli es usada para determinar la anchura media de los

microporos en un rango de 0.4 a 2 nm [13,14].

10.8
LO -

T Eo-114 (2:5)

Una vez calculados los pardmetros relacionados con los volimenes de los

poros, se pueden presentar tres escenarios.
. Wo(N2) < Wo(CO): Bajo grado de activacion
II.  Wo(N2) = Wo(CO2): Medio grado de activacion

II.  Wo(N2) > Wo(CO»): Alto grado de activacion

2.2.4.- Modelo B.J.H

La distribucién del tamafio de poro se puede determinar mediante la teoria de
Barrett-Jyoner-Halenda (B.J.H) en poros con didmetro mayor a 5 nm, ya que en
aquellos con valores inferiores es posible que se genere un error cercano al 20%
[15]. El célculo se realiza a partir de los datos obtenidos de la rama de adsorcion o

desorcion de la isoterma, basandose en la ecuacion de Kelvin (ecuacion 2.6), la cual
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se aplica especificamente a la condensacion capilar y evaporacion en poros con

geometria cilindrica a medida que la presion relativa tiende a 1 [16,17].

p 4yV
RTIn (p—‘;) = - 2m (2.6)
Donde:

R: constante del gas ideal

T: temperatura de adsorcion

Pgy: presion de adsorcion

Po: presion de vapor saturado

Y': tension superficial

Vm: volumen molar liquido del adsorbato a T

d: didmetro de Kelvin del poro

2.2.5.- Teoria de la Densidad Funcional

Seaton et al [18], en 1989 propusieron el método de la teoria funcional de la
densidad (DFT) para determinar la distribucion del tamafio de poros mediante la
aplicacion a las isotermas de adsorcion. Para el caso de carbones activados, se
utiliza la teoria funcional de la densidad no local (NLDFT), la cual se basa en un
potencial funcional dependiente de la densidad del fluido, que se desarrolla en las

siguientes ecuaciones [19]:

Qelpe(0)] = Felpe(n)] — [ drpe() [ — Uexe (D] (27)
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Donde:
r: vector de posicion dentro del poro
pi(r): densidad del fluido
Ff: energia libre de Helmholtz del fluido
Uexi(r): potencial externo efectivo solido-fluido
ur: potencial quimico de adsorcion

A partir del método DFT se han planteado otros métodos como la teoria
funcional de la densidad de solidos apagados (QSDFT), la cual es un método DFT
multicomponente en el que el solido es tratado como un componente del sistema

adsorbato-adsorbente y es modelado usando la distribucion de d&tomos solidos [20].

2.2.6.- Microscopia Electronica de Barrido (SEM)

La morfologia superficial de los materiales fue visualizada por medio de
Microscopia Electronica de Barrido (SEM), la cual se fundamenta en el escaneo de
la muestra mediante un haz de electrones enfocados que interactian con los 4tomos
de la muestra, proporcionando la topografia superficial de manera tridimensional
[21]. Las micrografias fueron realizadas en el Centro de Instrumentacion Cientifica
de la Universidad de Granada, mediante el microscopio electronico de alta

resolucion AURIGA (FIB-FESEM) Carl Zeiss SMT.

2.2.7.- Microscopia Electronica de Transmision (TEM)

Esta técnica se basa en la incision sobre la muestra de un haz de electrones
de alta energia. Se emplea la transmision/dispersion de los electrones para formar

imagenes, la difraccion de los electrones para obtener informacion acerca de la
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estructura cristalina y la emision de rayos X caracteristicos para conocer la
composicion elemental de la muestra [22]. Las imagenes de TEM se realizaron en
el Centro de Instrumentacion Cientifica de la Universidad de Granada, haciendo
uso del microscopio electrénico de transmision de referencia LIBRA 120 PLUS de
Carls Zeiss SMT, permitiendo una resolucion entre puntos y lineas de 0.34 y <0.20

nm respectivamente, ademas de una magnificacion de 8-630.000X.

2.2.8.- Espectroscopia de fotoemision de rayos X (XPS)

La técnica de XPS es usada para determinar la quimica superficial de las
muestras en su parte mas externa, se obtiene informacion semicuantitativa de los
elementos que la forman hasta 5-10 nm de profundidad. Los experimentos fueron
realizados en los Servicios Centrales de Apoyo a la Investigacion de la Universidad
de Malaga, donde se utilizo el espectrometro de referencia ESCA 5701 de Physical
Electronics (PHI), con una fuente de radiacion MgKa (hv = 1253.6 eV) y un
analizador de electrones semiesférico. La fuente de rayos X fue operadaa 12kV'y

10 mA.

Las muestras se colocaron en un portamuestras que se introdujo en la camara
de andlisis, donde se realizd una desgasificacion al sistema hasta una presion
inferior a los 107 Torr. Seglin la composicion del material, las regiones estudiadas
fueron las correspondientes a los elementos Carbono (Cis), Oxigeno (Ois), Boro
(Bi1s), Nitrogeno (Nis), Fosforo (P2p), Azufre (S2p) y Manganeso (Mnyp), con el
numero de barridos adecuado para obtener la Optima relacion sefial/ruido. Los
espectros resultantes fueron deconvolucionados mediante un método iterativo de
ajuste, haciendo uso de funciones tipo Gaussianas-Lorentzianas para determinar el

nimero de componentes, energia de ligadura de cada pico (B.E) y area de estos
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(andlisis cuantitativo). Se tomo como pico de referencia el enlace C=C (aromatico)

presente en la region Cis, asignandole un valor de 248.6 eV.

2.2.9.- Espectroscopia RAMAN

La espectroscopia RAMAN es una técnica que brinda informacion acerca de la
estructura y composicion molecular [23], basandose en la dispersion de un haz de
luz monocromatico cuando incide sobre la muestra [24]. Dicho proceso da paso a
dos tipos de dispersiones, la Rayleigh que no genera cambio de energia en los
fotones, y la RAMAN en la cual algunos fotones sufren un cambio energético con

la muestra.

Los espectros RAMAN fueron obtenidos en el Centro de Instrumentacion
Cientifica de la Universidad de Granada, haciendo uso de un espectrometro Micro-

Raman dispersivo JASCO NRS-5100, con un laser de diodo verde 532 nm.

2.2.10.- Difraccién de rayos X (DRX)

La difraccion de rayos X (DRX) se basa en la interferencia constructiva de las
ondas electromagnéticas (rayos X) al impactar sobre los 4tomos de un elemento y
dispersar los electrones que se encuentran alrededor del nticleo [25]. Con lo cual,

se pueden obtener los difractogramas caracteristicos de las fases de cada muestra.

Los DRX en polvo fueron registrados en un difractémetro BRUKER D8
DISCOVER usando radiacion CuKa con A=0.1545 nm., en un rango entre 5 a 100°
(20).
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2.2.11.- Espectroscopia infrarroja por transformada de Fourier (FTIR)

La espectroscopia FTIR se basa en las interacciones entre la muestra y la
radiacion electromagnética, las cuales generan una huella espectral caracteristica de

cada material [26].

Los espectros FTIR se realizaron en el Centro de Instrumentacion Cientifica de
la Universidad de Granada, con un espectrometro NICOLET 20SXB con software
OMNIC. Los espectros obtenidos fueron realizados mediante la medida de la
transmitancia en la zona del infrarrojo medio (4000 a 400 cm™!), con una resolucion
de 0.5 cm™!. Los espectros se realizaron mediante la preparacion de una pastilla de

KBr con la correspondiente muestra, para mejorar la resolucion del espectro.
Caracterizacion electroquimica

2.2.12.- Preparacion electrodo RRDE

La caracterizacion electroquimica fue realizada usando un electrodo de disco
anillo rotatorio (RRDE), acoplado a un potenciostato compacto (PGSTAT101).
Las muestras fueron depositadas em el disco del RRDE mediante la deposicion de
una tinta previamente preparada. Las tintas se obtuvieron dispersando, mediante
sonicacion, 5 mg de mezcla en 1 mL de soluciéon de Nafion (1:9; Nafion [5%]:
Agua). Posteriormente, se depositaron 20 pL de la tinta preparada para finalmente

ser secada con radiacion infrarroja.

2.2.13.- Preparacion electrodo para electro-Fenton

Los electrodos para electro-Fenton se prepararon mezclando la muestra
respectiva, finamente molida, con el aglutinante politetrafluoroetileno (PTFE) en

una proporcion masica de 9:1. La mezcla resultante se secé durante toda la noche a
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una temperatura de 80 °C. Finalmente, se depositaron 25 mg de la pasta final en
cada cara de una lamina de grafito (3 x 1 cm), mediante accion mecanica, la cual se

utilizé como soporte del catalizador.

2.2.14.- Voltametria Ciclica (CV)

La CV es una técnica ampliamente utilizada en electroquimica para investigar
procesos de oxido-reduccion en especies moleculares (figura 2.1) y reacciones
quimicas iniciadas por transferencia de electrones. La técnica se realiza aplicando
un potencial al electrodo de trabajo, en un tiempo y velocidad de barrido
determinada, en un rango de voltaje (ida y vuelta), de acuerdo con el cambio de

potencial se puede medir la corriente de la reaccion redox del material [27].

Reduccidn

Corriente

Diidacion

Alto WV Bajo
Voltaje (V)

Figura 2.1. Voltamograma ciclico tradicional.

En este Trabajo se llevo a cabo haciendo uso del montaje potenciostato-RRDE,

usando como electrolito hidréxido de potasio (KOH) a una concentracion 0.1M.
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Previo a las CV, se dejo saturando el sistema del gas a emplear (N2 u O2) durante
un tiempo de 30 minutos. Las CV se realizaron en un rango de 0.4 a —0.8 V con

velocidad de barrido de 50mV s™!, a una velocidad de rotacion del RRDE de 1000
rpm.

2.2.15.- Voltametria de Barrido Lineal (LSV)

La LSV esuna técnica similar ala CV en la cual se aplica un rango de potencial,
sin embargo, en este caso solo se mide una seccion y no se realiza el ciclo completo
(iday vuelta). La LSV fue empleada haciendo uso del montaje potenciostato-RRDE
con KOH [0.IM] como electrolito y burbujeo constante de Oz en un rango de

1

potencial de —0.8V a —0.4V, velocidad de escaneo de 5 mV s ' y velocidades de

rotacion de 500 a 4000 rpm.

El ntimero de electrones transferidos y la selectividad hacia H>O» fueron
calculados empleando las ecuaciones 2.8 y 2.9, las cuales se realizan utilizando los

datos obtenidos mediante la técnica de disco anillo giratorio o RRDE por sus siglas

en ingles.
4x1
n= " (2.8)
ID+N_C
200x1{1—f2
%H,0; = —n (2.9)
PPNe

Donde Ip e Ir son la corriente en medida en el disco y anillo respectivamente,

y Nc es la eficiencia de coleccion del RRDE (0.249).
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Se aplico el modelo de Koutecky-Levich a los datos obtenidos de la técnica
LSV, con la intencidn de calcular la cinética de densidad de corriente (Jx) conforme

a la ecuacion (2.10).

1 1 1
-=—+ 2.10
J Ik 02nF(DY?)v-1/6C,wl/? (2.10)

Donde, J es la densidad de corriente, w velocidad de rotacion, F constante de
Faraday, n nimero de electrones transferidos por molécula de oxigeno, Do
coeficiente de difusion del oxigeno, v viscosidad (0.01 cm? s ') y C, concentracion

del oxigeno (1.2 x107® mol cm3).

2.2.16.- Electro-Fenton

Electro-Fenton es uno de los procesos de oxidacion avanzada electroquimica
(EAOPs) maés estudiados actualmente. Se fundamente en la generacion
electroquimica de peroxido de hidrogeno (H20:2), por medio de la reaccion de
reduccion de oxigeno (ORR), por la ruta de dos electrones. El H2O: electro-
generado reacciona con el catalizador tipo Fenton para dar paso a la generacion del
radical hidroxilo (OH¢), el cual es un oxidante fuerte, capaz de degradar una amplia

gama de contaminantes [28].
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Abstract: The electro-Fenton process is based on the generation of hydroxyl radicals (OHe) from
hydroxide peroxide (H,0;) generated in situ by an oxygen reduction reaction (ORR). Catalysts
based on carbon gels have aroused the interest of researchers as ORR catalysts due to their textural,
chemical and even electrical properties. In this work, we synthesized metal-free electrocatalysts
based on carbon gels doped with graphene oxide, which were conformed to a working electrode.
The catalysts were prepared from organic-gel-based inks using painted (brush) and screen-printed
methods free of binders. These new methods of electrode preparation were compared with the
conventional pasted method on graphite supports using a binder. All these materials were tested
for the electro-Fenton degradation of amoxicillin using a homemade magnetite coated with carbon
(Fe304/C) as a Fenton catalyst. All catalysts showed very good behavior, but the one prepared by ink
painting (brush) was the best one. The degradation of amoxicillin was close to 90% under optimal
conditions ([Fe304/C] = 100 mg L™, —0.55 V) with the catalyst prepared using the painted method
with a brush, which had 14.59 mA cm~2 as Jx and a H,0, electrogeneration close to 100% at the
optimal voltage. These results show that carbon-gel-based electrocatalysts are not only very good
at this type of application but can be adhered to graphite free of binders, thus enhancing all their
catalytic properties.

Keywords: wastewater; ORR; electro-Fenton; carbon gels; xerogels

1. Introduction

Antibiotics are pharmaceutical compounds that are widely used for different infectious
disease treatments in humans and animals, generating a possible effect on human and
ecological health [1,2]. The principal problem associated with antibiotics is the generation
of antibiotic resistance genes (ARGs), which reduces their efficacy against human and
animal pathogens, posing a risk to public health [3-5].

Amoxicillin (AMX) is an antibiotic of class 3-lactam, which is considered safe for use
even in pregnant and lactating women; however, its metabolization in the human body is
low, whereby between 70 and 90% of AMX is released to the environment unchanged [6-8].
Due to its solubility, biodegradability, stability and polarity, AMX is not degraded com-
pletely in wastewater treatment plants; for this reason, different methods (adsorption,
advanced oxidation processes, etc.) [9-12] for the removal of this antibiotic from waters
have been proposed [13].

Advanced oxidation processes (AOPs) are based on the generation of hydroxyl radicals
(OHe), which degrade organic components present in water solutions [14,15]. Some
AOPs are as follows: photocatalysis, electrocatalysis, Fenton-like oxidation or persulfate
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3.1.-INTRODUCTION

Antibiotics are pharmaceutical compounds that are widely used for different
infectious diseases treatments in humans and animals, generating a possible effect
on human and ecological health [1,2]. The principal problem associated with
antibiotics is the generation of antibiotic resistance genes (ARGs), which reduces
their efficacy against human and animal pathogens, posing a risk to public health

[3-5].

Amoxicillin (AMX) is an antibiotic of class B-lactam, which is considered safe
for use even in pregnant and lactating women; however, its metabolization in the
human body is low, whereby between 70 to 90% of AMX is released to the
environment unchanged [6-8]. Due to its solubility, biodegradability, stability and
polarity, AMX is not degraded completely in wastewater treatment plants; for this
reason, different methods (adsorption, advanced oxidation processes, etc.) [9-12]

for the removal of this antibiotic from waters have been proposed [13].

Advanced oxidation processes (AOPs) are based on the generation of hydroxyl
radicals (OHe), which degrade organic components present in water solutions
[14,15]. Some AOPs are as follows: photocatalysis, electrocatalysis, Fenton-like
oxidation or persulfate oxidation [16]. Processes based on electrocatalysis take their
name from electrochemical advanced oxidation processes (EAOPs), where
generally no type of external chemical is required to treat contaminants in water
solutions [17]. The electro-Fenton process (EF) is one of the most popular EAOPs,
showing high mineralization levels due to the direct generation of hydrogen

peroxide (H203) at the cathode by the reduction reaction of oxygen (ORR) through
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a two-electron path (2¢") (equation 3.1), and the formation of OHe radicals from the

generated H,O: by the Fenton catalyst (equation 3.2) [18-20].

O +2H" +2¢ — H202 (3.1)

Fe’" + H,0, + H" — Fe** + H,0 + OHe (3.2)
Fe** +e — Fe? (3.3)

Pollutants + OHs — Intermediates (3.4
Intermediates + OHs — H>O + CO» (3.5

The ORR catalyst has a key role in the EF process and, for this reason, it is
crucial for the development of catalysts with high selectivity for H>O..
Traditionally, ORR catalysts based on Pt and Pd are considered the best candidates;
however, their high cost makes the use of these in the EF process difficult [21].
Carbon-based materials have been evaluated as ORR catalysts due to their low cost
and high selectivity for H>O; [22]. Qin et al. [23] synthesized hollow porous carbon
spheres with high activity ORR 2e” (higher than that reported in more advanced
Fenton catalysts), which was attributed to the presence of sp® carbon and sp?
defects. Garza-Campos et al. [24] developed a cathode with mesoporous carbon
obtained using a soft template, with a current efficiency closer to 100%, attributed
to ORR 2e™ predominance. Pishnamaz et al. [25] modified nickel foam with single-
wall and multi-wall carbon nanotube (SWCNT and MWCNT, respectively) and
found that SWCNTSs produced more H2O, than MWCNTs, due principally to their
higher surface area. Graphene is another new carbon material studied as metal-free
ORR catalyst. Wang et al. [26] fabricated an electrode of graphene aerogel and

calculated the electron transfer number between 1 and 2 in the range of the selected
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potential. Wang et al. [27] made a cathode of reduced graphene-oxide-grafted
carbon fiber and determined that the modified electrode had a 45% higher H,O»
accumulation than the material without graphene. More specifically, carbon gels
have recently and successfully been applied into an electro-Fenton process for
antibiotic elimination from water [28], or simple ORR [29], and CO: electro-

transformation [30] due to their unique textural and chemical characteristics.

The use of polytetrafluoroethylene (PTFE) emulsions as a binder in the
preparation of electrodes based on carbon materials is very common [31,32];
however, it is possible that PTFE generates jams and blockages in pores, affecting
the electrocatalytic yield. In this work, metal-free electrocatalysts based on carbon
xerogel/graphene oxide (OG) were synthesized and used as ORR electrocatalysts
in the degradation of amoxicillin (AMX) using an electro-Fenton process, which
also involved the synthesis and use of a homemade carbon/magnetite catalyst as a
heterogeneous Fenton catalyst. The ORR electrocatalysts were made from the
development of a carbon/OG ink, which was deposited on the graphite cathode
using two different painting methods, brush and screen printed, as well as the
preparation of one ORR electrocatalyst using the same ink, PTFE, using a

conventional method for comparison.
3.2.-EXPERIMENTAL

3.2.1.- Graphene Oxide (OG)

The OG was synthetized by a modified Hummers method [33], mixing graphite
(4 g) with sulfuric acid (H2SO4) (100 mL), added drop by drop with agitation in an
ice bath. Then, potassium permanganate (KMnOs) (12 g) was added and the

resulting mix was kept under constant agitation for 2 h at 35 °C. The obtained mix
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was diluted with water (200 mL); subsequently, H>O2 [30% w v_!] was added until
a yellow solution formed. Then, the material was purified with hydrochloric acid

and washed several times with water until neutral pH. Finally, the material was

dried at 60 °C in 24 h.

The obtained solid was dispersed in distilled water (200 mL) and sonicated for
1 h; subsequently, the dispersion was centrifugated (20 min to 3000 rpm) to
eliminate the oxide graphite particles. With the final solution, a suspension of OG

[0.8 g L™!] was prepared.

3.2.2.- Magnetite (Fe3O4)

The magnetite was synthesized by co-precipitation chemical method [34],
mixing 50 mL of ferrous chloride with 100 mL of ferric chloride [0.5 M]. Then, 75
mL of ammonium hydroxide [25%] was added drop by drop, and the solution was
maintained with constant agitation for 10 min. Finally, the obtained solid was
separated and washed several times with water and ethanol. The final material, was

dried for 8 h at 60 °C.

The coating with carbon was made following a typical sol-gel method [35],
using resorcinol-formaldehyde as carbon precursors and 3% of magnetite. The
procedure was carried out, with 11 mL of Span 80 (S) dissolved in 250 mL of n-
heptane and heated at 70 °C with reflux and mechanical stirring (450 rpm) for 1 h.
Then, the magnetite in solution (1.05 g in 25 mL of NH4OH [30%]) was added and
maintained for 2 h. Another solution was prepared with 22.5 g of resorcinol (R),
12.5 mL of formaldehyde (F) and 29 mL of water (W), which was added dropwise
to the solution of n-heptane. The obtained gel was aged at 70 °C for 24 h under

stirring. Then, the suspension was filtered and the solid was placed in acetone for 5
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days (changing acetone twice daily). The obtained material was dried by infrared
light and finally, carbonized at 900 °C by 2 h with N flow at 300 mL min ' and a

heating rate of 2 °C min ™.

3.2.3.- Preparation of the Xerogel/OG ink

The xerogel was synthetized from resorcinol (R) (5 g) and formaldehyde (F)
(7.35 g), and dissolved in water (OG suspension) (W). Then, 2-hydroxypidine
(0.088 g) was added as catalyst (Z). The mixture was heated in a microwave at 400
W power, in an argon atmosphere, for two batches of 5 min, waiting between both
batches for the ink to cool to room temperature. In all cases, the used molar relations

were R/F 0.5, W/R 50, and R/Z 500.

Deposition methods

The xerogel/OG ink was deposited by different methods on graphite sheets

(7cm x 1cm) used as support.

3.2.4.- Conventional catalyst (sample C)

For the conventional preparation of the electrode, the ink was previously dried
in an oven at 100°C for 12 hours. Subsequently, it was carbonized in argon with a
heating rate of 3 °C min ' up to 850 °C, maintaining this temperature for 1 h. The
obtained carbon xerogel was grounded to a fine powder with which a paste of 150
mg of xerogel and polytetrafluoroethylene (PTFE) (60% suspension in water) was
made, mixed homogeneously at a proportion of 90:10. This mixture was
homogeneously pasted by mechanical method on both sides of the graphite sheet

and dried at 80 °C.
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3.2.5.- Painted catalyst (sample P)

The electrode was prepared using a brush to deposit the xerogel/OG ink in each
support face until obtaining a constant mass of 0.5 g. After each deposition, the
electrode was placed under infrared light by 1 minute. Finally, it was carbonized in
argon with a heating rate of 3 °C min' up to 850 °C, maintaining this temperature

for 1 h.

3.2.6.- Screen printed catalyst (sample S)

This method was like the painted method, changing the brush to an airbrush for

the ink deposition. The other conditions were equals.
Characterization

3.2.7.- Chemical and textural characterization

The Brunauer-Emmett-Teller (B.E.T), Dubinin-Radushkevic (DR) and Density
Functional Theory (DFT) methods were applied to the data obtained from the N>
adsorption isotherms at 77K to obtain the apparent surface area and micropore
parameters. DR and DFT were used to calculate the total micropore volume
(Wo/Wprr) and the mean micropore width (Lo/Lprr). The total pore volume was
considered as the N volume adsorbed at a relative pressure of 0.95 (Vo.5).
Furthermore, the mesopore volume (Vmeso) was obtained from the difference

between Vo.9s and Wo.

RAMAN spectroscopy was performed with a Micro-Raman spectrometer
(JASCO NRS-5100, laser DXR 532 nm) in a range between 200 and 3000 cm™! to
24 Mw.
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The surface composition was obtained by X-ray photoelectron spectroscopy
using an ESCA 5701 Physical Electronics (PHI) system (equipped with MgKa,
anode, model PHI 04-548; X-ray source (h = 1253.6 eV)) and hemispherical
electron. For the analysis of the XPS peaks, the Cis peak position was at 284.6 eV.

The samples morphology was observed by scanning electron microscope
(SEM) and transmission electron microscopy (TEM) in the microscopies AURIGA
(FIB-FESEM) and LIBRA 120 Plus, respectively, at the “Centro de

Instrumentacion Cientifica de la Universidad de Granada”.

3.2.8.- Electrochemical characterization

The electrochemical characterization was carried out in a cell of 3 electrodes
controlled by a potentiostat multichannel Biologic VMP, using Ag/AgCl, Pt and a
rotating ring—disk electrode (RRDE), as reference electrode, counter electrode and

working electrode, respectively.

The RRDE was prepared with 10 pL of a solution of 5 mg of material in 1 mL

of a mix of Nafion [5%] and water (relation 1:9).

The cyclic voltametric (CV) experiments were carried out in N> or Oz in a
potential range of —0.75 V to —0.45 V, with a scan speed of 5 mVs ' and 50 mVs !,
The linear sweep voltammetry (LSV) was carried out in Oz at different rotation
speeds (500, 1000, 1500, 2000, 2500, 3000 and 4000 rpm) with exploration speed
of 5 mVs! in the same potential range of CV. In the two cases, the support
electrolyte used was KOH [0.1M]. For calculated the number of transfer electrons,
the data obtained from LSV experiments were adjusted to the Koutecky-Levich
model (equation 3.6) [36].
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1 1 1

-1, 3.6
J Ik 02nFD23)v-1/6C,wl/2 (3.6)

Where, J is current density, Jk is current density kinetic, ® rotation speed, F is
the Faraday constant, D, (1.9 x 107 cm? s !) is oxygen coefficient diffusion, v (0.01

cm? s 1) viscosity, Co is the oxygen concentration (1.2 x 10°® mol cm3).

3.2.9.- Electro-Fenton processes

The electro Fenton process was carried out using a standard three-electrode
electrochemical cell with capacity for 0.125 L of solution at room temperature. The
AMX solution was prepared with a dilution of NaxSO4 [0.5M] with continuous
agitation. The potentiostat was maintained in potentiostatic mode at different
evaluated values (—0.55, —0.60 and —0.65 V). The reference electrode was Ag/AgCl,
and the counter electrode used was platinum wire. The pH was of 6.0 (natural pH
solution). As the Fenton catalyst, magnetite coated with carbon (Fe3O4/C) was used.
AMX concentrations in solution were determined by a UV-vis spectrophotometer
at 229 nm. As a general protocol, each type of electro-Fenton test was repeated three

times with a new sample of each specific catalyst.
3.3.-RESULTS AND DISCUSSION
Catalysts ORR

3.3.1.- Porosity and surface area determination

The N2 adsorption-desorption isotherms of the samples prepared by painting
by brush (P), screen printing (S) and the conventional method (C) are shown in
Figure 3.1. All samples show a mix of isotherms type I and IV with hysteresis loop

type 4, which is typical of mesoporous materials [37]. The difference among the
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samples could be attributed to the dispersion type effected in each method; due to
the printed screen, the ink is subjected to a pressure difference, which can result in
a better dispersion of the particles. The surface area values and the volume of micro
(W) and mesopores are shown in Table 3.1, where it is evident that there are not
significant differences among the samples, although sample S shows all the highest

values and C the lowest mesopore volume.

0.25
0.20
® 015
£
)
= 010
>
0.05
0.00 1 T T T T 1
0 0.2 0.4 0.6 0.8 1
P/P,

Figure 3.1. N> adsorption-desorption isotherms at 77K.

Table 3.1. Textural characteristics of all samples obtained by N> adsorption at 77K.

Sample Seer  Sper Sor Wo Lo  Wbprr Lo Voos Vmeso
m?g?  m?g?t m?2g?! comig? nm cmig?t nm  cm3g?t  cmig?

S 436 506 492.2 0.170 0.63 0.19 0.61 0.218 0.043
383 448 4242 0.150 0.60 0.17 0.61 0.171 0.020

P 363 428 4086 0.145 065 0.15 0.61 0.183 0.038
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3.3.2.- Raman Characterization

The Raman spectra of the sample P, C and S are shown in figure 3.2 and were
used to determine the degree of graphitization. All samples show the band
associated to the vibrational modes of the graphite structure (G at 1590 cm™') and
the graphite structure defects (D 1340 cm™) [38,39]. The intensity ratio Ip/Ig is used
typically as an indicator of the defect density level [40]. The ratio Ip/Ig has values
of 0.988, 0.976 and 0.982 for S, C and P, respectively, indicating that the samples
have a good graphitization grade and that there is not significant difference among

them.

RAMAN intensity (a.u)

700 1200 1700 2200
RAMAN shif (cm™)

Figure 3.2. Raman spectra of all samples.
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3.3.3.- XPS Characterization

The chemical composition of the surface was studied by XPS, and the Cis and
O1s regions were analyzed in all the samples. All spectra are very similar among
the samples. figure 3.3 shows the three Cis spectra as example. The deconvolution

results and the binding energies peaks are collected in Table 3.2.

c-C

S

—0)\

201 289 287 285 283 291 289 287 285 1283 291 289 287 285 283
Energia de enlace (eV) Energia de enlace (eV) Energia de enlace (eV)

Figure 3.3. XPS spectra of Cis regions.

We use as reference the 285.5 eV value to calibrate the Cis spectra, and the
peaks 284.6, 285.4, 286.8, 288.5 and 290.7 were attributed to C-C, C-O, C-O-C,
C=0 and CO> [41-45].
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Table 3.2. Characterization data obtained from XPS in Cis region.

Bond Peak S (%) C (%) P (%)
c-C 284.6 70.3 68.8 71.2
c-0 285.4 18.7 19.7 18.9
C-O-C 2868 5.5 5.7 5.3
c=0 288.5 3.3 3.6 2.7
CO2 290.7 2.1 2.2 1.9
Total C 93.8 93.0 04.1
Total O - 6.2 7.0 5.9

The more significative difference among the samples is the content of oxygen,
which is slightly higher in sample C. Therefore, the chemical composition of the

samples can be considered practically equal.

3.3.4.- Morphology
The morphology of the samples was examined by SEM (see figure 3.4), and it

was possible to observe significant differences among the samples, mainly in
roughness. The sample with the greatest roughness was P, which shows several

possible channels or slits that could facilitate access to more active sites.

The sample S is the smoothest and shows fewer microspheres exposed on the
surface; meanwhile, in the C sample, it is possible to observe the binder that

generates a thread that traps the carbon spheres, generating more agglomerations.
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Figure 3.4. SEM images.
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The morphology of the samples was examinate by TEM (figure 3.5), where the
OG structure can be observed with the typical texture (wrinkled sheets) and a good
exfoliation of these [46,47]. At this level of magnification, all three samples look

relatively similar.

Figure 3.5. TEM images.

3.3.5.- Electrochemical Characterization

The Figure 3.6 shows the CV in presence and absence of O», with the peaks

characteristics of the oxygen reduction showing the activity as ORR catalyst.

0.10 4 0.10 4 0.10 4

(A) (B) (©)
0.00 - 0.00 - 0.00 +
=0.10 4 -0.10 4 ,; ~0.10 4

- -0.20 - Z 0201 / 2 0201 ;
E 030 E 0304 £ 030
~ 040 4 ~0.40 - ~0.40 1

-0.50 T T -0.50 T T -0.50 T T 1
-1.00 05 <000 0.50 -1.00 050 -0.00 0.50 -1.00 -0.50 -0.00 0.50
E vs Ag/AgCI (V) E vs Ag/AgCl (V) E vs Ag/AgCl (V)

Figure 3.6. CV (A) sample C, (B) sample P, and (C) sample S; O (red) and N>
(blue).
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The Figure 3.7 shows the number of electrons transferred in the reaction
obtained with RRDE. All samples have a preferential selectivity to a two-electron
path throughout the voltage range, especially sample P, and without apparent
mechanic changes in the potential range studied. Some authors have attributed an
improvement of conductivity to better electrochemical activities [48,49], however,

the Raman spectra do not show significant differences among the samples.

3 -

—

GZ’*._'

1

-0.8 -0.7 -0.6 -0.5 -0.4
E vs Ag/AgCl (V)

Figure 3.7. Number of transferred electrons AS, MC and ®P.

Table 3.3 shows the parameters of Koutecky-Levich equation, from which it is
possible to obtain information about the reaction mechanism of these
electrocatalysts [50,51]. In this context, all samples work close to a two-electron

pathway mechanism.
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Table 3.3. Parameters of Koutecky-Levich obtained at —0.8V, and initial potential.

Sample Jk n E° initial
mA cm \%
S 14.35 2.33 -0.25
C 9.00 2.50 -0.23
P 14.59 2.03 -0.25

On the other hand, the initial potential is more positive in the sample C,
followed by P and S, which is related to better electron transfer ability [52]. The
diffusion kinetic current density (Jx) shows much higher values for the samples S
and P (14.35 and 14.59, respectively), which can be due to a combination of factors
like lower oxygen content and a much higher mesoporosity, which could be a direct
consequence of the new preparation method versus the conventional one. The direct
positive relation between current density and ORR performance is very well kwon
[53]. In terms of electrocatalytic results, sample P is slightly superior to sample S
(higher Jx and n values and lower initial potential). Therefore, among these
catalysts, sample P brings together the best combination of textural and
electrochemical characteristics, such as higher Jx and mesopore volume, also
showing a quite adequate electron transfer value. It is also important to highlight
the type of morphology caused by the painting method in terms of microroughness
that can improve the accessibility of the mesoporosity in particular, and of the active

sites in general to the electrolyte.

Figure 3.8 shows the electrogeneration of H>O» at each potential for the

samples S, C and P. For all samples, the H>O> production is constant in all potential
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ranges, indicating that there are not changes of selectivity, maintaining a good
stability at each potential. From these results, it is considered that the H>O»
production is heavily dependent on a good balance between the textural and
electrochemical characteristic; the lowest Jxk and mesopore volume of sample C

could justify its penalty in the H>O, generation sequence.

100
90
80
70
60
50 + T .

-0.8 -0.6 -0.4
E vs Ag/AgCl (V)

0/0 HZOZ

Figure 3.8. H>O: electro generation at each potential withAS, BC and @P.

Catalyst Fenton

3.3.6.- X-ray diffraction

The XRD of the Fenton catalyst can be observed in figure 3.9, where it is
possible to observe a peak characteristic of the crystalline planes (220), (311), (400),
(422), (511) and (440), typical of magnetite in the sample Fe3O4 [54,55], indicating

that the synthesis was made successfully.
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Figure 3.9. XRD patterns of Fe3O04/C and Fe;Oa.

The peak (311) was used to determine the crystallite size by Scherrer’s
equation, giving a mean diameter of 12.9 nm as the result. The sample Fe304/C
shows the peaks associated to the crystalline planes (110) and (200) of zero-valent
iron (or pure Fe phase); the other peaks can easily be mistaken with magnetite peaks
in small intensity [56,57]. These results indicate that the carbonization to 900 °C

principally occasioned the magnetite passing to zero-valent iron.

3.3.7.- Morphology

Figure 3.10 shows SEM images of the homemade Fe3O4/C catalyst. It is formed

by microspheres of different sizes, some of them partially fused.
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Figure 3.10. SEM Images of Fe304/C.

3.3.8.- Electro-Fenton experiments

The optimal conditions for the EF process were selected by a previous test of
amoxicillin (AMX) degradation, which were evaluated: the Fenton catalyst
concentration, the cathodic potential and obviously the effect of the deposition

method on the electrocatalyst preparation.

Figure 3.11 shows the Fenton catalyst concentration effect, using sample P as
the ORR catalyst. The degradation is better when the concentration increases from
50 to 100 mg L', due principally to the fact that more Fe?" in the solution can
generate more *OH (eq 3.2). However, when the concentration is higher (150 mg
L"), there are not significative improvements; this is due to some factors like the
agglomeration between particles that can decrease the rate of OH desorption, which
is one of the three key steps in the generation of hydroxyl radicals (adsorption,
homolysis and desorption) and excessive accumulation of iron that finally
eliminates the *OH [58-60]. Based on these results, the concentration of 100 mg L™

was selected as the most adequate for our experimental system.
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Figure 3.11. AMX degradation obtained using different concentrations of sample

P.

On the other hand, three cathodic potential were tested in the range between
—0.55 to —0.65V (Figure 3.12), determining that the best potential was —0.55V, as
the highest percentage of degradation in our experimental conditions was obtained

at this value.

100 A
90 4 m-055V

80 41 m-0.60V

71 m-065V

% AMX Degradation

10 20 30 45 60 90 120 180
Time (min)

Figure 3.12. AMX degradation obtained at different potentials with the catalyst P.
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The degradation of AMX between the voltage —0.60 and —0.65, does not show
significant differences, which could be due to a competence with the hydrogen
evolution reaction (HER) or even an ORR 4¢™ [61,62], decreasing the efficiency of
the EF process. Besides, the use of lower potentials is always better from an

economical point of view.

Finally figure 3.13 shows the deposition method effect in the degradation of
AMX by EF. Over the entire reaction time range, sample P shows the highest
percentage of AMX degradation, with samples P and S being better for this
application than sample C, which shows the success of these new methods of

preparation or deposition of electrocatalysts.

100 -
90 { mC

g0 4 WS
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60 -
50 -
40 -
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10 20 30 45 60 90 120 180
Time (min)

Figure 3.13. AMX degradation obtained with the catalysts prepared through the
three different methods.
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These results of AMX degradation are directly related to the ORR performance
and H>O; electrogeneration already discussed in Section 3.3.5. The painted method
(sample P) produces a non-uniform micro-deposition generating micro-roughness,
which leaves ORR active sites more exposed to the solution, improving the final
AMX degradation. Additionally, the conventional method (sample C) is also limited
by the use of a binder, which probably makes the electrocatalytic process less
efficient. In a similar way, the screen-printed process (sample S), due to the
excellent uniformity of the deposited layers, can limit the solution accessibility in

comparative terms with sample P.

Finally, a minimum study of reusability was carried out with sample P, as this
is a critical factor to determine a possible broader application. Therefore, the same
prepared electrode was tested in the optimal EF conditions by five consecutive
cycles. Figure 3.14 shows the AMX degradation kinetic after the first and fifth cycle
of use, maintaining the EF system at the same degradation capacity after 60

minutes.

100 A
o) 4 M Firstcycle

80 - T

o - | Fifth cycle
60
50 -
40 -
30
20
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% AMX Degradation
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Figure 3.14. Reusability study carried out with the sample P.



Gels 2024, 10(1), 53; https://doi.org/10.3390/gels10010053 203

3.4- CONCLUSIONS

The results obtained in this work show the successful synthesis of ORR
catalysts based in carbon xerogels doped with graphene oxide, which could be
conformed by different methods, with a very good performance to be coupled in
electro-Fenton systems for amoxicillin degradation. In comparative terms, the
conventional ORR electrocatalysts preparation method, consisting of a previous
carbonization of the carbon precursor and its later deposition on the cathode using
binders (sample C), can be broadly improved by the development of the carbon
gel/OG-based ink discussed here. This ink can be deposited on the cathode using a

brush (sample P) or an airbrush (sample S) and later carbonized.

In this way, sample P was the one that showed the best electrochemical
behavior; consequently, the best result was obtained in the degradation of AMX
(close to 90%) after its coupling to the EF system. The explanation of this result
must be understood as a combination of different factors: the wunique
microroughness generated in the cathode together with the high volume of
mesopores obtained provides a better set of ORR parameters (Jx 14.59 mA cm™,
2.03 transferred electrons and initial potential of —0.25 V), producing the greatest
amount of H>O; among the samples, which is essential for efficient electro-Fenton

degradation of AMX.
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CHAPTER IV: DOPED BIO-CARBONS (S, N, P OR B) AS HIGHLY
EFFICIENT DUAL CATALYSTS FOR THE DEGRADATION OF
TETRACYCLINE THROUGH HETEROGENEOUS ELECTRO-FENTON
PROCESS
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Abstract

Bio-carbon (BC) obtained from agro-industrial waste was doped with different heteroatoms (S, N, B, P) to
evaluate their potential as catalysts for the oxygen reduction reaction (ORR) and electro Fenton process. The
samples underwent thorough characterization using techniques such as N, adsorption at 77K, CO, adsorption
at -193K, X-ray photoelectron spectroscopy (XPS), and X-ray diffraction.

Electrochemical characterizations were conducted through cyclovoltammetry (CV) and linear sweep
voltammetry (LSV). It was observed that all doped samples (S, N, B, P) exhibited enhanced ORR activity, with
DBC-N demonstrating the highest performance, attributed to its superior Jx value (10.4 mA cm) and lowest
E°onset (-0.14V). Furthermore, the circular economy aspect was considered in this study. The utilization of
agro-industrial waste for bio-carbon production aligns with the principles of circular economy by repurposing
waste materials and minimizing environmental impact. This approach not only offers a sustainable alternative
to conventional catalyst synthesis methods but also contributes to reducing waste generation and promoting
resource efficiency. In addition to ORR catalytic activity, all doped samples were evaluated as dual catalysts
for the degradation of tetracycline through the heterogeneous electro Fenton process. Remarkably, all samples
exhibited enhanced degradation levels (>40%), reaching a maximum of approximately 70% with the nitrogen-
doped sample. This work highlights the potential of obtaining excellent metal-free ORR catalysts through a
low-cost, circular economy-driven approach, with promising applications in environmental remediation

processes such as the efficient decontamination of wastewater."
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4.1.- INTRODUCTION

Recently, emerging pollutants (cleaning products, disinfectants,
pharmaceuticals, etc.) have caused alarm in the scientific community, mainly
because of their potential impact on public health [1]. Among these pollutants,
pharmaceuticals, mainly antibiotics, have attracted attention because the presence
of this type of substances in the environment generates problems such as the
generation of resistance genes, which is a critical problem for human health, food
security and water cleanliness [2-4]. In addition, most antibiotics are poorly
metabolised (10-70%) in humans and animals, resulting in their return to the
environment [5,6]. In addition, human consumption of antibiotics is projected to
increase by nearly 15% to 200% by 2030 [7,8], exacerbating the problem of final
disposal.

Tetracycline (TC) is a broad-spectrum antibiotic widely used in the treatment
of human and animal diseases, but recently some researchers have focused on
electrochemical advanced oxidation processes (EAOPs), which have been shown
to have high mineralization rates for different types of pollutants [9].Electro-Fenton
(EF) has degraded a wide range of antibiotics (sulfadiazine, ciprofloxacin,
cefalexin, oxcarbazepine, prednisolone, chloramphenicol and thiamphenicol),
among which TC stands out [10-12]. EF is based on the generation of hydroxyl
radicals (*OH) resulting from the reaction of H20> (electrogenerated by the oxygen
reduction pathway two electrons (ORR)) (equation. 4.1) and the Fenton catalyst
(traditionally Fe?*) (equation.4. 2) in an acidic medium [13-16].

02 +2H"+2e — H20; 4.1)

Fe?" +H,0, + H' — Fe3* + H,O + OHe 4.2)
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Is possible considerate that the limiting step in the process is the electro
generation of H.O> [17], whereby currently has been searched new ORR catalysts
with high selectivity towards the 2e". Traditionally, the platinum (Pt) is the ORR
catalyst used for excellence, however, its high cost limits its use for industrial
applications [18]. The carbon-based materials (example: graphene oxide, graphite
felt, reduced graphene oxide, carbon felt, etc) have drawn attention due mainly to
its low cost, durability, and good selectivity for ORR 2e™ [19-21]. However, the
ORR activity of this materials is lower than Pt catalysts, whereby has been used the
doped with heteroatoms for upgrade the catalytic activity. Atoms as oxygen (O),
nitrogen (N), phosphorus (P), boron (B), and fluorine (F) had been showed
capability for regulate the charge electric superficial of material, which is translate
in a best donation of electrons, making that appear more active sites for ORR [22-
24]. also, it has been founded that the mesoporosity is adequate for better transfer
of oxygen in the catalysts enhancing the ORR activity, recently it has been founded
that carbons materials obtained by alkali-activation induce to the obtaining of
mesopores [25]. In summary, carbon materials with porous structure, good
conductivity and with appropriate functional groups are promising for their use as
electrocatalysts in ORR and electro Fenton process.

In this work, A bio-carbon has been produced from the waste of olive oil
industry, specifically from the “alperujo”. The “alperujo” is the watery residue and
plant fibre of the olive after oil extraction [26]. This “alperujo” contains the residues
of the herbicides and phytosanitary products used, as well as a high concentration
of polyphenols. All these products cause significant pollution at the production
sites, both in the soil and in aquifers and rivers [27]. In large quantities, they can
acidify the soil, making it saline and inhibiting plant growth. Alperujo also prevents
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the oxygenation of water, causing anaerobic fermentation and the development of
aquatic flora and fauna. Due to its phytotoxic and poorly biodegradable
composition, it is one of the most polluting effluents in the agri-food production
system that needs to be treated [28]. In this way, we promote the optimisation of
resources and the use of waste, recycling it or giving it a new life to transform it
into new products, in favour of the circular economy.

The carbon material obtained was hydrothermally doped with different
heteroatoms (S, N, B and P) to be evaluated as ORR catalysts and in the EF reaction
for the degradation of TC.

4.2.- EXPERIMENTAL

4.2.1.- Preparation of carbon materials

The bio-carbon was synthetized by a process carried out in a previous work
[29]. In the first step, olive wastewater was carbonized at 300 °C for 2 h in a
nitrogen flow at a rate of 60 cm® min?, followed by chemical activation with solid
KOH, physically mixing the carbonized material in a 1/1 mass ratio. The resulting
mixture was treated at 840 °C for 2 h in a nitrogen flow of 60 cm® min™2. The final
material was called BC.

The final BC sample was doped with nitrogen (N), Boron(B), Phosphorus(P)
and sulfure (S) atoms using different precursors such as melamine (100 mg),
phenylboronic acid (600 mg), triphenylphosphine (1 g) and 1-dodecanethiol (8
mL). The samples were prepared by mixing 1.5 g of BC and in 100 mL of deionized
water in the case of N and B and 50 mL of ethanol and 50 mL of deionized water
in the case of P and S. The mixture was then subjected to hydrothermal treatment
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at 130 °C for 24 h. The final samples were called DBC- X( X is the heteroatom

corresponding).

4.2.2.- Textural and Chemical characterization

The adsorption isotherm of N2 (77 K) and CO> (273 K) were realized by using
Quadrasorb equipment from Quantachrome Instruments, after degasification of the
samples for 12 hours under vacuum of 10® mbar at 120 °C. The surface area of the
samples was determined by applying the Brunauer-Emmett-Teller (B.E.T.) method,
and the micropore volume of the samples was defined by applying the Dubinin-
Radushkevic (DR) equation to the N2 isotherms adsorption. The narrow micropores
volume was determined by the application of the DR equation to the CO: isotherms.

The FTIR spectra were made using NICOLET IR200 equipment, in a range
between 400 to 4000 cm™2, obtaining the results in %Transmittance.

The composition and the chemical state of all samples material surface were
obtained by X-ray Photoelectron Spectroscopy using ESCA 5701 equipment from
Physical Electronics (PHI) System (equipped with MgKa anode, model PHI 04-
548, X-ray source (h” = 1253.6 eV) and hemispherical electron detector). For the
analysis of the XPS peaks, the C1s peak position was used as reference to locate the
other peaks and fixed at 284.6 eV. The fitting of the XPS peaks was done by least

squares using Gaussian-Lorentzian peak sharps using XPSpeaks41 program.

4.2.3.- Electrochemical characterization: Oxygen electro reduction

For electrochemical measurements in ORR application, bio-carbon samples
were mixed with 1 mL of nafion and 9 mL of deionized water, followed by

sonication for 10 minutes. From the prepared solution, 1mL was taken and added
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to 5 mg of samples, bio-carbon to then, the mixture was sonicated for 30 minutes.
20 puL of the final solution was taken to deposit on the disk of the rotating ring disc
electrode (RRDE), with which the ORR activity was studied.

The activity for ORR was studied by the RRDE technique using an Autolab
electrochemical system associated with a compact potentiostat/galvanostat
(PGSTAT101). Electrochemical measurements were carried out in a standard three-
electrode electrochemical cell at room temperature, using a Pt sheet as a counter
electrode and an Ag/AgCI as reference electrode. The electrolyte was 100 ml of a
solution of KOH 0.1M. Before each electrochemical measurement, the electrolyte
was saturated with N2 or O2 by purging the necessary gas into the KOH 0.1M
solution for 30 minutes. Cyclic voltammetry (CV) measurement was collected in a
potential range of —0.80 to 0.40 V at 50 mV s scan rate with the electrode at a
rotational speed of 1000 rpm. Linear scanning voltammetry (LSV) for the ORR
experiment was carried out with a potential range between —0.80 to 0.40 V at 50
mV s with the electrode at rotational speeds varying from 500, 1000, 1500, 2000,
2500, 3000 to 3500 rpm.

The number of electrons transferred and the % of H.O» selectivity were

calculated using equations 5 and 6, [30,31].

n= 4.3
ID+I{I_IZ ( )
200><N—12
%H202 = TR (44)
Ip+-=
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Where Ip and Ir are the disk and ring current respectively, and Nc is the
collection efficiency of the RRDE (0.249).

The current density (Jk) was obtained by Koutecky-Levich equation (equation
4.5).

11,1 (4.5)

] Jk  Bxw?/2

B=(0.62)nx FxAxD?3xv16x(C

Where F is Faraday’s constant (96485 C mol ), n number of electrons
transferred per oxygen molecule, A is the disc area of the RRDE (0.2475 cm?), D
diffusion coefficient of oxygen (1.9-10° cm?s™?), v is kinematic viscosity (0.01
cm?s 1) and finally C is the solubility of oxygen (1.2-10°® mol cm™3) [32,33].

4.2.4.- Electro Fenton process

The electro-Fenton process was carried out using a standard three-electrode
electrochemical cell with capacity for 0.1 L of solution at room temperature. The
TC concentration was approached 40 mg L2, using Na,SO4 [0.5M] as a supporting
electrolyte with continuous agitation. Potentiostat was maintained in potentiostatic
mode at —0.6V.

The working electrode was prepared by mixing DBC with
polytetrafluoroethylene (PTFE) (60%) with mass ratio of (90:10) respectively, for
subsequent drying at 100 °C for 12 h. Once dried, the obtained paste was deposited
on a sheet of graphite (3cm*1cm) (25 mg on each face). The reference electrode

was Ag/AgCI, and the counter electrode used was a platinum sheet in natural pH.
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The TC concentration was measured by taking 2 mL samples each 5min. When the
maximum absorption wavelength was 356.5 nm, the concentration of TC was
determined by UV-vis spectrometry. Equation 4.6 was used to calculate the

degradation percentage.

%Degradation = % x100 (4.6)

0
4.3.- RESULTS AND DISCUSSIONS

4.3.1.- Morphological characterization

The figure 4.1 shows the scanning electron microscopy micrographs of the
samples BC and DBC-N DBC-N was selected due to its electrochemical properties
to evidence the possible differences between the original sample (BC) and the
doped one (DBC-N). Typical SEM micrographs clearly reveal the differences in

the morphology of the original and doped materials.

Figures 4.1. SEM microphotographs (10.00 KX) showing the morphology of
samples A) BC and B) DBC-N.

Analysing the images, it is possible to observe that both samples have rough

surfaces with cracks and holes of different sizes, which are related to the
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degradation of the carbon framework. However, it is also possible to observe that
the DBC-N surface was more damaged due to the presence of nitrogen-containing
reactants which may aid to the development of bigger holes and interconnecting

pores in a three-dimension network structure.

4.3.2.- Textural characterization
N2 adsorption—desorption isotherms of all are depicted in figure 4.2A) and
table 4.1. Based on the IUPAC classification, BC and DBC-N exhibit mixed type-

I and type-1V isotherms, representative of micro and mesoporous materials,

respectively [34].

0,9 1,0 A
A) B)
g
=06 =
g 50,5
=03 2
- =
-
N K\M
0,0 = i il 0,0 T T T ,
0 0,5 1 0 0.4 0.8 1.2 1.6
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Figures 4.2. Isotherms N2 adsorption A) and Pore size distribution of all samples

B) @BC, ADBC-B, ®DBC-N, *DBC-P and ®DBC-S).

DBC-B and DBC-S present an isotherm IV type characteristic of mesoporous
solids, and the sample DBC-P show an isotherm type I1l typically associated with
solids not porous. The volume of N> adsorbed at low relative pressures decreased
with the doping process for all samples. Indicating that the doping reduced the

surface area of the sample by blocking some porosity. Also, we can denote the
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increase of the pore diameter calculated by N adsorption indicating the
development of mesoporous structure after doping of all samples. The adsorption
of CO; gives information about the ultramicroporosity, i.e., micropores narrower
than 0.7 nm, whereas the supermicroporosity is reached by the N in absence of
diffusion restrictions.

For all modified samples, Wo(N2) < Wo(COz), denoting the presence of narrow
micropores or pores with constricted entrances, which prevent the access of Na.
Note that Lo (N2) also increased, corroborating this pore widening. Thus, the
modifications of surface chemistry of the original sample decreased the surface
area, the pore volume but increased the average pore diameter. The micropore size
distribution of all samples is shown in Figure 4.2B). The micropore width of
modified samples is very narrow, and a well-defined peak is obtained at about 0.6
nm. Thus, some porosity could be inaccessible to N2 molecules during adsorption
at —196 °C. The intensity of this peak is much higher for the original sample and
the sample DBC-N but decreases for the other samples. This means that existing
pores were destroyed or opened by surface modification processes due to the
deterioration of the walls between adjacent micropores, which produced a reduction

of surface area and micropore volume.
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Table 4.1. Textural characteristics of all the samples obtained by N2 adsorption
isotherms at 77K and CO; at 0°C.

N, CO2
Sample Lo
Sger Sbrr Wo Lo Vosos Vmeso Vorr ©r Wo Lo
BC 1297 1494 049 0.80 0.63 0.14 0.64 1.22 044 0.73

DBC-B 175 148 007 142 011 0.04 0.12 0.61 0.19 0.80
DBC-N 1061 1160 042 1.03 050 0.08 0.51 0.61 0.40 0.74
DBC-P 4 7 0.00 205 0.02 0.01 0.02 2.84 0.07 0.71
DBC-S 114 97 0.05 151 0.07 0.02 0.07 0.85 0.14 0.90

units: S (m? g %); W (cm® g%); L (nm).

4.3.3.- Chemical characterization

The FTIR spectra figure 4.3 were obtained to have informations of diferents
funtional groups in each sample. All samples showed vibrations bonds correspond
to C-O, C=C and O-H (900-1300, 1500-1600 and 3500 cm* bands, approximately)
[35-38]. Also we can detect the presence of peaks associated with CO and CO>
(2100 and 2400 cm ™! bands, approximately) [39].

FTIR spectroscopy was additionally invoked to determine changes in the functional
composition of doped samples, the sample DBC-N, The -O-H and -N-H stretching
vibration modes were connected to the broad bands at about 3450 cm ™. The C-H
bond is represented by the weak band at roughly 2920 cm™!, and the characteristic
absorbance of C-H bonds is represented by the band at about 1600 cm™. The wide
peak of 1100 cm™' is linked to the vibration of C-N stretching. The peak at 1630
cm ! is due to vibrations of aromatic C=C bonds and C=N bonds in the basal plane.
N-H stretching vibrations at 3220 cm™' and N-H in-plane deformations at 1530
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cm~! may overlap with other bands. C—-N stretching vibrations can be detected at
1455 cm™!. A small peak at 880 cm™! observed in the spectrum of N-C originates
from C—O—C bonds. The broad and sharp peak at 1502 cm™! is attributed to the
presence of nitrogen as C—N and N-O groups

% Transmitance (U.A)

400 800 1200 1600 2000 2400 2800 3200 3600 4000
Wanenumber (cm ')

Figure 4.3. FTIR of @ BC, A DBC-B, ® DBC-N, *DBC-P and ® DBC-S.

For the sample DBC-S, with the increase in sulfur content, the water absorption
band (1650-1885 cm™!) of carbons becomes stronger, possibly due to an increase
in polarity in the carbon backbone. Therefore, the spectra shows several vibrations
including SOz symmetric stretching (1120-1190 cm™!), S=0 stretching (1020-1060
cm™1), C-S stretching (600-700 cm™!), and S-S stretching (450-550 cm™).

The FTIR spectra of DBC-B , the presence of different peaks at 1120, 1168,
and 1397 and 696 cm™' could be indexed to the vibrations of B-C stretching,
B-0O-H bending, B-O stretching and O-B-O bonds, respectively, confirming that a
large quantity of B was doped into the carbon-based materials.
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For the DBC-P, characteristic band associated with the C-C asymmetric
stretching vibrations of phenyl-groups appeared at 1438 cm™* Although the band
exhibited at 1438 cm ™ may arise from ring vibrations, it appears to be as well useful
for the identification of the phenyl-phosphorus group. In addition, band
corresponding to carbon—phosphorus bond (C-P) can be seen at 803 cm ™. Also
noticeable is the increase in the relative intensity of the bands at 3423 cm™ in CK1P
when compared to BC sample, thus suggesting that more —OH functional groups.
FTIR spectra confirm the presence of doping atoms in all samples .

The XPS surface composition of all samples were obtained by the analysis of
the electronic states of C, O, B, N, P and S atoms. The spectra of Cys and Oy are
shown in figure 4.4. The binding energy (BE) scale was referenced to the Cjs of
graphitic carbon, set at 284.6 eV. The peaks in the carbon region was attributed to
the bonds C=C (284.6 eV), C-C (285.6 eV), C-O (286.9 eV), C=0 (287.7 eV),
O=C-C (289.4 V) and n-n* (290.9 eV) [40]. The peaks in the oxygen region were
attributed to the bonds C=0 (531.0 eV), C-OH (532.3 V) and O-C-0 (533.3 eV)
[41].
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Figure 4.4. Cys and Ogs XPS spectra of A) DBC-B, B) DBC-N, C) DBC-P and D)
DBC-S.
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Figure 4.5. XPS spectrum of each respective heteroatom in the samples A) DBC-
B, B) DBC-N, C) DBC-P and D) DBC-S.

The analysis of the spectrums was summarized in the table 4.2, where are show

the different percentages of each element analysed by XPS.
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Table 4.2. XPS summary of all samples.

Sample Cis % peak O1s %peak B,N,P,orS %peak % wt
BC 284.6 66 531.4 39
285.8 17 533 61
287.5 7
289 5
290 4
291 1
DBC-B 284.6 59.65 532.95 57.24 192.62 7244 5.60
285.4 20.88 531.34 42.76 191.33 27.56
286.4 5.83
287.5 5.33
289.4 4.36
291.3 3.94
DBC-N 284.6 56.50 531.17 52.23 398.90 47.13 4.09
285.3 15.94 533.12 47.77 400.12 40.40
286.2 8.01 401.22 12.48
287.5 6.03
288.5 8.42
291.0 5,10
DBC-P 284.6 75.62 530.67 49.22 132.10 55.26 4.28
285.5 12.66 532.55 50.78 133.00 35.74
286.5 3.95 134.00 9.00
287.7 1.72
288.9 111
291.2 4.94
DBC-S 284.6 63.88 531.53 53.04 163.52 24.97 2.16
285.3 13.67 533.21 46.96 164.68 3211
286.6 5.83 168.11 27.38
287.5 4.59 169.23 15.54
289.2 4.41
2911 3.60
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The results show that the samples DBC-N and DBC-B have more carbonyl
group (C=0) (287.4 eV in Cys and 531.1 eV in Oxs) [42], which are candidates for
enhanced the ORR activity [43]. Analyzing the other compounds, we found the
presence of the bonds B-CO-(192.6 eV) and B-N (191.3 eV) [44,45] in the sample
DBC-B, which it is possible attributable to N atoms presents in the matrix carbon.
The sample DBC-P shows the presence of the bonds C-P (132.1 eV), C-PO; (133
eV), C-O-POs (134 eV) [46,38]. On the other hand, the bonds C-SH (163.5 eV),
R2-SO (164.7 eV), C-OSO3H (168.11 eV) and C-O-S0O2-0O-C (169.23 eV) were
found in the sample DBC-S [47,48]. In DBC-N the Nis spectra, show the peaks
corresponding to N-pyridine (398.9 eV), N-pyrrole (399.6 eV) and N-graphitic
(400.9 eV) [49,50]. It Has been found that the N-pyridine has couple of performance
the selectivity towards H2O», while that N-pyrrole is more active for H.O [51].

4.3.4.- Electrochemical characterization

Figure 4.6 shows the CV of all samples in nitrogen and oxygen saturated
medium, it. In absence of Oz, the electrochemical behavior of all samples could be
related to the porous texture and, in this way, it’s possible to observe significative
differences in the negative potential region in absence of Oz, which is mainly
remarkable in the samples DBC-P and DBC-S with respect to the other samples,
which is possibly attributed to the lowest surface area, which is theoretically
proportional to the capacitance [52]. Furthermore, this better behavior could be
related to the improved hydrophilicity of the surface due to the presence of
heteroatoms which improves the electrolyte-surface contact favoring the diffusion
of the ions, this leads to a decrease in the resistance of the electrodes, enhancing
their performance for energy storage. In the presence of O, all samples display

oxygen reduction peaks from —0,1V, which show electrocatalytic activity for
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oxygen electro reduction. indicating that all samples are electro-active to the O2
electro reduction. Moreover, an increase in the double layer capacitance is found in
oxygen saturated KOH regarding. N2-saturated solutions which could be ascribed

to the pseudo capacitance contributions due to faradic process involving

heteroatoms.
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Figure 4.6. CV of A) BC, B) DBC-B, C) DBC-N, D) DBC-P and E) DBC-S; O
(red) and N2 (blue).

The catalytic mechanism is very important for determining the application of
the samples, due to that the ORR can develop in two ways (equations 4.4 and 4.5)
[53,54], where the way for 2 electrons is the one necessary for electro-Fenton. To
determine the catalytic mechanism of the samples, it was needed to make the LSV

experiments with different rotation speeds (figure 4.7). The Koutecky-Levich
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equation was used for adjusting the curves obtained and calculating the number of

electrons transferred of all samples in different potentials was calculated (figure

4.8).
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Table 4.3. XPS summary of all samples.

Sample Jk n E°onset
(mA cm) (V)
BC 5.57 2.65 -0.15
DBC-B 9.56 2.76 -0.15
DBC-N 10.38 2.79 -0.14
DBC-P 8.61 2.69 -0.20
DBC-S 9.38 2.80 -0.19

Figure 4.8 illustrates the LSV curves to 3500 rpm, number of transferred

electrons and selectivity to H2O>. These results show that the DBC-N sample had

the higher current density, which is need from the point of view economic and

possible industrial applications [55]. The sample BC has the higher number of

transferred electrons and hence the lower selectivity toward H>O2 which indicates

that the doped with different heteroatoms improve the ORR 2e". In the literature,

it was showed that the energy for 2e” was lower than for 4e-, meanwhile that the N

doping is ideal due to the oxygen energy absorption principally for the pyrrolic N

which is similar to S; and the P who can act as an electron-donor resulting in a

change of sp? to sp® C bond which is considered as an active site for ORR [56-58].
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Figure 4.8. A) LSV curves to 3500 rpm, B) number of electrons transferred and C)
selectivity to H,O, of @ BC, A DBC-B, ® DBC-N, * DBC-P and ® DBC-S.

Figure 4.9 shows the Tafel plot of specific kinetic current density, which is
needed to calculate the Tafel slope. That is a method to compare between samples
that have faster oxygen kinetic in the electrochemical reactions and thus to choose
a better ORR electrocatalyst [59,60]. In the literature it is reported that the Tafel
slope values give indication regarding the rate of increase in current density with
increase in overpotential. The lower the Tafel slope value, the greater the rate of
increase in current density and subsequently higher is the activity, a value of 120
mV dec ! indicates that the determining step is the first electron transfer. When the
value is 60 mV dec ! the first electron transfer is given by a chemical step, and with
40 mV dec? the determining step is the second electron transfer. The values for
Tafel diagram of each sample were 45.21 mV dec?, 44.33 mV dec?, 30,35 mV
dec?, 23,5 mV dec ! and 26,34 mV dec! for BC, DBC-B, DBC-N, DBC-P and
DBC-S respectively. Furthermore, it is known that with lower values, the catalyst
is better electrocatalytically [61]. Moreover, Tafel slope is also an indicator of the

effectiveness of electrocatalytic performance.
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Figure 4.9. Tafel plot of specific kinetic current density for m BC, A DBC-B,®
DBC-N, * DBC-P and ® DBC-S.

4.3.5.- Electro-Fenton process

All samples were selected to be evaluated for TC degradation by EF process.
The bio-carbons were evaluated without a Fenton catalyst to determinate a possible
degradation in one pot with a unique catalyst capable of generating H>O. and

activating it to *OH (figure 4.10).
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Figure 4.10. Degradation of Tetracycline by Electro-Fenton with ® Graphite
(support), ®mBC, A DBC-B,® DBC-N, * DBC-P and ® DBC-S.

Figure 4.10 shows that the maximum TC degradation was obtained with the
DBC-S and DBC-N catalyst. From the ORR and electro Fenton degradation results,
it is possible to say that the best sample was DBC-N, due to the highest Jk value
(Table 4.3) and the high TC degradation value, which is possibly due to the fact
that N graphitic and N pyridinic are couple able to generate H>O, and degrade to
‘OH [62]. Graphitic-N was suggested to be the two-electron ORR site, both
graphitic-N and pyridinic-N were regarded as sites for H,O, activation to "OH. In
addition, graphitic-N and N vacancies were proposed as the electroactive sites for
O and Oz formation. On the other hand, in the literature, it has been reported
through density functional theory (DFT) calculations that sulfur doping has the
ability to enhance the O, adsorption energy, which is favorable for the oxygen

reduction reaction (ORR) [63]. However, it does not significantly alter the
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desorption of the OOH intermediate (crucial for the 2e” ORR), indicating that it
may be very effective in improving ORR activity through a two-electron pathway,
similar to nitrogen doping. This is supported by the results obtained in this study,
where the electrochemical properties (selectivity, Jk) and tetracycline degradation
are very similar in both DBC-N and DBC-S samples.

4.4.- CONCLUSIONS

The results obtained in this report show that The XPS results confirm a correct
doped of even atoms, all samples close to 5% except DBC-S which had a 2% of S
approximately and consequently the effectiveness of the method used for doping
process. The heteroatoms doping (B, N, P and S) gives as result an improvement in
the electrochemical properties (current density Jk) and an increase of the HO:
selectivity (more than 50%) for all modified samples. On the other hand, all samples
showed a higher degradation activity of TC by EF, degrading close of 70% of
contaminant in 300 minutes, which is possibly attributed to the generation of *OH

way 3 electrons.
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CHAPTER V: SIZE CONTROL OF CARBON XEROGEL SPHERES AS
KEY FACTOR GOVERNING THE H202 SELECTIVITY IN METAL-FREE
BIFUNCTIONAL ELECTRO-FENTON CATALYSTS FOR
TETRACYCLINE DEGRADATION

Abstract

Carbon xerogel spheres co-doped with nitrogen and eco-graphene were synthesized using
a typical solvothermal method. The results indicate that the incorporation of eco-graphene
enhances the electrochemical properties, such as current density (Jk) and the selectivity
for the four transferred electrons (n). Additionally, nitrogen doping has a significant effect
on the degradation efficiency, varying with the size of the carbon xerogel spheres, which
could be attributed to the type of nitrogenous group doped in the carbon material. The
degradation efficiency improved in the nanometric spheres (48.3% to 61.6%) but
decreased in the micrometric-scale spheres (58.6% to 53.4%). This effect was attributed
to the N-functional groups present in each sample, with N-CNS-5 exhibiting a higher
percentage of graphitic nitrogen (35.7%) compared to N-CMS-5 (15.3%). These findings
highlight the critical role of sphere size in determining the type of N-functional groups
present in the sample. Leading to enhanced degradation of pollutants as a result of the

electro-Fenton process.
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5.1.- INTRODUCTION

Low rainfall and high temperatures are leading to increasingly extreme drought
conditions. In this context of water scarcity, wastewater reuse is essential. However,
the presence of emerging pollutants in water makes its reuse difficult, as such
pollutants represent an environmental and human health risk [1]. Antibiotics are
being detected in the wastewater in increasing amounts due to the rapid
development of urbanization, which generates a more serious problem in the form
of antibiotic resistance genes [2,3]. Conventional treatment plants cannot
effectively remove these pollutants, so there is an urgent need to develop effective
technologies to address this problem [4,5]. The advanced oxidation processes
(AOPs) have shown excellent results in the degradation of antibiotics, thanks to the
generation of hydroxyl radicals (OHe). Specifically, the electro-Fenton (EF) process
has been studied due to its advantages associated principally with the risks,
transport and storage of peroxide hydrogen (H20>), since the H>O» is produced
directly in the cathode of EF [6] in mild conditions and does not involve other
hazardous materials [7]. The electro-generation of HO> in EF is based on the

oxygen reaction reduction (ORR) via two electrons (2e) pathway (equation 5.1).
02 +2H" + 2¢- — H,0; (5.1)

However, the main problems associated with the EF are the slow regeneration
of Fe(Il) (equation 5.2), which is responsible of the H>O» transformation into OHe
(equation 5.3), and the competitive route of ORR four electrons (4e") (equation 5.4)
which decrease the H,O> production, and therefore the overall efficiency of the

process [8—10].
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Fe(Ill) + e~ — Fe(Il) (5.2)
Fe(Il) + Hy0, — Fe(III) + OHe + OH" (5.3)
O, +4H" + 4e” — 2H,0 (5.4)

Carbon materials are promising candidates as electrodes for 2e- ORR due to
carbon’s good properties such as high electrical conductivity, electrochemical
stability, low cost, non-toxicity, high overpotential for H> evolution, and low
decomposition of H>O; [11,12]. Some carbon materials used in the H>O; electro-
generation with promising results included graphite modified with
polypyrrole/multiwalled carbon nanotube (MWCNT) [13], inks based on different
carbon materials (activated carbon, carbon graphite and carbon black) [14], vulcan
XC-72 carbon with niobium oxide (Nb2Os) [15] and biochar’s [16,17], among
others. An alternative that is usually used to improve the H>O» production is
nitrogen (N) doping/functionalization. Y. Zhang et al. [18] synthesized hierarchical
porous O, N co-doped porous carbon nanosheet (ONPC) for the selective reduction
of Oz to H202, demostrating that the pyrrolic-N and C=0 motifs enhance the H>O»
generation. F. Wu et al. [19] also synthesized N, O co-doped graphite nanosheet
corroborating that the different oxygen-containing functional groups and N species
affects the H>O; generation. In this case, the combination of epoxy and graphitic N
was identified as the most favorable configuration with the lowest theoretical
overpotential for H>O» generation. In turn, X. Wang et al. [20] used density
functional theory (DFT) calculations to analyze the effect of O, N co-doping of
carbon nanosheets on the H>O> selectivity. They demonstrated that the binding
strength of *OOH was optimized by the co-doping of oxygen and nitrogen at certain
content, and that the O/N-C_COOH site exhibits a lower theoretical overpotential
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for H,O; formation than O-C COOH site. Thus, besides the nitrogen doping level,
the nitrogen speciation is also crucial for the selective reduction of oxygen to
hydrogen peroxide (ORR to H>O»). Various nitrogen configurations can exist in
nitrogen-doped carbon materials, such as N-pyridinic, N-pyrrolic, N-graphitic, N-
quaternary, and N-oxide [21]. Y. Yang et al. [22] investigated the efficiency of a
nitrogen-doped carbon electrocatalyst in selectively producing H2O: from O,
suggesting that disordered carbon defects and pyrrolic-N structures are pivotal in
enhancing H>O; generation. S. Han et al. [23] also evidenced that the nature of the
nitrogen groups is key to controlling the H>O: selectivity. They showed that
Pyridinic-N and graphitic-N enhanced the 2e” ORR selectivity of the cathode and
promoted ‘OH generation at acidic pH. Y. Zhu et al. [24] synthesized N-doped
carbons by pyrolysis of three N-precursors (2,6-diaminopurine, 2,4,6-tripyridin-2-
yl-1,3,5-triazine and 1h-1,2,4-triazole-3,5-diamine). All N-doped carbons
presented an enhanced H>O; production in relation to graphite, since N doping
provides active sites for oxygen reduction, improving ORR activity. However, the
types and proportions of N-functional groups are different in the three materials.
All samples contained a high amount of high proportion of pyrrolic N content,
which favors the H>O> accumulation. However, the sample prepared from 1h-1,2,4-
triazole-3,5-diamine showed the highest H>O, accumulation among the three
nitrogen doped cathodes, which was attributed to the high electroactive surface area
and pyrrolic N (60.45%) incorporation. Y. Sun et al. [25] studied a series of
nitrogen-doped porous carbon materials for ORR to H2O», indicating that pyridinic-
N plays a crucial mechanistic role in acidic conditions, whereas graphitic-N acts as
the active site in neutral and alkaline environments. J. Zhang et al. [26] identified

graphitic-N as the active site for the 2 ORR to H2O> on nitrogen-doped carbons.
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Interestingly, these same nitrogen species have been proposed as active sites for the
4¢- ORR to H»0O. Consequently, the significance of nitrogen speciation in
promoting ORR remains contentious and subject to debate. It is probable that a
combination of carbon defects and specific nitrogen sites facilitates the 2e™ pathway
for ORR to H>O,. However, more extended observation in literature have indicated
that N-pyridinic tends to enhance the four-electron oxygen reduction reaction
(ORR) by facilitating electron donation, whereas N-pyrrolic aids in accelerating the
two-electron ORR [27,28]. Additionally, graphitic-N has also been identified as the
superior active site for the 2e- ORR to H20». Regarding oxidized N, simulated
calculations from other research suggest that the free energy of oxygen adsorption
in the ORR process on oxidized nitrogen is notably higher compared to that of other

nitrogen species, indicating its unfavorable contribution to H>O> generation [29].

Although H>O> generation is improving, the EF process still necessitates the
utilization of two catalysts: one tailored for oxygen reduction to H2O> and another
Fenton-type catalyst for converting H>O» to hydroxyl radicals. In recent years, there
have been numerous endeavors to create materials that possess dual functionality
for electroreduction of oxygen to H>O, and Fenton reactions. However, crafting
heterogeneous EF catalysts with high selectivity and activity towards ORR through
the two-electron pathway remains challenging. This is because transition metals,
which are primarily responsible for Fenton reactions, typically catalyze oxygen
reduction via the 4e” pathway, which does not yield H,O>. To overcome these
limitations, researcher worldwide have recently started to study the use of
carbonaceous materials as possible bifunctional catalysts, which are capable of
directly generating OHe without the need for transition metal or Fenton-type

catalysts.
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As shown above, carbonaceous materials are optimal catalysts for ORR 2 e™.
However, it has recently been shown that well-developed mesoporosity can be more
beneficial for ORR, as unlike nano- or micropores, which can easily be blocked,
mesopores can allow adequate transfer of reactants, products and/or electrons,
which can lead to the reduction of H>O; with an additional electron (equation

5.5)[30].
H»0,+ e —OHe + OH" (5.5

Tan et al. [31] demonstrated that nitrogen-doped porous carbon (NPC) can
activate HoO> to OHe, which was attributed to the enhanced hydrogen peroxide
adsorption on the N-graphitic sites. They [32] also showed the bifunctionality of
ordered mesoporous carbon, which proved to be active for OHe generation from
ORR; the catalytic activity was associated with the nano-confinement in the
mesoporous structure and C-O-C groups. Carbonaceous materials doped with
transition metals (Fe or Mn) have also been proposed as catalysts for the in situ

generation of OHe via a three-electron ORR reaction (equation 5.6) [33,34].
02+ 3e” —OH- + H,0O (5.6)

In this work, free-metals bifunctional electrocatalysts based on carbon spheres
doped with N functional groups were synthesized and their behavior as electrodes
in the ORR 3¢~ was analyzed with regard to the degradation of tetracycline, which
was used as antibiotic reference. The effect of the carbon microsphere size on the
stabilization of different N functional groups, and consequently, the electro-Fenton
activity, as well as the improvement of conductivity of samples by adding eco-

graphene, were deeply analyzed. The control of the selectivity to three- or two-
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electrons pathways, which was achieved by changing the operational voltage was

also evaluated.
5.2.- EXPERIMENTAL

5.2.1.- Eco-graphene (EG)

To achieve a more environmentally friendly process, the synthesis of Eco-
graphene (EG) was conducted according to procedures reported in the literature
[35]. The process involved hydrolyzing glucose in ammonia/CTAB solution
followed by a hydrothermal process. CTAB was dissolved in a 0.5 M glucose
solution with a CTAB/glucose molar ratio of 1.5/8. Ammonium hydroxide was then
added to adjust pH to 11. The solution was treated in an autoclave at 270 °C for 4
h, cooled slowly, and the product was collected by filtration. After being washed

with distilled water, it was dried at 70 °C under vacuum for two days.

5.2.2.- Carbon xerogel spheres (CS)

We synthesized CS using two different methods, aiming to employ an
operationally simpler process (solvothermal) compared to one that offers more

favorable conditions for synthesis (65 °C in atmospheric pressure).

The carbon xerogel nanospheres (CNS) were synthesized with different
percentages of EG (0, 1, 3 and 5 wt.%). The synthesis was carried out following a
typical solvothermal process [36]. Briefly, a solution composed of 67.2 mL of
ethanol (98%), 168 mL of deionized water, and 1.5 mL of NH4OH (28%) was
prepared. Then, 1.68 g of resorcinol was dissolved and the appropriate quantity of
eco-graphene for each doping percentage was dispersed. Finally, 2.35 mL of

formaldehyde was added, and the mixture was sonicated for 10 min. The
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homogeneous solution was transferred to a Teflon reactor in a stainless-steel
autoclave and treated at 100°C for 24 hours. The obtained solid was recovered by
centrifugation and immersed in acetone. The acetone was changed twice daily for
three days to exchange the water within the pores, with the aim of reducing the
porosity shrinkage during the subsequent drying process. Finally, the organic gel
was dried using a microwave oven (800 W) under argon flow at 300 W during a 1
min cycle until it reached a constant weight and then carbonized at 850°C for 2 h
with a heating rate of 1.5 °C min ' under a continuous flow of nitrogen gas (150

mL min ™).

The carbon xerogels spheres with micrometric size (CMS) were obtained by
an inverse microemulsion polymerization of resorcinol (R) and formaldehyde (F)
within an organic medium [37]. To achieve this, a mixture composed of R, F and
water (W) in the molar ratios of R/F = 0.5 and R/W = 0.067 was prepared. Then,
the corresponding amount of EG required to obtain the desired wt % in the final
carbon material was added and the mixture was sonicated for 10 min. The mixture
was pre-gelled for 1 h at 65°C in a sealed vessel and then added dropwise to a
solution of 22 mL of Span 80 (S) and 900 mL of n-heptane under stirring (650 rpm)
and reflux at 65°C. The molar ratio of R/S was 4.42. This solution was maintained
at 65 °C under reflux and stirring for 24 h. Subsequently, the gel was filtered and
immersed in acetone. The acetone was replaced twice daily for five days to aid in
the exchange of water within the pores and removal of the surfactant Span 80.
Finally, the organic gels were dried and carbonized in the same conditions described

above.

The samples were labeled as carbon xerogels micro or nanospheres (CMS of

CNS, respectively) followed by the wt % of EG in the final carbon xerogel, e.g.,
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CMS-3 means that carbon xerogel microspheres were doped with 3 wt. % of eco-

graphene.

5.2.3.- N-doped Carbon xerogel spheres (N-CS)

The N doping of carbon spheres was carried out using melamine as nitrogen
source. The melamine in a mass melamine/carbon of 1:1 was dissolved in ethanol
(98%) and mixed with the carbon xerogel. The mixture was stirred for 2 h and then
dried in infrared light. Finally, the solid was thermically treated at 650 °C for 1 h
under a N flow (150 mL min"!) with a heating rate of 10 °C min '. The samples
were labeled as N-CYS-Z, where Y is the sphere size (M: Micro or N: nano), Z is
the EG wt % and N indicates the nitrogen doping (if there is no “Y”, it means that

N-doping was not performed).

5.2.4.- Chemical and textural characterization

The textural properties of samples were studied by N> adsorption isotherms at
77K. the Brunauer-Emmelt-Teller (B.E.T) method, Dubinin-Radushkevic (DR)
equation, and density functional theory (DFT) were applied to obtain the specific
surface area (Sger), micropore volume (Wo) and width (Lo), and the pore size
distribution, respectively. The N2 volume adsorbed at the relative pressure of 0.95
was used as the total pore volume (Vo.os). The mesopore volume (Vimeso) Was

calculated as the difference between Vo.95 and Wo.

Raman spectroscopy was used to analyze the graphitization degree of samples.
The spectra were reordered at 24 Mw in a range from 200 to 3000 cm ™' using a
Micro-Raman JASCO NRS-5100 dispersive spectrophotometer equipped with a

532 nm laser.
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The surface composition was determined by X-ray photoelectron spectroscopy
(XPS) using a Kratos Axis Ultra-DLD spectrometer equipped with a hemispherical
electron analyzer connected to a detector DLD (delay-line detector) and an Al-Ka
monochromator of a power of 600 W. The C;s peak position at 284.6 eV was used

as internal reference for binding energy correction.

The morphology of the samples was studied by scanning electron microscopy
(SEM) in an AURIGA FIB-FESEM microscope and by transmission electron
microscopy (TEM) in a LIBRA 120 Plus microscope. Microphotographs were
analyzed by the appropriate software (ImageJ 1.54f) to obtain the spheres size

distributions.

5.2.5.- Electrochemical characterization

The electrochemical characterization was performed in a Biological VMP
Multichannel potentiostat using a rotating ring-disk electrode (RRDE) as working
electrode, a Ag/AgCl as a reference electrode, and a Pt wire as counter electrode.
The carbon spheres-based samples were deposited onto the Glassy Carbon tip of
the RRDE. To achieve this, an ink composed of 5 mg of sample and 1 mL of Nafion
water solution in a volumetric ratio of 1:9 (Nafion 5% solution water) was prepared,

and 20 pL of this ink was deposited on the tip and was dried by infrared radiation.

Cyclic voltammetries (CV) were conducted in N»- or Oz-saturated 0.1 M KOH
solutions in a range from 0.4 V to —0.8 V (vs. Ag/AgCl) at two scan rate (5 mVs ™'
and 50 mVs ') while the RRDE rotated at 1000 rpm. The linear sweep voltammetry
(LSV) was carried out in Oz-saturated 0.1 M KOH solutions at different rotation
rates (500, 1000, 1500, 2000, 2500, 3000, 3500, 4000 rpm) in a working window
from 0.4 to —0.8 V (vs. Ag/AgCl) at a sweep rate of 5 mVs!. The LSV were fitted
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to the Koutecky-Levich model to calculate the number of electrons transferred (n)
and the kinetic density current (Jx). Based on the disk and platinum ring current
measurements, the overall electron transfer number (n) and the H»0:% were

calculated by means of the equations 5.7 and 5.8, respectively.

4-Ip

IR
Ip—=R

n= (5.7

LR
" (5.8)
N

H,0,(%) = 100 -

where Ir and Ip are the ring and disk currents, respectively and N is the collection

efficiency of RRDE (0.245).

5.2.6.- Electro-Fenton Processes

The electro-Fenton process was carried out in a three-electrodes glass cell
controlled by a Biological VMP multichannel potentiostat (BioLogic Science
Instruments VMP3 0216) using Ag/AgCl as reference electrode, a Pt-wire as the
counter electrode and a graphite paper on which the sample was pasted as the EF
working electrode. For the preparation of the EF electrodes, a homogeneous paste
was prepared by mixing finely milled carbon xerogel spheres and
polytetrafluoroethylene (PTFE) binder in a mass ratio of 9:1. The paste was dried
at 80 °C overnight and, finally, 50 mg of this paste was coated on graphite paper

with an area of 3 cm X 1 cm.

To study the dual-functional electrocatalysts in Electro-Fenton (EF) tests,
tetracycline (TTC) was chosen as the emerging pollutant. Tetracycline adsorption
kinetics and isotherms were performed on the working electrode prior to the EF

tests to determine the amount of time required to achieve the adsorption equilibrium
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and the adsorption capacity, respectively. Once the adsorption capacity had been
determined, the working electrode was put in contact with a tetracycline solution of
the appropriate TTC concentration in 0.5 M NaSOg4 to obtain a final concentration
of 3.4 x 107> M after reaching the adsorption equilibrium. Once the adsorption the
adsorption equilibrium was achieved, the TTC solution was saturated with bubbling
O: for 30 min before the EF experiment started and continuously bubbled throught
the experiment. During the EF experiment, 1 mL aliquots were periodically taken
from the glass cell at specified time intervals. The concentration of TTC in each
aliquot was immediately analyzed at 358 nm using a UV-spectrophotometer model

UV-26001 Shimadzu.

5.3.- RESULTS AND DISCUSSION

5.3.1.- Morphological characterization

SEM images of bare carbon nano and microespheres (CNS and CMS,
respectively) and ecographene (EG) doped carbon spheres (CNS-3, CNS-5 and
CMS-5) are collected in figure 5.1. Isolated spheres smaller than 1.6 um were
obtained via the hydrothermal method (CNS), whereas spheres of up to 24 um were
obtained via the inverse emulsion method [37] (CMS). Notably, a cleaner and more
perfect surface was observed in CNS in comparison to CMS, with which a more
rugous and imperfect surface was obtained. This result could be associated with the
oxygen concentration in each sample. It has been reported that hydrophilicity and
roughness are inversely proportional to the oxygen amount [38], which can be
derived from the synthesis method, where according to the literature, the

solvothermal method, due to high temperature and pressure, can incorporate oxygen
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into the final material [39]. In both seria, CNS and CMS, doping with EG affected
the sphere size distribution, causing the size to decrease with a concurrent increase
in the EG doping. The size of CNS decreased from a mean size of 1.21 um to 510
and 440 nm with the addition of 3 and 5 wt. % of EG, respectively; the size of CMS
also decreased from a mean size of 17.42 um to 4.13 um when 5 wt.% of EG was
added. The EG could interfere in the sol-gel polymerization, creating nucleation
centers which favors the creation of more spheres of smaller size instead of a
sphere’s growth. In any case, EG seems not to affect the shape or rugosity of the

spheres.
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Figure 5.1. SEM images of carbon nano (CNS) and macrospheres (CMS) without
ecographene and with 3 % (CNS-3) and 5 % (CNS-5 and CMS-5) of ecographene

and particles size distribution of nano (a) and micro-sized spheres (b) obtained from

analysis of SEM images.

TEM was used to try to observe the EG distribution in the samples. TEM
images are collected in figure 5.2. The same findings can be derived from the

analysis of TEM images. Once again, larger particles are evident in the non-EG
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doped samples (CNS and CMS), whereas spheres that are smaller in size are
observed in samples doped with eco-graphene. However, significant differences
could be observed between micro and nanospheres. Nanospheres seems to be more
dense and less porous, with more uniform surfaces than microspheres, on which
surface rugosity and internal voids can be clearly identified. In turn, the synthesized
eco-graphene (EG) comprises smooth and seemingly defect-free nanosheets. It is
noteworthy that some eco-graphene sheets are uniformly distributed in close

proximity around the spheres in all eco-graphene-doped samples, which could

allow a better distribution of loads or electronic transfer, which would be beneficial
for the ORR.

CNS

Figure 5.2. TEM images of ecographene (EG) and carbon nano (CNS) and
macrospheres (CMS) without ecographene and with 3 % (CNS-3) and 5 % (CNS-
5 and CMS-5) of ecographene.
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5.3.2.- Textural characterization

The porous texture of samples was analyzed by N2 and CO; adsorption at =196
and 0 °C, respectively. N2 isotherms are depicted in figure 5.3 and results from the
data analysis are included in table 5.1. A type I isotherms is obtained, denoting the
presence of micropores in all samples. In samples doped with EG (both micro and
nanospheres), there is an increase in N adsorption at intermediate relative
pressures, which indicates the creation of some mesoporosity in the samples by the
addition of EG (Vimeso, table 5.1). Moreover, the N-doping results in a reduction in
microporosity due to the blockage of wider micropores by the fixed N-functional
groups. It is important to highlight that despite both CMS and CNS presenting a
similar surface area and pore volume, carbon nanospheres are mainly
ultramicroporous with micropores of around 0.51 nm, whereas carbon

microspheres present wider micropores of a mean size of 1.19 nm.
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Figure 5.3. N>-adsorption/desorption isotherms of CMS series.
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Table 5.1. textural characteristics of all samples obtained by N> and CO» adsorption

and Raman intensity ratio (Ip/Ig) and D and G positions.

Ne-isotherm COg-isotherm Raman
Sample  Seer  Wo Lo Voo Vi Wo L Io/le D G position
position

m2gt cmigl nm comig® cmigl cm’g?! nm  na cm? cm™
EG 1 0.00 - 0.00 0.00 - - 0.78 1363 1563
CNS 560 0.23 051 0.27 0.00 1.00 1344 1588
CNS-1 - - - - - - - 0.98 1340 1587
CNS-3 - - - - - - - 0.98 1341 1587
CNS-5 0.97 1341 1585
N-CNS-5 0.98 1338 1583
CMS 501 0.20 119 0.23 0.03 0.26 0.56 1.05 1343 1590
CMS-5 555 023 086 041 0.18 0.24 0.56 1.00 1340 1587
N-CMS-5 260 0.11 160 0.32 0.21 0.24 056 1.01 1343 1590

5.3.3.- Raman characterization

The degree of graphitization of all samples was analyzed by Raman
spectroscopy and the results are collected in table 5.1 and figure 5.4. Two bands at
around 1345 and 1587 cm™! were identified: these are referred to as defect (D) and
graphitization (G) bands, respectively. The G peak arises from the in-plane
stretching motion among sp2 carbon atoms, whereas the D band is attributed to
structural defects, edge effects, and unpaired sp2 carbon bonds, disrupting the
symmetry [40]. The variation in the position, width, and intensity of the Raman
bands is used to determine the structural order of the material. The intensity ratio

In/Ig 1s indicative of carbon structural ordering, with a significantly lower ratio
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correlating to a higher degree of graphitization. According to the Raman spectra
(figure 5.4), the change in the band position of D and G peaks and the intensity ratio
(In/Ig) in the pure eco-graphene and EG-doped carbon spheres clearly confirm the
different degrees of graphitization. Note that the G peak is much intense than the D
peak for EG, showing a low Ip/Ig ratio (0.78), which denotes the high graphitization
degree of eco-graphene. The Ig is also significantly higher than Ip for carbon
nanospheres (CNS) in contrast to CMS samples where Ip is higher than I, denoting
a higher defects concentration in carbon microspheres regarding carbon
nanospheres. The addition of EG to both carbon spheres (nano and micro) decreases
the Ip/Ig ratio, thus increasing the degree of graphitization of carbon spheres to a
greater extent at a higher EG concentration. The G band position also shifts to a
higher wavenumber with the amorphization degree of samples [40]; thus, G band
shifts from 1563 cm™'in EGto 1588 and 1590 cm ™! in CNS and CMS, respectively.
This shift is lower at higher EG contents corroborating the improvement of
graphitization of samples with the EG content. It is also important to highlight that
the N-doping does not highly affect the graphitization degree of samples, as has

been mentioned in the literature [41,42].

@ (b) D =

N-CMS-5

CMS-5

Intensity (a.u.)
Intensity (a.u.)

CMS

1000 1500 2000 1000 1500 2000
Raman shift (em™) Raman shift (em™)

Figure 5.4. Raman spectra of a) CNS and b) CMS series.
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5.3.4.- Elemental analysis and XPS

The Elemental composition of samples was analyzed by elemental analysis to
identify the amount of nitrogen within the samples after the N-doping with
melamine, and the results are shown in table 5.2. It is observed that the increase in
eco-graphene in both nano and microspheres series increases the nitrogen content.
The presence of nitrogen can be attributed to the process of synthesizing eco-
graphene. During the hydrothermal process at 270 °C, CTAB molecules
decompose, releasing nitrogen and hydrogen gases. These gases interact with the
graphitic structure, resulting in nitrogen doping and a reduction in the oxidized
structure, respectively. After treatment with melamine, an increase in the N content
is observed in all samples. However, the nitrogen content depends on the size of the
carbon spheres. The N content of CNS is around 3%, whereas the N fixed in CMS
is almost twice that amount. Gong et al. [43] illustrated that imperfections in carbon
structures, such as defects, edges, and functionalized carbon atoms, are
energetically favorable for the incorporation of nitrogen atoms compared to the
basal plane on the surface of carbon materials. Thus, the higher functionalization
degree in carbon microspheres could be related to the greater amount of defective
and porous surface accessible to the N precursor salt of carbon microspheres, which

favors the melamine-surface interaction and consequently, N doping.
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Table 5.2. Analysis of the elemental composition.

Elemental composition (%6)

Sample
C H o N

CNS 95.46 0.34 4.15 0.05
N-CNS 87.15 0.95 8.67 3.23
CNS-1 95.38 0.33 4.20 0.09
CNS-3 95.00 0.33 453 0.14
CNS-5 95.93 0.35 351 0.21
N-CNS-5 89.18 0.67 7.74 241
CMS 95.96 0.33 3.71 0.00
CMS-5 96.00 0.35 3.42 0.23
N-CMS-5 90.10 0.25 3.57 6.08

The surface chemistry of more representative samples was analyzed by XPS.
Six peaks are required to fit the Cis region at 284.6 eV, 285.3 eV, 286.6 eV, 288.0
eV, 289.9 eV and 291.7 eV (n-*) attributed to C=C, C-C, C-O, C=0, COO- and =-
7* transition in the aromatic systems, respectively (figure 5.5). Note that the peak’s
positions and peak’s contributions are quite similar in all samples, indicating that
the carbon surface chemistry of samples was not modified after the eco-graphene
and N doping. In turn, the O1s region (figure 5.5) is deconvolved in three peaks
assigned to quinone functional groups at 530.8 eV, C=0 at 532.3 eV and C-O at
533.5 eV [40]. The presence of quinone functional groups in N- and EG-doped
samples is justified by the fixation of these groups after the thermal treatment or by
the presence of these functional groups in the added EG. Note that in pure EG (table
5.3), quinone functional groups represent 30.8 % of Ois spectra. However, it is

important to highlight that the quinone contribution is not detected in CMS samples
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in which nitrogen is not detected by elemental analysis, whereas CNS presents an
8.1 % contribution and nitrogen is detected by elemental analysis and XPS,
although nitrogen or eco-graphene doping is not performed. This behavior can be
explained based on the different synthesis methods used in CMS and CNS samples.
In CMS sample, any nitrogen containing reactant is used, whereas urea is used in
the hydrothermal synthesis of carbon nanospheres (CNS) which could be
decomposed and fixed in the carbon matrix under the pressurized hydrothermal
method. The quinone contribution and N content increases, as expected after the
nitrogen doping. Note that although the total N content analyzed by elemental
analysis in N-doped CMS (6.08 wt.%) is twice that observed for N-doped CNS
(2.41 wt. %), the nitrogen content in N-CMS-5 (5.1 wt. %) is lower than in N-CNS-
5 (9.1 wt. %). This difference of both technics is explained based on the N-
functional groups distribution and carbon spheres porosity. Both carbon micro and
nanospheres are microporous materials with similar surface area. However, wide
micropores with a size of 1.19 nm with the presence of some mesoporosity is
observed in microspheres whereas mesoporosity is not detected in nanospheres in
which ultramicropores (0.51 nm) are present. The wide micropores allow the
melamine solution to be accessed at all levels of porosity and thus, N-functional
groups are distributed throughout the microspheres with varying porosity, whereas
this melamine aqueous solution cannot enter ultramicroporous surfaces, and thus
avoids the functionalization of the internal nanospheres surface. Since the XPS is a
surface technique, only a few nm of the surface is analyzed. The Nxps content (5.1
wt.%) of CNS is much higher than the total N detected by EA (2.41 wt. %) because

N-groups are mainly localized on the external surface. In the case of CMS, Nxps
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(5.1 wt. %) is similar to Nga (6.1 wt.%), since the N-functional groups are

distributed homogeneously.

The N-containing functional groups of samples are analyzed by deconvolution
of the Ny region (figure 5.5). Three peaks are detected at 398.4 eV (Pyridinic-N),
399.9 eV (Pyrrolitic/Pyridonic-N) and 401.0 eV (graphitic-N). Note that the
distribution of N-containing functional groups is very different depending on the
carbon size (Figure 5.5 and table 5.3). In N-doped carbon microspheres (N-CMS-
5), Pyridinic-N and Pyrrolitic/Pyridonic-N are predominant, whereas quaternary-N
only represents a 15.3 %. However, quaternary-N increases significantly in N-
doped carbon nanospheres (30.6 %) at expense of a decrease in pyridinic N. Since
the nitrogen doping method is the same in both carbon nano and microspheres, the
size of the carbon spheres and consequently, the surface texture and defects seem
to be crucial for the selective introduction of graphitic-N. The nature of the N-
functional groups determines the ORR selectivity, so the different groups

distribution in CMS and CNS samples determine their Electro-Fenton behavior.
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Figure 5.5. XPS patterns.
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Table 5.3. Surface chemical composition determined by XPS.

Cls 015 le
Cxps Oxps Nxps
Sample i BE % i BE % .
%peak Assign Assign. Assign. (%) (%) (%)
(eV) (eV) peak (eV) peak
284.6 59.3 c=C 5324 541 Cc=0
285.3 23.1 c-C 5338 459 C-0
286.6 8.0 c-O0
CMS 96.1 39 -
288.1 33 C=0
289.8 41 COO—-
291.4 2.2 n—n*
284.6 55.2 c=C 5308 122 Quin. 398.4 56.6 Pyridinic
2853 234 c-C 5323 503 C=0 399.8 28.1 Pyrrolitic/Pyridonic
286.6 9.7 CcC-0 5335 375 C-0 401.0 15.3 Graphitic
N-CMS-5 924 25 51
288.0 4.9 C=0
289.9 4.2 COO—-
2915 2.6 n—n*
284.6 56.6 c=C 530.7 8.1 Quin. 3984 237 Pyridinic
2853 237 CC 5323 532 C=O 3999 111 Pyrrolitic/Pyridonic
2866 94 ~ CO 5336 387 CO 4010 652 Graphitic
N _ 2. 7.1 .
CNS 288.0 4.2 Cc=0 923 06
289.3 3.9 COO-
290.9 2.2 n—n*
284.6 55.8 c=C 530.7 6.2 Quin. 3984 47.4 Pyridinic
285.4 23.1 c-C 532.3 50.1 C=0 399.9 22.7 Pyrrolitic/Pyridonic
286.6 109 C-0 533.7 437 C-0 4009 29.9 Graphitic
CNS-5 909 87 04
288.0 44 Cc=0
289.3 3.9 COO—-
290.9 19 n—n*
284.6 57.8 c=C 5308 138 Quin. 398.3 395 Pyridinic
285.4 22.2 c-C 532.3 59.3 Cc=0 399.8 24.8 Pyrrolitic/Pyridonic
286.6 8.9 c-O0 5335 26.8 C-0 4010 357 Graphitic
N-CNS-5 856 52 9.1
288.2 5.2 Cc=0
289.8 34 COO-
291.5 25 n—n*
284.5 72.8 c=C 530.6 30.9 Quinone 3984 474 Pyridinic
Eco-G 285.7 20.9 c-C 5320 69.1 C=0 399.6 47.2 Pyrrolitic/Pyridonic  75.7 113 13.1
286.9 6.3 c-O0 4018 54 Graphitic




280 Chapter V

5.3.5.- Electrochemical characterization

Prior to analyze the behavior of samples as electrodes for the electro-Fenton
degradation of drugs in wastewater, their catalytic performance in the generation of
H>0O> and/or -OH radicals need to be evaluated. To this end, the oxygen reduction
reaction was analyzed using a rotating ring-disk electrode (RRDE). First, cyclic
voltammograms were performed under a constant flow of nitrogen and oxygen and
the results are shown in the figure 5.6. At first glance, an increase in the current
intensity near —0.2 V vs Ag/AgCl is observed when the electrolyte is saturated with
O2 in comparison with N2, suggesting that all samples are active in the oxygen
reduction reaction (ORR). The varying electrochemical responses of samples under
N2 bubbling conditions (figure 5.6, blue line) may be attributed to differences in
conductivity, graphitization degree, textural properties and surface chemistry [44].
The area enclosed in the cyclic voltammograms (CVs), representing the
capacitance, clearly is affected by the EG doping and the size of the spheres. EG
presents a very low capacitance due to the reduced surface area on which the
electrical double layer could form. Althought CMS and CNS present similar
textural properties (Sget and Wo (N2), table 5.1) and surface chemistry (elemental
composition, table 5.2), the capacitance of CMS is much higher than that of CNS.
It is well-established that the optimal specific capacitance is achieved when pores
fall within the range of 0.7-1 nm. Pores smaller than 0.5 nm are too narrow for
effective electrolyte diffusion and the formation of double layers [45,46].
Conversely, while mesopores (2-50 nm) may not contribute as significantly as
micropores to the formation of double layers, they can enhance the formation of
electric double-layer capacitors (EDLC) at high charge rates by facilitating

electrolyte diffusion through the carbon network to the active sites within
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micropores. The pores size in CMS is around 1 nm with the presence of some
mesoporosity, whereas ultramicropores of around 0.5 nm without mesoporosity are
observed in CNS; This explanation elucidates the distinct capacitance behavior
observed in CMS and CNS samples. According to previous studies, it is understood
that microporosity can enhance the current diffusion into the pores, thereby
increasing capacitance (as evidenced by a higher area of cyclic voltammetry under
an oxygen atmosphere) [47]. Regardless of the size of the carbon spheres (CNS or
CMS), the enclosed area increases with the increase of EG doping. The
enhancement in capacitance resulting from an increase in EG content can be
attributed to the enhancement of conductivity and graphitization degree in the
samples. It is widely recognized that improved electrical conductivity leads to
significant enhancements in energy and power densities, as well as specific
capacitance [48]. However, it is important to highlight that N-doping has a different
effect on nanospheres (CNS) compared to macrospheres (CMS). In both cases, the
surface area decreases upon N-doping, but whereas in CMS-5 the capacitance
increases with N-doping in CNS-5, the capacitance decreases. Notably,
pseudofaradaic peaks are observed in N-CMS-5 but are not clearly identified in N-
CNS-5. This can be ascribed to the porosity blockage and different nitrogen
distribution of the functional groups. Peng Zhao et al. [49] observed that the
capacitance of N-doped NCTs is improved when abundant pyrrolic-N are presented
on the surface of the material. K. Tian et al. [50] also identified pyrrolic nitrogen
species as highly active pseudocapacitive sites in nitrogen-doped carbon materials
employed as supercapacitors. The pseudocapacitance of these carbon materials
exhibits a positive correlation with the pyrrolic nitrogen content. In CMS-5, the
Seet decreases form 555 to 260 m? g~' upon N-doping, but a high amount of
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pyrrolitic/pyridonic-N is fixed (around 28 %) which compensates for the decrease
in porosity and increases the capacitance. In CNS-5, the porosity is highly blocked
and fewer highly active pyrrolitic/pyridonic-N (24 %) active sites are obtained,

which enhances the decrease in pseudocapacity as a result of the porosity blockage.
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Figure 5.6. Cyclic voltammograms at 50 mV s~! and 1000 rpm under N> flow (blue
line) and O2 flow (red line).

Linear Sweep Voltammetries (LSV) were performed at different rotation

speeds to obtain information about the kinetic current density (Jx) in the ORR as
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well as the reaction mechanism by determining the number of electrons transferred
(n). Figure 5.7 a, b show LSV at 3500 rpm for all the tested materials. The
introduction of eco-graphene, both in micro and nanospheres, enhances catalytic
activity. As the percentage of eco-graphene increases, greater activity is observed
(see Jk values in table 5.4). This can be attributed to the improved electron transfer
to carbon microspheres that is facilitated by eco-graphene, leading to enhanced
efficiency in the ORR process. However, note that the activity of carbon
microspheres (CMS) is greater that of the carbon nanospheres (CNS) which can be
explained based on the intrinsic carbon xerogels defects and the exposed surface
area. The intrinsic defects serve as active sites to rapidly adsorb Oz and accelerate
its transformation [51]. As was confirmed by N»-isotherms, the CNS porosity is
composed mainly of narrower ultramicropores that are less accessible to the
electrolyte and reactants than CMS porosity; thus, CNS has less active site surface
for ORR than CMS. Moreover, Raman spectroscopy shows that the CNS surface
presents fewer defects than the CMS surface, providing a smaller number of actives
sites for ORR conversion. Figure 5.7 ¢ and d show the number of electron transfers
versus the potential for all samples. An almost-pure two-electron pathway was
obtained with EG of H20: being the main product (> 90%). The two-e~ pathway is
also the main route also for pure microspheres and nanospheres (CMS and CNS) in
all potential range. However, the addition of EG does not have a significant effect
on the electrons transferred at a potential lower than —0.5, which is (n) in all cases
near to 2.5-2.6 (table 5.4), similar to the findings for pure carbon spheres.
Nonetheless, at a potential higher than —0.5, the addition of EG increases the

number of electrons transferred (n) mainly obtaining a 3¢ pathway.
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In the electro-Fenton context, the conventional understanding suggests that a
two-electron transfer is the typical route for generating hydrogen peroxide in-situ
(equation 5.1), followed by its conversion into hydroxyl radicals by a Fenton
catalyst (equation 5.3). However, previous studies have shown the viability of a
three-electron pathway [52] which directly generates -OH radicals. Recently, Miao
et al. [53] proposed a mechanism to elucidate this alternate pathway. According to
their proposal, oxygen undergoes reduction to form adsorbed H>O>, which then
directly generates hydroxyl radicals without necessitating desorption (equation 5.6)
via one-electron ORR. Thus, the three-electron pathway observed in our samples
could be explained based on (i) the materials under consideration potentially
possessing active sites capable of facilitating both the reaction outlined in equation
5.1 generating H>O> via 2e” ORR and that described in equation 5.6 at potential
higher than —0.5 V obtaining -OH radicals via 1e- ORR and/or (ii) at this potential,
the ORR via 4 electron pathway becoming important and obtaining a competitive
production of H>O; and H>O. L. Xie et al. [54] identified the 3e” pathway in
Cu/CoSe>/C catalyst, which exhibits remarkable activity for -OH generation. Using
DFT, they performed calculations which demonstrated that Co sites exhibit an easy
H>0O, formation process, but a considerable energy barrier of 0.26 eV is required to
form -OH, meaning that it is favorable for H,O, desorption. The transfer of n is
almost constant with the voltage for all two-electron samples (EG, CMS, CNS)
whereas a mechanism change is observed at —0.5 V for EG-doped samples. This
could manifest that the introduction of new sites for H2O» conversion to -OH radical
is the most plausible route in EG-doped samples, rather than the competitive
production of water but, potential higher than —0.5 V is required to activate this

transformation.
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Figure 5.7. a,b) LSV at 3500 rpm, c,d) number of electrons transferred and e,f) %
H>O> produced; a, ¢ and e reflects the effect of EG doping and b, d and f the effect of
sphere size and N-doping.
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Table 5.4. Electrochemical parameters obtained from the analysis of LSV curves.

Eonset Jk mAcm2 n H202 (%)
Sample

V) —-08Vv —04V —-08V 04V —08V —04V
EG —0.26 5.27 0.67 2.31 212 84.72 94.10
CNS —0.28 1.90 0.28 2.65 2.58 67.36 70.76
CNS-1 —0.23 9.62 2.89 2.87 2.54 56.63 78.24
CNS-3 —0.23  10.05 2.95 313 2.63 43.28 68.60
CNS-5 —0.23 1081 3.07 3.18 2.69 40.99 65.27
N-CNS-5 —0.22 14.13 3.96 3.18 2.64 41.10 68.05
CMS —0.19 4.60 1.99 2.54 2.34 73.04 83.18
CMS-5 —0.18 14.16 8.66 2.83 2.47 58.47 76.72
N-CMS-5 —0.15 16.10 9.45 3.10 291 45.62 54.43

On the other hand, N-doping increases the ORR activity in both CMS and CNS
series (figure 5.7b and table 5.4). It is well known that nitrogen functional groups
have been proposed as active sites for the ORR, improving its catalytic performance
[29,55]. It is important to highlight that although the N-content fixed on carbon
microspheres is double that on carbon nanospheres, the catalytic improvement
achieved in nanospheres by N-doping, N-CNS-5, is much high than in carbon
microspheres, N-CMS-5, in relation to their non-N-doped counterpart (see table
5.4, Jx values). Moreover, the effect of N-doping on the ORR selectivity is very
different depending on the size of the carbon sphere (figure 5.7d and table 5.4). The

N doping has a different effect on the selectivity depending on the size of the carbon
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spheres. The n transferred and its profile vs E° do not change after N-doping of
carbon nanospheres (CNS-5 vs N-CNS-5), whereas the number of electrons
increases to a value higher than three and it is univariable with the potential for N-
CMS-5 sample regarding CMS-5. This different behavior is attributed to the
different N functional groups distribution obtained on the carbon surface depending
on the size of the sphere.  XPS results revealed that pyridinic and
pyrrolitic/pyridonic are the main N-functional groups on carbon microspheres
surface, whereas Graphitic-N are predominant in carbon nanospheres. The literature
indicated that N-pyridinic tends to enhance the four-electron oxygen reduction
reaction (ORR) by facilitating electron donation, whereas N-pyrrolic and graphitic-
N, mainly the latter, aid in accelerating the two-electron ORR [24,27,28]. Note that
the amount of 2e” ORR actives sites account for 60.5 % in N-CNS-5, with 35.7 %
being graphitic-N groups in comparison with the 43.4 % of 2e” ORR actives sites
and 15.3 % of graphitic-N of N-CMS-5. Since mainly N-pyridinic groups are
introduced in carbon microspheres, the selectivity to the H>O production is
enhanced, increasing the n transferred. However, N graphitic dominates in carbon
nanospheres and thus, the activity of N-doped CNS increases (see Jk) but the
selectivity to the production of H>0O2 and -OH radicals remains high. It is important
to highlight that N-doping in CMS enhanced the four-electron pathway in all
potential range, which corroborates the notion that the three-electron pathway
observed in EG-doped carbon spheres seems to be ascribed to the production of
H>0» and its conversion to OH radicals rather that the enhancement of the four-

electron pathway only occurs in a defined range of potentials.

To corroborate the above finding, the H>O» generation was determined using a

rotating disk electrode (figure 5.7¢, f). EG, CMS and CNS, which are
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predominantly 2e” catalyst, produce > 75% of H,0O: in all potential ranges. Doping
with EG favors the introduction of new sites for the direct conversion of H>O; to
-OH radicals active at potential higher than —0.5 V, and thus, the amount of H>O»
detected is around 70 % for a potential lower than —0.5 V and then decreases to 40
% at higher potential, although the n transferred only increases from 2.7 to 3.1 eV,

corroborating the H>O» transformation to -OH radicals.

5.3.6.- Electro-Fenton experiments

Since ‘OH radicals seem to be produced in EG-CNS and mainly N-CNS
samples, the N-CNS-5 sample is presented as an excellent EF catalyst. Thus,
samples doped with nitrogen and 5 % of eco-graphene with both carbon spheres
sizes (CMS-5, CNS-5, N-CMS-5 and N-CMS-5) were selected to evaluate the
catalytic performance in the EF degradation of tetracycline (TTC) at a potential of
—0.8 V to ensure high activity and selectivity to OH radicals. To clearly identify the
degree of degradation attributed to the electro-Fenton process, the adsorption
process was first eliminated by saturating the working electrode with TTC at room
temperature, in the dark, and setting the initial concentration at 3.4 x 107 M. The
reaction was then initiated by applying the selected potential with constant O>
bubbling, and TTC degradation was monitored over time. The results are shown in
figure 5.8. As expected, all samples are active in the EF process, which is attributed
to the capability of samples to produce -OH radicals through the electro-reduction
of Oy via three-electrons. It is crucial to emphasize that in a previous study, the
possibility of TTC degradation solely through oxidation with H>O» or via a simple
oxidation-reduction process induced by the applied current was ruled out [34].
However, the EF activity of samples depends on the N-doping and the size of the
carbon sphere. A degradation of 48.3 % is obtained after 240 min using CNS-5 as
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an electrode. The activity of their micro-sized counterpart, CMS-5, is 58.6 % at 240
min. This higher activity is explained based on the higher ORR activity and thus,
OH radicals generation. CMS sample present a more accessible porosity and more
defective surface, providing a greater number of actives sites for ORR. When
analyzing the effect of the N-doping, it is important to highlight that the introduction
of N has a positive or negative effect depending on the size of the carbon spheres,
since as it was previously pointed out, the carbon size affects the nature of
functional groups anchored on the carbon spheres and, consequently, the ORR
selectivity and -OH radicals production. In this way, while doping with N increases
degradation from 48.3 % to 61.6 % in sample CNS-5, it decreases from 58.6 % to
53.4 % in sample CMS-5. As was pointed out in ORR, the number of electrons
remains invariable after N-doping in CNS-5 sample, showing a high selectivity to
the 3¢~ pathway, but the activity (see Jk values) highly increases due to the selective
anchoring of graphitic-N, which are active sites for H.O> generation. However, for
the CMS-5 sample, the activity increases due to the introduction of active sites for
ORR (N-functional groups) but selectivity to -OH radicals generation decreases due
to the enhanced anchoring of pyridinic-N, which are highly selective to H>O

production.

Considering the obtained results, the miniaturization of the carbon-spheres
from micro to nanospheres via more ecofriendly synthesis routes (hydrothermal
methods) is an excellent strategy to control the nature of nitrogen functional groups
and, thus, enhance the -OH radicals generation for drug degradation. However, this
synthesis method provides carbon nanospheres with a less defective surface and
less accessible porosity that do not favor the ORR activity. Thus, in future works,

the use of polymerization catalysts could be used to control the carbon sphere size
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and the pore size distribution, as well as activation protocols to make the designed
porosity more accessible and create surface defects to enhance the ORR activity

and, thus, the TTC degradation.
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Figure 5.8. Normalized TTC concentration vs time at potential of -0.8 V for eco-

graphene doped and N-eco-graphene doped microspheres and nanospheres.

In general, our results demonstrate that it is possible to obtain metal-free
catalysts capable of directly generating -OH radicals, making them excellent
candidates for new bifunctional electro-Fenton catalysts. Table 5.5 provides a

summary of other bifunctional metal-free catalysts based on carbon materials.
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Table 5.5. Bifunctional catalysts employed in electro Fenton degradation

process, reported in literature.

Catalyst n Pollutant Experiment Time %Degradation Ref
conditions (min)
OCNT-80 251026 Phenol —0.4V vs SCE 60 99.2 [51]
O-doped —
( Ope! ( 0.3to pH =65
carbon
nanotubes) ~LOVvs
SCE)
NGE 21t025 Phenol pH neutral 180 93.6 [56]
(Nitrogen- (-0.6 to
doped
-1.2Vv
Graphene) ve
Ag/AgCl)
PPC 211022 Sulfame- —15V Vs 180 90.1 [57]
OandF — i
(Oan (-0.4to razine Ag/AGCI,
doped porous
-1.6V vs pH=3
carbon)
Ag/AgCl)
ACSS - RB19 100 mA, 720 61.5 [12]
(Activated pH=7
carbon
wrapped with
stainless steel)
N,S-EEGr  2.221t02.27 Phenol 6.25 A cm 2, 15 100 [58]
(Nitrogen and (-1.0to pH=7
sulfur co-
i 0.0V vs
doped
ope SCE)

graphene)
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Based on the findings presented in the literature, it is evident that the samples
synthesized in this study show promise. Unlike other approaches, our synthesis
methods are more environmentally friendly, as they do not involve the use of
sulfuric acid. Additionally, operationally, our methods are simpler in some cases.
Furthermore, our carbon xerogels exhibit a selectivity closer to three electrons in
the ORR compared to those reported in other studies. While the ORR 3e™ route is
proposed as the principal pathway for the degradation of pollutants by electro-

Fenton in these studies, the selectivity values are below 2.6.

5.4.- CONCLUSIONS

Based on the findings of this study, it can be concluded that the hydrothermal
method not only offers operational simplicity but also enables the synthesis of
metal-free carbonaceous catalysts with bifunctional activity in electro-Fenton
processes for tetracycline degradation. Furthermore, doping with EG significantly
boosts the current density of the electrocatalytic reaction, while parameter n tends

to increase.

The size of the carbon spheres was identified as a critical factor in the impact
of nitrogen doping. For instance, in CNS-5, the degradation of TTC increased from
48.3% to 61.6%, whereas in CMS-5 it decreased from 58.6% to 53.4%. This
disparity can be primarily attributed to the nitrogenous groups present in each
sample, as revealed by XPS analysis. Specifically, the N-CMS-5 sample exhibited
a higher concentration of pyridinic nitrogen, which favors water production,
whereas the N-CNS-5 sample had a higher concentration of graphitic nitrogen,

which promotes H>O generation.
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CHAPTER VI: MANGANESE DOPED CARBON SPHERES AS AN
EFFICIENT CATALYST FOR OXYGEN REDUCTION REACTION

Abstract

Carbon spheres were synthesized using the inverse emulsion sol-gel method and
impregnated with varying proportions of manganese oxide, utilizing KMnOs as a
precursor. Three different manganese loadings were incorporated, approximately 10%,
20%, and 30%. The resulting materials underwent comprehensive characterization using
various techniques, including N, and CO, adsorption/desorption isotherms, X-ray
photoelectron spectroscopy (XPS), and scanning electron microscopy (SEM). The
catalytic activity of the materials was assessed through electrochemical analyses,
specifically Cyclic Voltammetry (CV) and Linear Sweep Voltammetry (LSV). The
results showed that an optimal manganese percentage provided superior performance in
the Oxygen Electroreduction Reaction. A lower manganese content demonstrated
increased selectivity towards H,O. production. In contrast, the material with 30%
manganese loading showed improved performance in the ORR pathway, transferring four

electrons with low selectivity towards H»O..
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6.1.- INTRODUCTION

The development of industries and population growth has increased the
demand for energy, creating a global problem that requires new renewable and
environmentally friendly energy sources [1]. As a result, fuel cells have gained
attention [2,3], due to their ability to convert chemical energy into electrical energy
through fuel oxidation [4] in the anode. Several fuels have been proposed for use in
fuel cells, including methanol (CHsOH), dimethyl ether (CH3OCHzs), sodium
borohydride (NaBH4), hydrazine (N2H4), formic acid (HCOOH), and ammonia
borane (NH3BHs3). During the process, the C-H, B-H, N-H or N-N bonds of these
fuels are transformed into C=0, H=0, B=0, N=N, generating electric energy [5].
However, when hydrogen (H>) is used as the fuel, only water is produced as a by-
product [6].

The cathodic oxygen reduction reaction (ORR) is considered to be the key step
in fuel cells due to its slow reaction rate [7-9]. The ORR in an aqueous medium
generally takes place via two pathways: two electrons (2e”) (equation 6.1) and four
electrons (4e") (equation 6.2) [10-12]. In fuel cells, the most desirable pathway for
the oxygen reduction reaction (ORR) is the 4-electron pathway. This is because the
2-electron pathway can cause catalyst degradation due to the production of
hydrogen peroxide (H20>) [13].

0, + 4H* + 4e” - 2H,0 (6.1)
0, + 2H* 4+ 2¢” - H,0, (6.2)

Traditionally, Pt/C has been used as the cathode catalyst for ORR in fuel cells.
However, due to its high cost and scarcity, it is difficult to use at an industrial level
[14-16]. To overcome these problems, carbon materials have been studied due to
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their high specific surface area, good electronic conductivity, and high pore volume
[17,18]. Carbon xerogel is a highly used carbon material in fuel cells due to its
controllable textural structure and pore size [19-21]. However, it is necessary to

increase its ORR activity to make it competitive with the traditional Pt/C catalyst.

Doping carbon materials with heteroatoms or transition metals is an alternative
strategy to increase ORR activity and selectivity towards the 4 e~ [22-24]. The
materials doped specifically with different compound of non-noble metals, had
been showed an ORR activity similar or even superior to Pt/C [25]. Among non-
precious metals, cobalt (Co) and manganese (Mn) have exhibited excellent catalytic
activity for ORR [26-28]. However, recently, carbon materials doped with Mn have
shown better results as they have higher selectivity towards 4 electrons (better than
Co) and lower carbon monoxide (CO) poisoning compared to vanadium [29,30]. Li
et al. [31] synthetized hollow carbon cavities decorated with manganese-nitrogen.
This resulted in a selectivity of 20% for H.O> and approximately 3.5 electrons
transferred (n). Jiang et al. [32] prepared and characterized a promising catalyst for
ORR in fuel cell applications by doping a biochar with iron and manganese,
resulting in a n value of 3.96. Lu et al. [33] synthetized a composite of manganese-
polypyrrole-carbon nanotube (Mn-PPY-CNT) with n=2.87 and an yield in air-
cathode microbial fuel cells, similar to the Pt/C. Villanueva-Martinez et al. [34]
determined a synergistic effect of carbon nanofibers(CNF) with manganese oxide
in the form of nanowires(MONW), increasing the number of electrons from 2.7 and
2.9 respectively to 3.5 in the composite MONW/CNF. With the reported in the
literature, the Mn can be considered as a metal ideal for doped the carbon materials

and increase the selectivity to ORR 4e" for its use as catalyst ORR in fuel cells.
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Manganese-doped carbon spheres are a promising alternative to precious metal
catalysts, like platinum, for oxygen electroreduction reactions in fuel cells and other
electrochemical devices. They are prepared through a combination of carbonization
and doping processes. Carbon spheres are used as the carbon support, providing a
high surface area and structural stability. Manganese is incorporated into the carbon
matrix to enhance the electrocatalytic properties. Manganese-doped carbon spheres
are advantageous catalysts for oxygen electroreduction due to their abundance and
low cost as a transition metal. This makes them a more economical alternative to
precious metals like platinum. Additionally, they exhibit excellent electrocatalytic
activity towards the oxygen reduction reaction, enabling efficient conversion of
oxygen with high efficiency and lower overpotential. The carbon support provides
structural stability to the catalyst, preventing degradation and improving its long-
term stability under the harsh operating conditions of fuel cells. The
electrocatalytic properties of carbon spheres doped with manganese can be adjusted
by varying the doping level, morphology, and surface properties. This enables

optimization based on specific application requirements.

In summary, carbon spheres doped with manganese are a viable alternative to
precious metal catalysts for oxygen electroreduction. They are cost-effective,
highly active, stable, and tunable, making them attractive candidates for various
electrochemical applications, particularly in fuel cells. Further research and
development in this field will likely lead to more improvements and the realization

of more efficient and affordable energy conversion devices.

In this work carbon spheres were synthesized by the inverse emulsion sol-gel
method from resorcinol and formaldehyde as carbon precursors. The spheres were

then impregnated with different percentages of manganese. The catalyst
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performances of different manganese-doped carbon materials for the oxygen
electro-reduction reaction were examined and analysed in terms of pore structure

and metal content.
6.2.- EXPERIMENTAL

6.2.1.- Synthesis of carbon spheres doped with manganese

The manganese doped carbon, was prepared in two steps. First, polymer
xerogel spheres were created through inverse-emulsion sol-gel polymerization of
resorcinol and formaldehyde in an organic medium, as described in previous work
[35]. Synthesis was performed by dissolving span 80 (S) in 900 mL of n-heptane
and heating at 70 °C under reflux and stirring (450 rpm). The pre-gelled mixture of
resorcinol (R), formaldehyde (F), and water (W), 65 °C for 1 h, was added dropwise
to the above solution. The molar ratios of the mixture were R/F=1/2, R/W=1/14,
and R/S=4.5.

The gel was aged at 70 °C for 24 hours with stirring. Afterward, the suspension
was filtered, and the solid obtained was soaked in acetone for 5 days, changing the
acetone twice daily. This process removed the Span and replaced the water within
the pores with acetone. The gel was dried using microwave heating under an argon
atmosphere in 1-minute intervals at 300 W until a constant weight was achieved. A
Saivod MS-287W microwave oven was used for this purpose. The gel was then
carbonized at 900 °C for 2 hours in a tubular furnace under a 300 cm® min™ N flow
at a heating rate of 1 °C min* to allow for the gentle removal of pyrolysis gases.

In the second step, 100mg of carbon spheres were dispersed in 20 ml of 5.10°2
M sulphuric acid and subjected to ultrasonic treatment for 15 minutes.

Subsequently, varying amounts of manganese precursor (KMnQs, Sigma Aldrich)
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were dissolved in 5 ml of 5.10~3 M sulphuric acid and added dropwise to the carbon
sphere dispersion. After impregnation, the mixture was agitated for six hours,
washed with distilled water, and dried at 80 °C for 12 hours. The resulting samples
were labeled as SC-MnX (X: 10, 20, and 30).

6.2.2.- Textural and chemical characterization of carbon spheres

The surface area and pore texture were characterized by adsorption of N at
—196 °C and CO; at 0 °C using an Autosorb-1 system and an ASAP 2020 equipment
from Quatachrome and Micromeritics, respectively. Prior to this, the carbon
samples were degassed at 120 °C for 12 hours under vacuum. The Dubinin-
Radushkevich (DR) equation was used to determine the total micropore volume,
while the BET method was used to determine the BET surface area from the N
adsorption isotherms. Additionally, the DR equation was used to determine the
narrow micropores volume from the CO; isotherms. The pore size distribution was
determined by applying quenched solid density functional theory (QSDFT) to the
N isotherms.

The total Mn content of the composites was determined by combustion of the
carbon by thermogravimetric analysis using a Thermogravimetric Analyser (TGA)
SHIMADZU mod. TGA-50H with a vertical furnace design and a maximum
accuracy of 0.001 mg. The surface chemistry of the carbon samples was
characterised by X-ray photoelectron spectroscopy using an Escalab 200R system
(VG Scientific Co.) equipped with a MgKa X-ray source (hv = 1253.6 eV) and a
hemispherical electron. For the analysis of the XPS peaks, the position of the C1s
peak at 284.6 eV was used as a reference to locate the other peaks. The XPS peaks
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were fitted by least squares minimization using Gaussian-Lorentzian peak sharps

and a Shirley's type background.

The morphology of the carbon spheres was studied by scanning electron
microscopy (SEM) and optical microscopy using a LEO (Carl Zeiss) GEMINI-
1530 microscope and an OLYMPUS BX51 microscope, respectively. The images
were analysed using the appropriate software (1J.JAR, from Java) to determine the
mean particle size of the carbon spheres and the corresponding histograms. For this
purpose, a minimum of 1000 particles from different microphotographs were
analysed and their diameter was calculated by the program, assuming a spherical

shape.

6.2.3.- Electrochemical measurements

The prepared carbon manganese doped materials were used as electrode. For
electrochemical analysis, a mixture of 1 mL of Nafion and 9 mL of deionized water
was prepared, followed by 10 minutes of sonication. From this mixture, 1 mL was
extracted and combined with 5 mg of SC-MnX (where X represents the percentage
of manganese), and further sonicated for 30 minutes. Subsequently, 20 uL of the
resulting solution was applied, depositing 10 puL onto the rotating ring disc electrode

(RRDE) for the investigation of ORR activity.

The activity for ORR was investigated by the RRDE technique using a
Metrohm Autolab PGSTAT101 electrochemical system. Electrochemical
measurements were performed in a standard three-electrode electrochemical cell at
room temperature. A Pt plate was used as the counter electrode and an Ag/AgCl
reference electrode. The electrolyte was a solution of KOH 0.1M prepared with

deionised water. Before each electrochemical measurement, the electrolyte was
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saturated with N2 or Oz by bubbling the required gas into the KOH 0.1 M solution
for 30 minutes at room temperature. Cyclic voltammetry (CV) was performed in
the KOH 0.1M solution saturated with N2 or Oz in the range —0.80 to 0.40 V at 50
mV s 1 with the electrode rotating at 1000 rpm. Linear scanning voltammetry (LSV)
for ORR was performed in the potential range —0.80 to 0.40 V at 50 mV s with
the electrode at speeds of 500, 1000, 1500, 2000, 2500, 3000 and 3500 rpm.

The equation 6.4 and 6.5 were used to calculate the number of electrons
transferred and H.O: selectivity from the data obtained in the RRDE experiment
[36,37].

4x1
n=—p (6.3)
ID+W
200><I§—12
%Hzoz = : +IR (64)
D™N¢

Where, Ip and Ir are the disk current and ring current respectively, and Nc is
the collection efficiency of the RRDE (0,249).
The current density (Jk) was obtained by Koutecky-Levich equation (equation

6.6).

Jk Bxwl/2

B=(0.62)nxFxAxD?3xv1ex(C
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Where F is Faraday’s constant (96485000 mC mol 1), n number of electrons
transferred per oxygen molecule, A is area of disc of RRDE (0.2475 cm?), D
diffusion coefficient of oxygen (1.9x107° cm? s™1), v is kinematic viscosity (0,01
cm? s71) and finally C the solubility of oxygen (1.2x107° mol cm™3) [38,39].

6.3.- RESULTS AND DISCUSSION

6.3.1.- Textural and chemical characterizations

The figure 6.1 shows the TGA analysis of manganese doped samples, where
the exact amount of manganese oxide was determined. The final residual mass after
the TGA experiments was considered as the amount of inorganic phase. In this way,
the actual percentage of manganese oxide on the doped sample was 9.22, 21.96 and
31.86 wt% for SC-Mn10, SC-Mn20 and SC-Mn30 respectively (see Table 6.1).
Comparing the TGA results with the theoretical ones, it can be seen that the real
percentages are very close to the theoretical ones, in accordance with the good

doping method used.
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Figure 6.1. ATG of ®SC-Mn10, ®SC-Mn20 and ASC-Mn30.

Figure 6.2 shows the XRD of manganese doped carbon spheres, the XRD
pattern would typically consist of several characteristic peaks corresponding to
the crystal lattice planes of the carbon material and the presence of manganese.
The carbon material itself, being amorphous or nanocrystalline in nature, would
show broad diffraction peaks rather than sharp ones at low angles (20), indicative
of either an amorphous carbon structure or small crystalline domains of carbon.
These peaks typically appear centered around 20-30 degrees. Additionally, there
are discernible peaks attributed to the presence of manganese within the doped
carbon spheres. The positions and intensities of these peaks vary depending on
the crystallographic structure of the manganese phase present, such as MnOXx

(e.g., MnO2, Mn203, Mn304, etc.), in each sample.
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Figure 6.2. XRD of doped carbon manganese samples: ®SC-Mn10, ®SC-Mn20
and ASC-Mn30.

The manganese doped carbon shows intense diffraction peaks indicating a
high crystallinity. However, the diffraction peaks become more intense
depending on the manganese oxide content. We can observe different peaks
associated to some species of Mn, indicating the presence of manganese in
different oxidation states. For sample SC-Mn10, the interlayer reflection typical
of ¥-MnO; was observed with two peaks starting from the XRD spectra (peaks
20 = 36.8 and 66.2). For the other samples, increasing the manganese content, a
new crystalline phase emerges, finding well-defined peaks centered on
approximately, 26.2°(112), 33.7°(103), 35.4°(211), 37.2(220)°, 51.4°(105),
54.8°(303), 61.8°(224) and 64.9°(400) [40,41] characteristics of the spinel
structure Mn30O4 according to the ICDD PDF card no. 04-004-8640, which
theoretically contains high spin Mn?* (d®) and Mn3" (d*) ions in a 1:2 ratio:
occupying the tetrahedral and octahedral sites, respectively, of a normal spinel

[42-44]. From these results, it would be expected that the better catalytic results



MANGANESE DOPED CARBON SPHERES AS AN EFFICIENT CATALYST.... 317

will be obtained with these samples due to the presence of MnzOa, which is a
species considered highly active for promoting OH generation by ORR [45].
Higher Mn®* content in Mn3Os is believed to improve electro-catalytic
performance due to the single electron occupation in the s*-orbital (eg) of Mn3*.

Figure 6.3a shows the N2 adsorption-desorption isotherms of SC-MnOx
samples. The SC-MnOx samples were showed isotherm type 1V characteristic for
mesoporous materials. From figure 6.3a, is important to mention that the sample

with the lowest amount of Mn showed the highest adsorbed volume.
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Figure 6.3. (a) N2 adsorption-desorption isotherms at —196 °C. (b) Pore size
distribution obtained applying QSDFT method to the N, adsorption-desorption
isotherms. Samples BSC, ®SC-Mn10, ®SC-Mn20 and ASC-Mn30.

The Brunauer, Emmett and Teller method was applied to the N> adsorption

isotherms data to obtain the BET surface area (Sget) (Table 6.1).
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Table 6.1. Textural characteristics of all samples.

Wo Lo
Seer Wo(N2) Lo(N2) Voss  Vmeso % Mn
Sample (COz) (COy)

m2gt cm*g? nm cmigtcmi*glcmig?! nm TGA

SC 571 023 0.76 0.330 0.10 0.275 0.56 0
SC-Mn10 530 0.21 0.78 0.380 0.17 0.239 055 9.22
SC-Mn20 447 0.18 0.86 0.395 0.22 0.194 050 21.96
SC-Mn30 362 0.14 0.87 0411 0.27 0.164 046 31.86

The results indicate that Mn may cause pore blockage and for this reason the
BET surface area and pore volume decrease as the amount of Mn increases. This is
agrees with what is shown in the isotherms of N> (figure. 6.3a), due to a blockage
in the pores there is a limitation of the access of the gas to the total pore volume of
the material. It is an important problem because a reduction in the surface area can
reduce the electrochemical activity due to a lack of accessibility of the electrolyte
to the total pore volume. It can also be observed that as the percentage of MnOx
increases, the total porosity (Vogs) increases, favored by a development of the

mesopore volume (Vmes), figure. 6.3b.

The results of CO2 and N2 adsorption experiments are compared to analyze the
micropore size distribution. CO> adsorption provides information about narrow
microporosity, or ultra-micropores, which are micropores with a diameter less than
0.7 nm. Total microporosity can be obtained from the N2 isotherm only in the
absence of diffusion restrictions, or supermicropores. Figures 6.4a and 6.4b show
how the ultra and supermicropore volume vary with changes in manganese content.

The micropore volume, Wo(N2) decreases, and the pores become wider (Lo(N2)
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increases) as the manganese oxide content increases, as shown in table 6.1.
Additionally, the ultra-microporosity (Wo(COz2)) progressively decreases and the
mean pore size also decreases (figure. 6.4a). It is worth noting that for all samples,
Wo(N2) < Wo(CO.), which denotes diffusion restrictions of N2 into the
microporosity induced by the narrow microporosity of the carbon phase. By
increasing the percentage of manganese oxide, the difference between Wo(N2) and
W)y(CO3) decreases. Additionally, the micropore size (Lo) decreases progressively.
These results can be explained by the gasification of the carbon structure by the
reduction of MnO4~ to MnOz, Mn203 or MnO. This gasification can destroy the
pore walls, causing a widening and an increase in the mesopore volume (figure 6.3
and table 6.1), and at the same time a transformation of the micropore in the
mesopores, leading to a decrease in the total micropore volume and the Sger, table
6.1 [46].
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Figure 6.4. Variation of Lo and Wo with manganese oxide content. Bdata form CO>

adsorption at 0 °C; ®@data form N2 adsorption at =196 °C.
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Figure 6.5 shows the scanning electron microscopy (SEM) of the samples,
there are no significant differences between the samples. The main difference is the
particles of Mn agglomerates on the surface of the carbon xerogel spheres,
corresponding to the amount of Mn added. Furthermore, the images clearly show
the presence of Mn3Os particles homogeneously distributed on the clean and

smooth surface of the carbon spheres.

As expected, the density of Mn3O4 particles on the surface increases with the

theoretical manganese content.

Figure 6.5. Scanning electron microscopy images of SC (a), SC-Mn10 (b), SC-
Mn20 (c) and SC-Mn30 (d).

The scanning electron microscope (SEM) images confirm that the manganese
oxide particles agglomerate on the external surface of the carbon xerogel spheres,
blocking the pores of the samples. This is consistent with the BET surface area and
pore size distribution.

The XPS technique allows us to identify the surface chemical composition of
solids and the electronic state of each analysed element. We used XPS
characterization to investigate the surface elemental compositions and valence
states of manganese-doped carbon spheres. The high-resolution XPS spectra

allowed us to determine the surface composition of SC, as shown in table 6.2. The
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high resolution Cls core level spectrum presented in figure. 6.6a can be
deconvoluted into six components, which are C=C (284.6 eV), C-C (285.2+0.2 eV)
[47], C-O (286.6 eV), RO-C=0 (287.6 eV) and O=C=0 and n-n* (>290 eV).
Importantly, the decrease in FWHM for the C=C peak indicates an increase in the
crystallinity of the graphitic structure due to the gasification of the more reactive
sites formed mainly by the C-C bond. This increase in the graphitic structure of our
samples improves their electrical conductivity, which is a critical factor in the
performance of the electrodes.

Figure 6.6¢ shows the high resolution Mnz, XPS spectra, in which two peaks
can be fitted into four peaks at 642.2 eV, 644.1 eV assigned to Mn?* (2pa2), Mn®*
(2par2), species, respectively. However, the last peak has not been analysed because
it is the result of spin-orbit splitting [48]. The amount percentual of valence states
of Mn (table 6.2). These results show that SC-Mn30 have highest Mn (1)
concentration and the lowest Mn (111) concentration, The higher Mn®* content in
manganese carbon doped sample should be ascribed to the more disorders and
surface defects produced by raising of thermal treatment temperature. It is believed
that higher Mn®" content can lead to better electro-catalytic performance, due to the
single electron occupation in c*-orbital (eg) of Mn** [49]. The peak separation
between Mn 2ps2 and the lowest component of Oy (figure 6.6a) is 11.9 eV is also
consistent with the reported value of Mn—O for the Mn304 [50] which confirms the

result obtained by XRD analysis.
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Table 6.2. Compositional characterization by XPS of SC-Mnx.
Cis o O1s % Man . o %Welght
Samples eV FWHM % eV oV Assig % 4 Mh C
284.6 74 531.6 18
285.4 12 533.2 82
286.6 5
sC 1.78 2.65 - 97.35
287.5 5
289.3 3
290.9 1
SC-Mn10 284.6 62 530.5 17 6415 Mn(ll) 36
285.4 16 5320 50 643.0 Mn(lll) 64
286.6 7 533.8 33
1.60 145 80 775
287.5 7
289.3 4
290.9 4
SC-Mn20 284.6 64 529.9 42 6415 Mn(ll) 26
285.4 16 5313 32 6430 Mn(lll) 74
286.6 6 532.9 26
1.40 230 205 56.5
287.6 5
289.2 6
290.9 3
SC-Mn30 284.6 57 530.0 47 6415 Mn(ll) 37
285.4 18 531.4 39 643.0 Mn(lll) 63
286.5 12 533.8 14
1.36 272 248 480
287.7 8
288.9 4
292.8 1
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Figure 6.6. Spectral regions of SC-Mn10, SC-Mn20 and SC-Mn30, a) O, b) Cis

and c) Mnap.

6.3.2.- Electrochemical characterization

Figure 6.7 show the results for SC, SC-Mn10, SC-Mn20 and SC-Mn30 (A, B,
C and D, respectively), all CV curves (Both N2 and O saturated) appear strong
redox peaks, the peak at ca. 0 V vs. Ag/AgCI was attributed to Mn3*/Mn?* redox
because the area of the peak at ca. 0 V vs. Ag/AgCl increases with greater Mn

concentration (Mn content changes from 8.0 to 24.8%).
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On the other hand, in the absence of oxygen O, the area of the CV depends on
the porous texture as well as the surface chemistry, in this way, SC-Mn20 presents
the highest electrochemical capacitance. while SC-Mn10 presents the lowest one.
Furthermore, the development of a quasi-rectangular shape is indicative of the co-
existence of a high surface area and relatively high conductance.

In the presence of O, all samples show a peak associated with the
oxidoreduction of oxygen, being actives for the ORR. Moreover, an increase in the
double layer capacitance is found in oxygen saturated KOH regarding N2-saturated
solutions which could be ascribed to the pseudo capacitance contributions. due to
the faradic process involving magnesium species.

The sample SC-Mn10 have the lowest electrochemical capacitance while SC-
Mn20 presents the highest. Typically, the capacitance depends on porous texture
and surface chemistry. It is possible that the amount of Mn has an optimal value for
obtaining the better capacitance, due to the fact that the highest was obtained with
the middle value (20.5%). Note also that this sample is more active for ORR than

other ones which will be better observed after analyzing LSV experiments
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Figure 6.7. CV of (a) SC, (b) SC-Mn10, (c) SC-Mn20, (d) SC-Mn30 in N2 (blue)
and Oz (red).

It is important to know by which mechanism determines the catalytic
behavior of the tested sample and try to improve the catalyst in order to enhance
the second one. To study that, LSV experiments were performed at different
RRDE rotation speeds (data shown in figure 6.8). The obtained curves were
adjusted to Koutecky-Levich equation to obtain the number of electrons
transferred at each potential for the different samples and results were plotted in
figure 6.9. To explain the above mechanism, we correlate the generation of new
oxidation states due to lowering of dimension. Mn3Os possesses Mn (Il) at

tetrahedral site and Mn (ll1) at octahedral site being a spinel structure. The
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presence of two redox oxidation states (Mn?* and Mn3*), results in proper charge-
distribution and favorable charge-transfer to adsorbed oxygen, leading to catalytic
activity of the catalyst. We observe from XPS results that formation of Mn (111)
was higher. This Mn (I11) oxidation states have been reported to show higher ORR
activity due to a single electron in eg orbital. The eg antibonding orbitals of Mn
(1) overlap with adsorbed oxygen, affecting the Mn-O bond strength and
improves the catalytic activity.

E vs Ag/AgCl (V) E vs Ag/AgCl (V)
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Figure 6.8. LSV at different rotation speed for (a) SC, (b) SC-Mn10, (c) SC-Mn20
and (d) SC-Mn30, at 1000, 2000, 3000 and 3500 rpm.
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Figure 6.9. K-L plots, for (a) SC, (b) SC-Mn10, (c) SC-Mn20 and (d) SC-Mn30, at
different electrochemical potentials ® (-0.5V), ® (-0.6V), © (-0.7V), & (-0.8V).

The table 6.3, show the electrochemical parameter obtained from the LSV curves
(Eonset, NnUmber of electrons transferred and Jk), from these results, is possible

determinate that the optimal amount of manganese is closer to the 20%.
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Table 6.3. Electrochemical parameters.

Eonset Jk -0.6V
Sample
(V) (mAcm?) n  %H0:
SC -0.17 7.55 2.99 54.67
SC-Mn10 -0.17 8.36 3.05 43.62
SC-Mn20 -0.09 1090 358 20.94
SC-Mn30 -0.12 5.97 3.48 25.90

The figure 6.10 shows the number of electrons transferred and selectivity for
H>0O> of all the samples. The SC-Mn20 show to be the sample more active for ORR
pathway 4 electrons, with lowest selectivity to H.O>. Which is attributable to all
properties show previously, more specifically the amount of Mn (111) due to that
has been founded that this state of valence is the key for the ORR [51], From this
result, it is shown that the Mn improves the electrochemical properties, however, a
Mn excess result unfavorable due to that decreases Jk value. Which is possibly
attributable to the reduction of surface area or blocked porosity of material. Based
on the disk and ring currents, we calculated the peroxide yield and electron transfer
number (figure 6.10). For the SC-Mn20, the yield of peroxide was less than 20%
over the potential range from -0.60 to -0.4 V vs. Ag/Agcl and increased to ~20% at
higher overpotential (-0.8 V vs. Ag/Agcl). Correspondingly, the average electron
transfer number of the samples doped with more of 10% of Mn was ~3.6 from -
0.60 to -0.4 V and decreased to ~3.4 at -0.8 V. Furthermore, figure 6.11b show the
dependence of the electron number transferred with the manganese oxide

percentage, the result shows a good correlation indicating that manganese
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percentage is a crucial parameter in the reaction of electroreduction of oxygens.

These results suggest that the ORR pathway catalyzed by the SC-Mnx is mainly

through a four-electron process, but the proportion of two-electron reduction

increased at high overpotentials and with a lower percentage of manganese oxide.
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Figure 6.10. Number of (a) electrons transferred, (b) selectivity for H.O2 and (c)
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6.4.- CONCLUSIONS

In conclusion, a novel Mn doped carbon sphere by a simple one-pot hydrothermal
method for high performance ORR catalysis has been developed. The introduction
of Mn30O4 to carbon sphere is novel and led to improved activity of the catalyst. The
Mn decreases the surface area B.E.T but increases the number of electrons
transferred near to 4 electrons and reduces the H202 generation. However, a higher
Mn oxide amount can result in a lower current density that can affect the
electroactivity catalytic. XRD indicates the stabilization of MnzOs with Mn?* and
Mn3* state in these composites; therefore, XPS reveals the presence of Mn*3 and
Mn?* in which Mn*® was higher. Moreover, the presence of Manganese oxide
greatly affects the textural characteristics of carbon spheres. New porosity is
created, and the existing porosity opened increasing the MnzO4 contents which is
denoted by the increase of the meso and micropores volumes and the micropores.
For improve the ORR is necessary that the catalyst doped with Mn have a good
relation Mn(11)/Mn(111) due to that the transfer between the ions can result in a better
transfer electronic. The transferred electron number in the ORR catalyzed by the
SC-Mn composite is close to 4, which suggests that the composite catalyzed ORR

proceeds along a highly efficient path.

Thus, the carbon sphere doped Mns3Os represents a new type of low cost,
environmentally benign and highly active ORR catalyst which should be useful for

metal—air batteries or fuel cells in alkaline conditions.
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CHAPTER VII: ANTIBIOTIC DEGRADATION VIA FENTON PROCESS
ASSISTED BY A 3-ELECTRON OXYGEN REDUCTION REACTION
PATHWAY CATALYZED BY BIO-CARBON-MANGANESE
COMPOSITES

H-0,

Abstract

Bio-carbon-manganese composites obtained from olive mill wastewater were
successfully prepared using manganese acetate as manganese source and olive
wastewater as carbon precursor. The samples were chemically and texturally
characterized by N2 and CO- adsorption at 77 K and 273 K respectively, X-ray
photoelectron spectroscopy (XPS) and X-ray diffraction. Electrochemical
characterizations were studied by cyclic voltammetry (CV) and linear sweep
voltammetry (LSV). Samples were evaluated in the electro-Fenton degradation
of tetracycline in a typical system of three electrodes under natural conditions of
pH and temperature (6.5 and 25 °C). The results show that the catalysts have a
high catalytic power capable of degrading tetracycline (approx. 70 %) by a 3-
electron oxygen reduction reaction pathway in which hydroxyl radicals are

generated in situ and thus obviating the need for two catalysts (ORR and Fenton).
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7.1.- INTRODUCTION

The contamination of water with antibiotics has become a global concern due
to the associated risks to both the environment and public health. This includes the
emergence of super-resistant bacteria that can cause new diseases and are able to
tolerate treatments that were previously effective [1,2]. In general, the most widely
used antibiotics worldwide are tetracycline (TTC), quinolone, aminoglycoside,
macrolide and sulfonamide [3]. TTC due to its low cost and broad antimicrobial
spectrum is used in both humans and animals, however, due to its low
metabolization it has been found even in drinking water [4]. Conventional methods
for degrading this type of contaminant, such as biological processes, filtration,
coagulation, flocculation, sedimentation, adsorption, and membrane processes,
have proven to be inadequate or inefficient. Therefore, it is necessary to explore
new processes capable of partially or completely mineralizing these molecules [5-

9].

Advanced oxidation processes (AOPs) are a highly regarded option for
reducing various persistent pollutants in water due to the generation of hydroxyl
radicals (OH") that have a high oxidative capacity (2.8 V vs RH) capable of partially
or completely mineralizing a broad range of pollutants. These radicals are produced
on-site when using AOPs, which provides a powerful, alternative method for
eliminating persistent pollutants in water [10-12]. The electro Fenton (EF) process
is a notable AOP due to its high rate of electro-generated H>O», low production of
iron sludge, and environmentally friendly nature [13]. In general, the EF process is
based in the in situ production of H2O> from the oxygen reduction reaction via 2

electrons (ORR 2e7) (equation 7.1) at the cathode, generation of OH" by reacting
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the Fenton-like catalyst (usually Fe?) with H,O» (equation 7.2) and finally,
regeneration of Fe*? in the cathode (equation 7.3) and by interaction with H2O

(equation 5.4) [14-17].

0, + 2H* + 2e~ — H,0, (7.1)

H,0, + Fe?* — Fe3* + OH™ + OH" (1.2)
Fe3* + e — Fe?* (7.3)

H,0, + Fe3* — Fe?* + HO; + H,0 (7.4)

As can be seen, the cathode material is a determining factor in the efficiency of
the EF process [18]. So recently different types of materials have been used among
which noble metals [19,20], metal oxides [21,22] carbonaceous materials stand out
[23-25]. However, carbonaceous materials stand out mainly for their low cost, good
stability and abundance [26,27]. Various carbonaceous materials, in order to reduce
costs, have been made from different biomasses such as bamboo [28], black
soybean [29], inner layer of torreya grandis [30], waste wood (balsa wood) [31],
water hyacinth [32], cellulose [33], and recently thinking about the circular
economy, sewage sludge has been used as sources of biocarbon [34]. However, the
main drawback with this type of carbon materials is the low activity and slow
kinetics [35-37], so it is necessary to find a strategy to overcome this limitation and

ameliorate the catalytic performances of carbon materials.

In general, doping with transition metals has resulted in a strategy to improve
the ORR activity of carbonaceous materials, since in addition to this, transition
metal ions can serve as electron donors to generate OH' from H>O» [38]. Among the

transition metals, MnOx oxides stand out, due to their different applications such
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as catalysis, energy storage, and specifically in the electrochemical advanced
oxidation processes (EAOP) [39]. MnO: has been shown to have the ability to
dissociate H>O> to OH" at a faster reaction rate [40]. However, the application of
carbonaceous materials doped with Mn as possible bifunctional catalysts for the

generation direct of OH" by a 3-electron pathway has not yet been studied.

In the present work, a biocarbon obtained from "alpechin” olive mill
wastewater generated from the production of olive oil [41] was synthesized through
chemical activation process and doped with manganese with three different
methods and loadings. The synthesized composite materials were evaluated in an
environmental remediation process as tetracycline degradation by the electro-

Fenton process.
7.2.- EXPERIMENTAL

7.2.1.- Synthesis of bio-carbon-manganese composites

A bio-carbon denominated CK2 was the base for the development of the
composite series. The CK2 was prepared from olive mill wastewater by chemical
activation with potassium hydroxide (KOH), the preparation details and textural
characterization are reported in previous works [42]. Manganese acetate
(CH3COO0)2Mn-4H,0, Sigma Aldrich) was used as manganese precursor. Different
amounts of the manganese acetate were dissolved in water and were added drop

wise onto the corresponding amount of bio-carbon.

After impregnation, the prepared mixture was treated by three different
methods. The composites were noted CK2-Mn-X-Y; X corresponds to the method

used for the preparation and Y traduces the theorical manganese percentage.
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The first sample was calcined (after impregnation with 10 % of manganese) at
330 °C for 1 h under nitrogen gas (300 mL min ') and 1 h under CO; flow. The
corresponding sample was noted CK2-Mn-1-10. The second sample was prepared
by adding H,0, (25 mL g ! carbon) to the impregnated samples and, after that, the
1

samples were calcined at 330 °C for 2 h under 300 mL min~

corresponding composites were noted CK2-Mn-2-10, CK2-Mn-2-25, and CK2-

of nitrogen. The

Mn-2-60. The last sample was prepared by a few modifications of the second
method, the impregnated sample was calcined at 330 °C for 2 h under 300 mL min ™!

of nitrogen before to be treated with H>O, (25 mL g ! carbon), CK2-Mn-3-10.

7.2.2.- Textural and chemical characterization

The textural characterization was obtained by using a Autosorb equipment
from Quantachrome system. N> adsorption isotherm at =196 °C and CO; at 0 °C
were obtained. The B.E.T. and Dubinin-Radushkevich (DR) methods, were applied
to the nitrogen and carbon dioxide isotherms, respectively, to obtain the apparent
surface area, total micropore volume (Wo with N»), narrow micropore volume (Wo
with CO») and mean micropore width (Lo) [43-45]. The pore size distribution (PSD)
was determined by applying Quenched Solid Density Functional Theory (QSDFT)

to the N> adsorption isotherms, assuming slit-shaped pores.

The crystallinity of manganese oxide particles of all CK2-Mn-X-Y composites

were investigated by X-ray diffraction Bruker D8 advance with Cu Ka radiation.

The surface chemistry of the samples was obtained by X-ray photoelectron
spectroscopy using ESCA 5701 from Physical Electronics (PHI) system (equipped
with MgKa anode, model PHI 04-548. X-ray source (hv = 1253.6 eV) and
hemispherical electron energy analyzer). For the analysis of the XPS peaks, the Cis
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peak position was set at 284.6 eV and used as reference to locate the other peaks.
The XPS peaks were fitted using Gaussian-Lorentzian peak shapes and a Shirley
background through the least squares method, utilizing XPS peaks 4.1.

7.2.3.- Electrochemical characterization

The activity for ORR was studied with the RRDE technique by using an
Autolab electrochemical system, Metrohm, associated with a compact
potentiostat/galvanostat (PGSTAT101). The working electrode was prepared by
depositing on the RRDE tip 20 pL of a ink, consisting of 5 mg of sample dispersed
in 1 mL of a Nafion solution (1/9 v:v Nafion 5 %/water), and dried under infrared
radiation. Electrochemical measurements were carried out in a standard three-
electrode electrochemical cell at room temperature. Using a Pt sheet as a counter
electrode and an Ag/AgCl reference electrode. The electrolyte was a solution of
KOH 0.1M prepared in deionized water. Before each electrochemical measurement,
the electrolyte was saturated with N> or Oz by purging the necessary gas into the
KOH 0.1M solution at room temperature for 30 minutes. Cyclic voltammetry (CV)
was collected in the KOH 0.1M solution saturated with N> or O in a range of 0.40
to —0.80 V at 50mV s ! with the electrode at a rotational speed of 1000 rpm. Linear
scanning voltammetry (LSV) for the ORR was carried out with a potential range
between 0.40 V to —0.80 at S0mV s ! with the electrode at rotational speeds of 500,
1000, 1500, 2000, 2500, 3000 and 3500 rpm.

The number of electrons transferred and H>O; selectivity were calculated using
the equations (7.5) and (7.6), that is calculated from the data obtained in the RRDE

during the experiment [46,47].



350 Chapter VII

4-XID
n=—x (7.5)
DTN¢
200x R
%H,0, = ale 7.6
oH82 = Tk (7.6)
Nc

where, Ip and Iz are the disk and ring current respectively, and Nc is the

collection efficiency of the RRDE (0.249).

The current density (Jx) was obtained by Koutecky-Levich equation (7.7).

1 1 1
T— E+wa—1/2 (7.7)

with B = (0.62)n X F x A x D?/3 x v=1/6 x C

where F is Faraday’s constant (96485332 mC mol !), n number of electrons
transferred per oxygen molecule, A is the disc area of the RRDE (0.2475 cm?), D
diffusion coefficient of oxygen (1.9x107° cm? s !),v is kinematic viscosity (0.01

cm? s 1) and finally C is the solubility of oxygen (1.2x10°° mol cm ) [48,49].

7.2.4.- Electro Fenton processes

The electro Fenton process was carried out using a standard three-electrode
electrochemical cell with capacity for 150 mL of solution at room temperature. The
TTC concentration approached 40 mg L', using Na,SO4 [0.5M] as a supporting
electrolyte with continuous agitation. Potentiostat was maintained in potentiostatic

mode at —0.6 V.

The working electrode was prepared by mixing 45 mg of CK2-Mn-X-Y with
8.5 mg of 60% PTFE, for subsequent drying at 100 °C for 12 h. Once dried, a paste
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was obtained that was deposited on a sheet of graphite (50 mg on each face). While
the reference electrode was Ag/AgCl, and the counter electrode used was a platinum
sheet. The working pH was 6.5, as is natural of the TTC solution. TTC
concentrations in solution were determined by a UV-vis spectrophotometer at a

wavelength of 356.5 nm.
7.3.- RESULTS AND DISCUSSIONS

7.3.1.- Porosity and surface area of bio-carbon-manganese composites

figure 7.1 shows the N2 adsorption-desorption isotherms of CK2-Mn-X-Y
samples. Textural properties of the composites were examined by Nz adsorption-
desorption isotherm measurements. All samples show an hybrid type I-1V isotherm,
with a high N2 adsorption at low relative pressures and an hysteresis loop at
intermediates ones, indicating the presence of micropores and mesopores [50].
Also, the samples CK2-Mn-3-10, CK2-Mn-1-10 and CK2-Mn-2-60, present a peak
associated to capillary condensation. Note that the addition of Mn to the samples
produce a blockage of the porosity in all cases, however this porosity depletion
depends on the final precursor decomposition treatment. From figure 7.1, it is
possible to observe that the H2O activation before to carbonization (CK2-Mn-2-
10) results in the better preservation of the porosity, due possibly to the chemical
attack in the porous texture of the sample (CK2) which leads to the generation of
new porosity. Finally, it is highlighted that the Mn amount directly affect the
porosity, the higher the Mn content, the higher the porosity decrease, associated to
the blockage of the pores of the carbon matrix by the manganese particles, this is
possible observe in the samples CK2-Mn-2 with different Mn charge (10, 25 and
60).
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Figure 7.1. Isotherms N2 adsorption of all the sample CK2, m; CK2-Mn-1-10, ®;

CK2-Mn-2-10, ¢; CK2-Mn-3-10, A; CK2-Mn-2-25,®; CK2-Mn-2-60, A.

The B.E.T surface area (Ser), micropore surface area (Smicro), mesopore
surface area (Sprr), and pore volume (Vprr) of CK2-Mn-X-Y samples are listed in

Table 7.1.



ANTIBIOTIC DEGRADATION VIA FENTON PROCESS ASSISTED BY A 3-ELECTRON...

353

Table 7.1. Textural characteristics of all the samples obtained by N> adsorption
isotherms at —196 °C and CO; at 0 °C.

N2 CO:
Sample

SBET Wo Lo Wo Lo
m? gf1 cm’ gf1 nm cm’ gf1 nm
CK2 1672 0.66 1.33 0.38 0.68
CK2-Mn-1-10 1232 0.50 1.32 0.29 0.67
CK2-Mn-2-10 1380 0.56 1.33 0.31 0.67
CK2-Mn-3-10 1257 0.50 1.31 0.87 1.28
CK2-Mn-2-25 945 0.37 1.33 0.22 0.82
CK2-Mn-2-60 412 0.16 1.40 0.10 0.73

The same results can be observed analyzing table 7.1. The original bio-carbon

presents a surface area as high as 1672 m* g !. This porosity decreases after the

incorporation of Mn; however, this porosity decrease is less pronounced when the

pristine carbon is treated with H,O, before the manganese decomposition at 330 °C.

The physical activation with CO; result in a micropore volume lower than with the

other methods (chemical activation) decreasing from 0.38 (CK2) to 0.29 cm® g !,

indicating the blockage of the ultramicroporosity by the Mn nanoparticles or an

opening of such porosity by the CO; treatment which is agrees whit the reported in

the literature [51]. By the other hand, the decrease in narrow micropore volume and
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total micropore volume, of the samples CK2-Mn-2-25 and Ck-2-Mn-60, can be
attributed to pore enlargement and blockage of these pores with Mn particles, which
result in a decrease of B.E.T surface area, indicating a lower developing of
microporosity [52]. The sample CK2-Mn-3-10 have a Lo(CO) greater than 0.7 nm
and a Wo(N2) < Wo(COz) indicating a diffusional problem of N> which is translate
in a bad activation degree, due to restrictions in the microporosity, while the other

samples have Wo(N2) > Wo(CO») that is typic of an adequate activation degree.

7.3.2.- X-ray diffraction of the composites
Figure 7.2 shows the XRD diffractograms of the CK2-Mn-X-Y samples, we

can observe different peaks associated to some species of Mn, indicating the
presence of manganese in different oxidation states. Is possible to determine the
peaks to approximately 18°, 29°, 32°,36°, 38°, 44°, 58°, 60° and 65°, associated to
the planes (101), (112), (103), (211), (004), (220), (321), (224) and (400)
characteristics of spinel structure Mn3;O4 (CK2-Mn-3-10) [53-55]. While the peaks
closer to 35°,40° and 59° correspond to the crystalline planes (111), (100) and (220)
of MnO (CK2-Mn-3-60) [56-58]. The samples CK2-Mn-1-10 and CK2-Mn-2-10
present spectra corresponding to a practically amorphous specimens, so it is raising
that dispersion of manganese particles was better in these two materials. Increasing
the manganese content, a new crystalline phase emerges finding well defined peaks

of MnO crystalline phase form for CK2-Mn-2-25 and CK2-Mn-2-60 samples.

From this results, would be expected that the better catalytic results will be
obtained with the samples with 10% of Mn, due to the presence of Mn3O4, which

is a specie considered active for promote the OH" generation by ORR [59].
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Figure 7.2. X-ray diffraction of the composites.

7.3.3.- XPS spectra

Figure 7.3 and 7.4 shows the XP spectra for the signals Cis, O1sand Mnap. From
the deconvolution of XP spectra the surface composition of samples were
determined and the results were compiled in tables 7.2. The peaks obtained from
the deconvolution of Cis spectrum, were related to C=C (284.6 eV), C-O (285.7
eV), C=0 (287 V), O-C=0 (288.4 ¢V) CO; or n-n* bonds and plasmon (290 and
291.6 eV) [60-64]. The peaks from Ois, were deconvoluted in O-Mn (530.0 eV),
0=C (531.4 eV), and O-C (533.4 eV) [65,66]. From Mn;, the peaks detected were
Mn?* (641.6 eV) and Mn** (643.4 eV) [67-71].
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Figure. 7.3. XPS spectra of a) Cis, b) O15s and ¢) Mny, for original activated

carbon CK2 and samples prepared with different impregnation methods and 10

% of manganese loading.
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Figure. 7.4.-XPS spectra of a) Cis, b) O1s and ¢) Mnyp for samples prepared

with different amount of manganese.
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Table 7.2a. Compositional characterization by XPS analysis of CK2-MN-X-10.

Sample Cis FWHM peak O peak O Mnyps, peak Mn Mn**/Mn?
CK2 2845 134 64 5314 38 6.0
285.8 18 5330 62
286.9 5
287.7 5
289.3 4
290.9 3
CK2-Mn-1-10 284.6 1.37 67 530.0 39 119 6416 58 14.6 0.70
285.9 16 5313 49 6435 42
286.9 7 5331 12
288.4
290.0
291.3 1
CK2-Mn-2-10 284.6 1.37 66 530.1 25 8.8 641.6 58 7.6 0.72
285.9 17 5314 57 643.4 42
286.9 7 5334 18
288.4 5
290.0 4
291.3 2
CK2-Mn-3-10 2846  1.41 63 5300 9 183 6417 31 177 2.25
285.8 18 5314 76 6432 69
287.1 9 533 15
288.6 5
290.0 4
291.4 2
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Table 7.2b. Compositional characterization by XPS analysis of CK2-Mn-2-Y.

Sample Cis FWHM peak Ois peak O  Mnygaz peak Mn  Mn*/Mn?*
CK2-Mn-2-10 2846  1.37 66 5301 25 88 6416 58 7.6 0.72
285.9 17 5314 57 643.4 42

286.9 7 533.4 18
288.4 5
290.0 4
291.3 2
CK2-Mn-2-25 284.6 1.66 61 530.1 40 256 641.6 61 329 0.66
285.9 16 5314 46 643.4 39
286.9 13 5333 14
288.4 5
290.0 4
291.5 1
CK2-Mn-2-60 284.6 2.45 64 5300 63 355 641.5 60 528 0.64
286.0 13 5315 32 643.4 40
287.0 13 5334 5
288.4 6
289.9 3
291.6 1

From the results obtained it can be concluded that all samples present similar

composition profiles with the same chemical species being found in all cases.

However, several significant facts are worth noting. The first one is the increase in

the C peak width at 284.6 eV which is indicative of an increase in the defects present

in the graphitic crystals or a decrease in the size of the microcrystals, both facts will

influence the electrical conductivity of the catalysts. Secondly, there is a noticeable

increase in the O content when Mn is introduced into the catalysts, this is due to the

oxidation produced by the reduction of KMnO4 during the heat treatment. With

respect to the Mn spectrum, two clearly differentiated species Mn?" and Mn>" are
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detected in all samples. However, a clear difference appears for sample CK2-Mn-
3-10 for which the Mn**/Mn?* ratio is higher than for the rest of the samples, which
is indicative of the formation of Mn3O4 due to the oxidation treatment carried out
with H>O», which agrees with the data obtained by XRD. For the rest of the samples
this ratio varies very little, between 0.64 and 0.71 indicating that part of the Mn>*
formed by the reduction treatment can be oxidised superficially to Mn** by

exposure to air.

7.3.4.- Electrochemical characterization

The CV results are shown in Figure 7.5, where is possible to observe that all
samples have ORR activity. The sample CK2-Mn-2-10, showed the higher
capacitance attributed principally to the type of porosity and large specific surface
[72]. These better behaviors could be related to the improved hydrophilicity of the
surface due to the increase in the oxygen surface groups and the presence of MnOx
which improves the electrolyte-surface contact favoring the diffusion of the ions;
and the optimization of the pore structure by the presence of MnOx. This leads to a
decrease in the resistance of the electrodes, enhancing their performance for energy

storage.

Based on its chemical composition and textural characteristics, sample CK2-
Mn-2-10 is expected to have better ORR activity and higher capacitance compared
to the other samples. There is no visible OPR peak when the electrolyte is saturated
with N». In contrast, a well-defined ORR peak is observed in the O>-saturated 0.1
M KOH solution, demonstrating the excellent electrocatalytic activity for ORR.
More interestingly, all CV curves (Both N> and O» saturated) appear strong redox
peaks, the peak at ca. 0 V vs. Ag/AgCl was attributed to Mn?*/Mn** redox because
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the area of the peak at ca. 0 V vs. Ag/AgCl increases with greater Mn concentration
(Mn content changes from 10 to 60) [73] and especially with the amount of Mn**

and Mn>" present in the sample.
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Figure. 7.5.- CV of A) CK2-Mn-1-10, B) CK2-Mn-2-10, C) CK2-Mn-3-10, D)
CK2-Mn-2-25, E) CK2-Mn-2-60 in N> (blue) and O (red).

In this line, table 7.3 shows that the highest Jx value was obtained with the pre-
activated sample with H>O, (CK2-Mn-2-10) which possibly is due in one part to

the well dispersed manganese phase and also to the highest surface area, that allows
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more current to pass into matrix, for the same could explain the Jx value lower of

CK2-Mn-2-25 and CK2-Mn-2-60.

Table 7.3. Current density Jk.

Sample Jk
(mA cm™?)
CK2 7.39
CK2-Mn-1-10 8.99
CK2-Mn-2-10 11.37
CK2-Mn-3-10 10.68
CK2-Mn-2-25 7.44
CK2-Mn-2-60 2.68

Figure. 7.6 and 7.7 show the correlation between Jx and the Mn**/Mn*" amount
and Sp.r respectively. The correlation coefficient of R? was closer to 1 in SpET
(0.98) than with Mn**/Mn?" amount (0.94), indicating that although the manganese
can to be an active site for the ORR, the current density is affected principally for
the Sge.r.[74]. In this case, we can say that physical activation gives as result a
higher surface area that is traduced in a better Jx, which is an important parameter

for the different electrochemical applications.
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Figure. 7.6.- Correlation between the current density and the surface area B.E.T. of

CK2-Mn-1-10, ®; CK2-Mn-2-10, &; CK2-Mn-3-10, A; CK2-Mn-2-25, ® ; CK2-

Mn-2-60, A.
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Figure. 7.7.- Correlation between the current density and the Mn**/Mn?" ratio of

CK2-Mn-2-10, ¢; CK2-Mn-2-25,®; CK2-Mn-2-60, A.
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Figure 7.8 shows the number of electrons transferred and selectivity to H>O».
Where is possible to observe that the presence of Mn increase the number of
electrons transferred, this is favorable for the ORR 4e”, however for the case of
H>0O» generation is necessary values closer to 2 electrons, with a high selectivity to
H>0,, for this is possible to suppose that the best catalyst for electro-Fenton was
obtained by using the samples CK2-Mn-1-10 and CK2-Mn-3-10 (14.9 and 16.6
respectively) which have higher amounts of manganese on the external surface area
compared to the sample CK2-Mn-2-10, and also, a higher surfaces areas compared
to other samples with higher amounts of manganese CK2-Mn-2-25 and CK2-Mn-
2-60. In this case we can observe that both the amount of Mn and the surface
porosity could be important parameters for the number of electrons transferred.
Nevertheless, according to XRD results, the increasing from 10 to 60 wt.% Mn on
the same series significant chemical changes occurred: sample CK2-Mn-2-10 only
could show some Mn3O4 phase while the presence of MnO appear in sample CK2-
Mn-2-25, and in sample CK2-Mn-2-60 as the main one phase. On the other hand,
sample CK2-Mn-3-10 which show higher and better-defined peaks of Mn3Oj is the

one which produces larger amount of H>O» and show n-value closer to 3.
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Figure. 7.8.- A) Number of electrons transferred and B) Selectivity to H2O2 of CK2,
m; CK2-Mn-1-10,@; CK2-Mn-2-10,¢; CK2-Mn-3-10,A; CK2-Mn-2-25@®; CK2-

Mn-2-60, A.

7.3.5.- Electro-Fenton

Since the presence of MnO phase doesn’t favor the desired ORR performance,
only samples with a 10 wt.% of Mn were checked in the electro-Fenton tests. In this
way, figure 7.9 shows the tetracycline degradation with the above-mentioned
samples as well as only graphite (electrode-support material on which the prepared

samples are pasted for the electro-Fenton tests).

Additionally, were made electro-Fenton test in N2 with H>O2 and N> without
H>0, (figure 7.10), it is with the objective to evaluate the effect of hydrogen
peroxide and of the support.
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Figure. 7.9.- TTC degradation by electro Fenton with: Graphite, 4 ; CK2, m; CK2-

Mn-1-10, ®; CK2-Mn-2-10, ®; CK2-Mn-3-10, A.

The TTC degradation in presence only of O> followed an order of CK2-Mn-1-
10 > CK2 > CK2-Mn-3-10 > Graphite > CK2-Mn-2-10, whereby the sample CK2-
Mn1-10 was used for evaluated its activity in presence of N2 with H2Oz. The TTC
degradation in presence of N> showed a lower value compared with the O» (figure
7.10), with this experiment have established that the O2 presence have an important
effect on the system, much more than the direct addition of H>O2 and obviously

than only the presence of N2 with total absence of Oz and H2O».
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Figure. 7.10.- TTC degradation by electro Fenton with: CK2-Mn-1-10 in O, @,
CK2-Mn-1-10 in Fenton traditional, ®; CK2-Mn-1-10 in N> and H>O»,, ®; H,O

without catalyst, #.

These results could hide a probable 3 electrons ORR (equation 7.8) pathway
with direct formation of hydroxyl radicals (OH®) which would enhance the
tetracycline degradation, as it has been observed in figure 7.10 by comparing the

(7.8)

effect of H,O» addition versus the O2 bubbling [75].
0, +3e” +2H* —> OH* + OH™

However, not it’s possible dismiss the route by a electro Fenton traditional

with the ORR pathway 2 electrons with an initial reduction of O; to H>O> (equation

7.9) [76].
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0, + 2e~ + 2H* — H,0, (7.9)
H,0, + e~ + HY¥ — H,0 + OH" (7.10)

In this process the Mn®*/Mn?* redox cycle in the spinel structure is crucial since
electrons could be provided. Besides, the following way would be working on

parallel:
Mn?* + H,0, — Mn3* + OH® + OH™ (7.11)
Mn3* + e —— Mn?* (7.12)

However, with our results it could be proposed that the surface area B.E.T have
an effect more significant in the TTC degradation (R? > 0.6) by affecting the value

of Jk, which could be attributed to greater degree of access to the active sites.

75 - 75 -
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Figure. 7.11.- Correlation between the TC degradation and the Jx value (A) and %
of Mn*" (B), of CK2-Mn-1-10, ®; CK2-Mn-2-10, ¢; CK2-Mn-3-10, A.
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In fact, it seems that a relationship between the Mn?" values and tetracycline
degradation occur: CK2-Mn-1-10 (8.42 Mn?"; 70% TTC removal), CK2-Mn-3-10
(5.48 Mn**; 47% TTC removal), and CK2-Mn-2-10 (4.40 Mn?>"; 39% TTC
removal). The relevance Mn?*, could be explained by the interaction between the
Mn?** and H,O; that can generate OH" radicals (Fenton traditional) and of the
possible generation direct of OH’ radicals (ORR 3¢ proposed) with the Mn** could
propose as active site for this route. We propose that a good relation between Mn**
percentage and the surface area can is key in the catalytic activity for degrading the
tetracycline. So, we can conclude that the tetracycline degradation depends on the
Jk which depends on the surface area and the percentage of manganese 2+ which

interacts with H>O; generating OH’ radicals.

7.4.- CONCLUSIONS

Two series of bio-carbon-manganese composites have been prepared with
bifunctional behavior in the electro-Fenton process: H2O> generation from ORR,
and hydroxyl radical formation. Moreover, the hydroxyl radicals can be formed by
two different ways, 1) H>O» decomposition on Mn phases as heterogeneous Fenton,
or ii) by H2Oz reduction in one pot way directly from the ORR following a pathway
or 3 electrons. Besides, the current density during the ORR is directly proportional
to the surface area of these materials. The development of Mn3O4 phase by a right
preparation method into these composites seem to be the clue to both mentioned
processes can take place, as consequence of the Mn**/Mn™ redox cycles that can
occur in the spinel structure. This bifunctional behavior makes possible the
antibiotic degradation in water solutions by a process in which H>O> don’t have to

be added because it is in situ produced in such any way.
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CHAPTER VIII: CONCLUSIONES GENERALES






En la presente tesis doctoral se han sintetizado diferentes materiales basados
en carbono, los cuales fueron obtenidos mediante reacciones de policondensacion
mediante emulsion inversa (xerogeles), carbonizacion y activacion quimica
(carbones activados) y sintesis solvotermal (eco-grafeno). Ademas, se han realizado
proceso de funcionalizacion de los carbones activados con diversos heteroatomos
(N, O, S, B), mediante procesos solvotermales ¢ hidrotermales, asi como, el dopado
con oxidos de manganeso con impregnacion directa. Por otra parte, se sintetizo
magnetita mediante coprecipitacion quimica, la cual fue recubierta con xerogeles

de carbono y empleada como catalizador tipo Fenton.

Los materiales obtenidos fueron empleados como catalizadores para las
reacciones ORR y Fenton para la degradacion de tetraciclina segin correspondiera,
obteniéndose resultados muy interesantes comparables, e incluso mejores, a los
obtenidos con otros materiales basados en carbono reportados en la literatura

(degradacion >70%) .

Se evidencio que el dopaje de estos materiales carbonosos dio como resultado
una mejora en las propiedades electroquimicas de los catalizadores. Los materiales
carbonosos dopados podrian suplir la necesidad de usar dos catalizadores diferentes
en las reacciones de ORR y Fenton, por medio de la ruta ORR de 3 electrones, ya
que, mediante el uso de un Unico catalizador, se generaria directamente el radical
hidroxilo, dando como resultado una actividad bifuncional, es decir, generacion

directa de OHe o indirecta mediante la produccion/activacion de H>Oo.

De manera mas especifica, es posible la obtencion de tintas de catalizadores
libres de metales, con excelentes propiedades electroquimicas (Jx = 14.59 mA cm 2,

n = 2.03 y Eonset = —0.25 V). Estas tintas se pudieron depositar sobre el soporte



(grafito) sin necesidad de aglutinantes, mediante la aplicacion directa con pincel,
con lo cual, se consigue cierta microrrugosidad adecuada en el catodo favoreciendo

su uso como catalizador ORR 2e".

El dopaje con heteroatomos como el N, S, B y P mejora considerablemente la
densidad de corriente del bio-carbon (desde 5.57 a 10.38 mA cm2). El dopaje con
nitrogeno y azufre mejoro la actividad catalitica tipo bifuncional, logrando
porcentajes de degradacion de tetraciclina cercanos al 70 %, aproximadamente un
20% mas que el bio-carbon sin dopar. Estas mejoras se atribuyeron a la presencia

de N-grafitico y N-piridinico, los cuales pueden generar y activar el H2O2 a OHe.

El dopaje con nitrogeno mejora considerablemente las propiedades
electroquimicas de los materiales de carbono (xerogeles y carbon activado). Sin
embargo, en los xerogeles, el tamafio de la esfera final es un factor clave en la
degradacion de tetraciclina debido a que con esferas de escala micrométrica el
dopaje resulta en niveles de remocion mas bajos que en las muestras no dopadas.
Esto sucede de manera inversa en esferas nanométricas, posiblemente asociado a
que los atomos de N dopados en la superficie del catalizador pueden cambiar la
carga de los atomos de carbono (cambio en la fuerza de atraccion entre el sitio de
anclaje y dopante), siendo mas notorio este efecto en superficies mas pequeiias,
debido a que los sitios dopados pueden estar mds cercas uno del otro, dando como

resultado un grupo funcional de nitrégeno diferente.

Se puede obtener catalizadores para la ORR mediante la sintesis hidrotermal
de xerogeles de carbono dopados con manganeso, donde se evidencio que, aunque
el Mn disminuye el area superficial, aumenta la selectividad hacia la ruta de 4

electrones, reduciendo la generacion de H>O». Sin embargo, es necesario realizar el



dopaje con una cantidad adecuada de Mn (20 %), puesto que un exceso disminuye
la densidad de corriente, lo que desfavorece la actividad catalitica del material. A
partir de estos resultados, se determina que, mediante una correcta sintonizacion de
la cantidad del Mn se pueden obtener catalizadores especificos para aplicaciones de
remediacion ambiental (electro-Fenton) o almacenamiento de energia (micro celdas

de combustible).

Mediante la activacion del alperujo, se obtuvieron carbones activados con
elevada 4rea superficial que se han dopados con oxido de manganeso. Los
resultados muestran que el ciclo redox Mn*"/Mn?", presente en el oxido de
manganeso (Mn3O4), puede mejorar significativamente las propiedades
electroquimicas (Jxk= 11.37 mA cm 2, 3 <n < 4) de los materiales de carbono. Se
determind que, un correcto dopaje (cantidad y dispersion) puede generar una
actividad catalitica bifuncional al ser usado como un agente dopante de bio-
carbones. Esto podria estar dando lugar una reaccion ORR, por la via de 3 electrones
y/o la generacion de H>O> (ORR 2¢), seguido de su activaciéon a OHe por la
reaccion con el Mn?", lo que quedd en evidencia al alcanzar el mayor porcentaje de
degradacion de tetraciclina (70 %) con la muestra CK2-Mn-1-10 (capitulo 7), la

cual tenia el mayor contenido de Mn** (8.42).

Con los resultados obtenidos en esta tesis doctoral, se puede incursionar en el
desarrollo de nuevos catalizadores bifuncionales para procesos electro Fenton,
aplicados a remediacion ambiental, mas especificamente en la degradacion de

farmacos presentes en agua (tetraciclina), con resultados muy prometedores.












