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RESUMEN

La presente tesis doctoral se ha desarrollado dentro de la actividad
investigadora del grupo VALORCAT, en el Departamento de Ingenieria
Quimica de la Universidad de Granada. El trabajo realizado describe la
preparacion de distintos catalizadores basados en nitruro de carbono
grafitico (g-CsN4) y su utilizacion en la sintesis de aldehidos aromaticos
mediante tecnologias basadas en procesos fotocataliticos. Los
materiales obtenidos fueron modificados a partir de elementos
metalicos y no metalicos (B, Ru, Py S).

Se estudiaron las propiedades estructurales, quimicas, texturales y
Opticas de los catalizadores obtenidos por medio de diversas técnicas
de caracterizacion. Las propiedades fotocataliticas de los materiales se
evaluaron a partir de la conversién, selectividad y velocidad de reaccién
obtenidas durante la fotooxidacion de alcoholes. Ademas, se realizo el
modelado de la interaccion radiacion-catalizador y se determinaron los
valores de rendimiento cuantico.

A continuacién, se detalla el plan de trabajo llevado a cabo para la
realizacion de la tesis doctoral.

El Capitulo 1, denominado Introduccion y objetivos aborda la
problematica de la contaminacién ambiental generada por los procesos
convencionales de produccion de aldehidos, lo que sustenta el marco
tedrico para la elaboracion de la presente tesis doctoral. A lo largo de
este capitulo se destaca la importancia de los aldehidos aromaticos en
el mercado mundial y los procesos comunmente utilizados para su
obtencion. A partir de las debilidades encontradas en los procesos
convencionales, se plantea el uso de procesos alternativos, como la
tecnologia fotocatalitica basada en algunos principios de la quimica
verde. Por otra parte, se realiza una revision de los diversos
catalizadores usados en reacciones de oxidaciéon, con un enfoque
especial en el nitruro de carbono grafitico como catalizador potencial
para este tipo de aplicaciones. También se definen algunos métodos de
sintesis aplicados para mejorar las propiedades fotocataliticas del
nitruro de carbono grafitico. En la parte final de este capitulo, se
resumen algunas caracteristicas de los alcoholes y aldehidos utilizados
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durante el desarrollo de la tesis. Por ultimo, se presentan los objetivos
que fundamentan este trabajo.

En el Capitulo 2, denominado Materiales y métodos se describen
detalladamente los materiales, equipos, técnicas experimentales y
procedimientos utilizados durante la investigacion. Este capitulo
comienza con la enumeracion de reactivos y productos quimicos
utilizados en la parte experimental del trabajo. A continuacién, se
describen los métodos empleados para la preparaciéon de los
catalizadores de nitruro de carbono grafitico, asi como las técnicas
empleadas para su caracterizaciéon. Asimismo, se describe la
configuracién experimental utilizada para llevar a cabo la oxidacién
selectiva de alcoholes, se detallan los métodos y equipos usados para
la evaluacion de la actividad catalitica y el estudio del mecanismo
reaccion. Por otra parte, se explican las técnicas de caracterizaciéon
empleadas para analizar las propiedades Opticas de la fuente de
radiacion. Finalmente se expone detalladamente el método usado para
el calculo de la tasa volumétrica de absorcion de fotones y la eficiencia
cuantica.

En el Capitulo 3, de titulo Enhanced boron modified graphitic
carbon nitride for the selective photocatalytic production of
benzaldehyde, se utilizaron diversas fuentes de boro como el B
elemental y NaBH4 para modificar la estructura estratificada de g-CsNa,
dando lugar a los materiales denominados BCN y NaBCN
respectivamente, con el fin de inducir el dopado y la formacién de
defectos destinados a mejorar la actividad fotocatalitica. Los resultados
de la caracterizacién por difraccion de Rayos X y espectroscopia FTIR
indicaron que las posiciones de C y N de g-CsN4 fueron remplazadas
por B, obteniendo una estructura modificada en capas, en la que las
unidades de tri-s-triazina se alteran. Por otra parte, la técnica
espectroscopia de reflectancia difusa UV-visible indicé la disminucion
del bandgap en el siguiente orden CN>BCN>NaBCN, es decir que la
muestra con mayor rango de absorcién de luz fue NaBCN. Ademas, se
encontrd que la eficiencia cuantica maxima fue del 0,15% para NaBCN.

En el Capitulo 4, titulado Ruthenium deposited onto graphitic
carbon modified with boron for the intensified photocatalytic
production of benzaldehyde, se ha modificado g-CsNs con la
incorporacién de boro en la estructura polimérica con NaBH. (NaBCN)
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y la deposicién posterior de nanoparticulas de rutenio (NaBCN-Ru). Se
evaluo la proporcion de Ru entre 0,5 y 4%. Los resultados sugieren que
la modificacién de la muestra CN original con B y Ru condujo a una
disminucion en las propiedades de la superficie, es decir, el volumen de
poros y area especifica. Por medio de espectroscopia fotoelectronica
de rayos X se pudo observar que la modificacion con NaBH, creé
defectos en la estructura, reduciendo la presencia de N ternario,
creando enlaces B=N. En el caso de la muestra con 1% de Ru (NaBCN-
1Ru), la presencia de B=C-N fue inferior al caso de NaBCN,
probablemente debido a la reducciéon del rutenio para crear Ru®. La
incorporaciéon de boro mejoré la selectividad hacia el benzaldehido
debido a la mejor separacion de cargas, tal y como sugirié la técnica de
fotoluminiscencia. La deposicion de Ru® mejord la velocidad de reaccion
del alcohol, aunque afectdé negativamente a la selectividad,
seleccionandose la muestra que contenia 1% de Ru como 6ptima en
términos de selectividad. Finalmente, se pudo observar que los valores
de la tasa de foto-absorcion promedio fueron similares entre todas las
muestras modificadas.

El Capitulo 5, titulado Towards the photocatalytic production of
cinnamaldehyde with phosphorous-tailored graphitic-like carbon
nitride, se centra en la mejora de la actividad fotocatalitica del g-C3sN4
dopandolo con fésforo a partir de polifosfato de sodio (P-CN). Se
realizaron diferentes niveles de dopaje de P (2—-12% en peso). La
caracterizacion realizada por difraccion de Rayos X sugiere que el
dopado no afectd significativamente al plano cristalografico (002), lo
que apunta a la falta de incorporacién de P propiamente en el espacio
entre las capas, lo cual se comprobd estimando el numero de capas. El
analisis elemental, espectroscopia fotoelectronica de Rayos X vy
resonancia magnética nuclear sugirieron un ataque de P a las
posiciones de C. Por medio de analisis elemental, se compararon las
proporciones N/C antes y después del dopaje con P, comprobandose
que el dopaje con P provoco un aumento de esta proporcion. Ademas,
los resultados de espectroscopia fotoelectronica de Rayos X mostraron
una disminucion en el area de la contribucion sp? N=CN, pasando del
71% en la muestra sin dopar al 59% en la muestra P-CN-4%, este
hecho se confirmé adicionalmente con el aumento de la contribucion
del N ternario en la muestra dopada. Finalmente, el espectro *C de
resonancia magnética nuclear sefialé que el dopaje con P promovio la
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disminucion de carbono terciario, lo que sugiere una sustitucion parcial
de los atomos C ubicados en las posiciones internas de los anillos de
tri-s-triazina por atomos de P.

En el Capitulo 6, denominado Sulfonic grafted graphitic-like
carbon nitride for the improved photocatalytic production of
benzaldehyde in water se funcionalizé la superficie de g-CsN4 con
grupos sulfénicos (-SOzH) usando diferentes dosis de acido
clorosulfénico.Estas muestras modificadas se evaluaron y aplicaron a
la oxidacion selectiva de alcohol bencilico (BA) a benzaldehido (BD). A
través de las modificaciones con acido clorosulfénico se pudo mejorar
la oxidacion hacia BD. Asi, a medida que se incorpor6é azufre a la
estructura, se mejoré la conversion y velocidad de reaccién de BA. Por
medio del difraccién de Rayos X se pudo determinar que la insercion
del grupo sulfénico crea defectos superficiales que generan tensién
reticular y disminuyen la cristalinidad de la estructura inicial. Ademas,
se calculé el tamano de los cristalitos, y se pudo observar que el tamafio
aumenté significativamente en un nivel alto de dopaje, lo cual pudo
haberse producido debido a la presencia de grupos funcionales. El
aumento del grado de sulfonacién promovio la disminucién gradual del
pico (002), lo que evidencio el efecto de deslaminacién quimica debido
al ataque quimico del acido clorosulfénico. Finalmente, se optimizé la
proporcion 6ptima de grupos sulfonicos para el estudio de las especies
oxidantes reactivas involucradas en el proceso fotocatalitico, sugiriendo
que la especie con mayor contribucion durante la oxidacion de alcohol
bencilico fue el radical superoxido, especialmente en términos de
selectividad para la formacion del aldehido.

En el capitulo 7, denominado Thiosulfate-tailored graphitic
carbon nitride from different precursors for enhancing the
photocatalytic production of aldehydes se modificd el nitruro de
carbono grafitico con tiosulfato de sodio para mejorar el rendimiento
fotocatalitico en la oxidacién de alcoholes a aldehidos. El g-CsN4 fue
obtenido a partir de diferentes compuestos quimicos (urea, tiourea y
melamina) con el objetivo de evaluar el impacto del precursor sobre la
actividad catalitica. Los resultados mostraron que el g-CsN4 obtenido a
partir de la urea (CNu) presenté una actividad fotocatalitica mejorada,
ademas de dar lugar a propiedades texturales sobresalientes. Una vez
identificado el precursor 6ptimo, se prepararon una serie de
catalizadores con diferentes proporciones de Na;S.0s, con el fin de
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encontrar la concentracion ideal y se determindé que el catalizador
SCNu-5% exhibia una cinética de reaccion significativamente mejorada
respecto a las otras proporciones, ademas de presentar propiedades
Opticas superiores, como una reduccién en el bandgap, una mejor
absorcion hacia el rango de la luz visible y un menor efecto de
recombinacion de cargas. En cuanto a la distribucion de azufre en la
estructura del g-C3N4, se observo que la mayor parte del azufre se anclé
en la superficie del catalizador, lo que podria explicar el notable
incremento de la actividad catalitica. Por otra parte, se evalud la
actividad del catalizador optimo con diferentes alcoholes, y se
determiné que este catalizador fue mas selectivo en la producciéon de
benzaldehido (selectividad, >100%), seguido del cinamaldehido
(>23%) y la vainillina (~5%). Finalmente, el estudio del mecanismo de
oxidacion que interviene en la obtencion del cinamaldehido sugirié una
fuerte influencia de los huecos fotogenerados y del radical superoxido,
siendo este ultimo mas selectivo en el proceso.

En el Capitulo 8, titulado Conclusiones, se esquematizan las
principales conclusiones generales obtenidas durante el desarrollo de
la presente tesis. Se destaca el potencial uso de catalizadores de nitruro
de carbono grafitico dopado con heteroatomos para su aplicacién en la
fotoxidacion selectiva de alcoholes.
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SUMMARY

This doctoral thesis was developed within the research activities of
the VALORCAT group in the Department of Chemical Engineering at the
University of Granada. The work describes the preparation of various
catalysts based on graphitic carbon nitride (g-CsN4) and their use in the
synthesis of aromatic aldehydes through photocatalytic process
technologies. The obtained materials were modified with metallic and
non-metallic elements (B, Ru, P, and S).

The structural, chemical, textural, and optical properties of the
catalysts were studied using various characterization techniques. The
photocatalytic properties of the materials were evaluated based on
reaction rate, selectivity, and conversion rate obtained during the
photooxidation of alcohols. Additionally, the interaction between
radiation and catalyst was modeled, and quantum efficiency values were
determined.

Next, the work plan carried out for the doctoral thesis is detailed.

Chapter 1, entitled Introduction and Objectives, addresses the
issue of environmental pollution generated by conventional aldehyde
production processes, providing the theoretical framework for this
doctoral thesis. This chapter highlights the importance of aromatic
aldehydes in the global market and the commonly used processes for
their production. Based on the weaknesses found in conventional
processes, the use of alternatives such as photocatalytic technology
based on some principles of green chemistry is proposed. Furthermore,
a review of various catalysts used in oxidation reactions is conducted,
focusing on graphitic carbon nitride as a potential catalyst for these
applications. Some synthesis methods applied to improve the
photocatalytic properties of graphitic carbon nitride are also defined. In
the final part of the introduction, some characteristics of the alcohols and
aldehydes used during the development of the thesis are summarized.
Finally, the objectives that underpin this work are presented.

In Chapter 2, called Materials and Methods, the materials,
equipment, experimental techniques, and procedures used during the
research are described in detail. This chapter begins with the
enumeration of the reagents and chemical products used in the
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experimental part of the work. Next, the methods employed for the
preparation of the graphitic carbon nitride catalysts and the techniques
used for their characterization are described. Additionally, the
experimental configuration used to carry out the selective oxidation of
alcohols is described. The methods and equipment used for evaluating
catalytic activity and studying the reaction mechanism are detailed.
Moreover, the characterization techniques used to analyze the optical
properties of the radiation source are explained. Finally, the method
used to calculate the volumetric photon absorption rate and quantum
efficiency is detailed.

In Chapter 3, entitted Enhanced Boron-Modified Graphitic
Carbon Nitride for the Selective Photocatalytic Production of
Benzaldehyde, various boron sources such as elemental B and NaBH4
were used to modify the layered structure of g-CsN4, leading to the
respectively labeled as BCN and NaBCN, to induce doping and defect
formation aimed at improving photocatalytic activity. X Ray Diffraction
and FTIR spectroscopy characterization results indicated that the C and
N positions of g-C3sN4 were replaced by B, obtaining a modified layered
structure where the tri-s-triazine units are altered. Furthermore, the UV-
visible Diffuse Reflectance Spectroscopy technique indicated a
decrease in bandgap in the following order CN>BCN>NaBCN, meaning
that the sample with the highest light absorption range was NaBCN.
Additionally, the maximum quantum efficiency was found to be 0.15%
for Na-BCN.

In Chapter 4, with the title Ruthenium Deposited onto Boron-
Modified Graphitic Carbon for the Intensified Photocatalytic
Production of Benzaldehyde, g-CsN4s was modified by incorporating
boron into its polymeric structure using NaBHs; (NaBCN) and
subsequently depositing ruthenium nanoparticles (NaBCN-Ru). The Ru
proportion was evaluated between 0.5 and 4%. The results suggest that
modifying the original CN sample with B and Ru led to decreased
surface properties, such as the specific surface area and pore volume.
X-Ray Photoelectron Spectroscopy revealed that modification with
NaBH, created defects in the structure, reducing the presence of ternary
N and creating B=N bonds. In the sample with 1% Ru (NaBCN-1Ru),
the presence of B=C-N was lower than in NaBCN, probably due to the
reduction of ruthenium to create Ru®. Boron incorporation improved
selectivity towards benzaldehyde due to better charge separation, as
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suggested by the photoluminescence technique. Ru® deposition
improved the reaction rate of alcohol, though it negatively affected
selectivity, with the 1% Ru sample being optimal in terms of selectivity.
Finally, the average photo-absorption rate values and profiles for each
modified sample were found to be similar.

Chapter 5, entitled Towards the Photocatalytic Production of
Cinnamaldehyde with Phosphorous-Tailored Graphitic-Like
Carbon Nitride, focuses on enhancing the photocatalytic activity of
g-CsN4 by doping it with phosphorus from sodium polyphosphate (P-
CN). Different P doping levels (2-12% by weight) were conducted. X-ray
diffraction characterization suggests that doping did not significantly
affect the (002) crystallographic plane, indicating a lack of proper P
incorporation between layers, which was verified by estimating the
number of layers. Elemental analysis, X-ray photoelectron
spectroscopy, and nuclear magnetic resonance suggested a possible
attack of P on the C positions. Elemental analysis compared the N/C
ratios before and after P doping, confirming that P doping increased this
ratio. Furthermore, the X-ray photoelectron spectroscopy results
showed a decrease in the area of the sp? N=CN contribution from 71%
in the undoped sample to 59% in the P-CN-4% sample, which was
confirmed by the increased contribution of ternary N in the doped
sample. Finally, the '*C nuclear magnetic resonance spectrum indicated
that P doping promoted a decrease in bay sites, suggesting a partial
substitution of C atoms located in the internal positions of tri-s-triazine
rings by P atoms.

In Chapter 6, with the title Sulfonic Grafted Graphitic-Like Carbon
Nitride for the Improved Photocatalytic Production of
Benzaldehyde in Water, the surface of g-CsN4 was functionalized with
sulfonic groups (-SOsH) using different doses of chlorosulfonic acid (0.5
- 15 ml). These modified samples were evaluated and applied to the
selective oxidation of benzyl alcohol (BA) to benzaldehyde (BD).
Modifications with chlorosulfonic acid improved the oxidation to BD. As
sulfur was incorporated into the structure, the conversion and reaction
rate of BA were improved. X-ray diffraction determined that the insertion
of the sulfonic group created surface defects that generated lattice strain
and decreased the initial structure's crystallinity. Additionally, crystallite
size was calculated, showing a significant increase at a high doping
level, likely due to the presence of functional groups. The increased
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degree of sulfonation gradually decreased the (002) peak, indicating the
effect of chemical delamination due to the chemical attack of
chlorosulfonic acid. Finally, the optimized sample with an optimum
proportion of chlorosulfonic groups was selected for studying the
reactive oxidant species involved during the photocatalytic process,
suggesting that the superoxide radical was the species with the greatest
contribution to alcohol oxidation, especially in terms of selectivity for
aldehyde formation.

In Chapter 7, entitled Thiosulfate-tailored graphitic carbon nitride
from different precursors for enhancing the photocatalytic
production of aldehydes, graphitic carbon nitride was modified with
sodium thiosulfate as a sulfur source to improve the photocatalytic
performance in the oxidation of alcohols to aldehydes. g-C3N4 was
obtained from different chemical compounds (urea, thiourea and
melamine) in order to evaluate the impact of the precursor on the
catalytic activity. The results showed that g-C3N4 obtained from urea
(CNu) presented an improved photocatalytic activity, in addition to
obtaining outstanding textural properties. Once the optimal g-C3N4 was
identified, a series of catalysts with different Na2S203 ratios were
evaluated in order to find the ideal concentration. It was determined that
the SCNu-5% catalyst exhibited significantly improved reaction kinetics
compared to the other ratios, in addition to presenting superior optical
properties, such as a reduction in the bandgap, better absorption
towards the visible light range and a lower charge recombination effect.
Regarding the sulfur distribution in the g-C3N4 structure, it was
observed that most of the sulfur was anchored on the catalyst surface,
which could explain the remarkable increase in catalytic activity. On the
other hand, the activity of the optimal catalyst was evaluated with
different alcohols, and it was determined that this catalyst was more
selective in the production of benzaldehyde (selectivity, >100%),
followed by cinnamaldehyde (>23%) and vanillin (~5%). Finally, the
study of the oxidation mechanism involved in obtaining cinnamaldehyde
suggested a strong influence of photogenerated holes and the
superoxide radical, the latter being more selective in the process.

In Chapter 8, titted Conclusions, the main general conclusions
obtained during the development of this thesis are outlined. It highlights
the potential use of heteroatom-doped graphitic carbon nitride catalysts
for application in the selective photooxidation of alcohols.
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CHAPTER 1. INTRODUCTION

This chapter begins with a brief description of the environmental
problems generated by conventional processes for obtaining aldehydes
of industrial interest. Then, the implementation of alternative
technologies, such as photocatalysis, coupled to some of the principles
of green chemistry, is proposed. The importance of photocatalysis and
the factors involved in this process, including the catalyst and the
radiation source, are described in detail. For this purpose, a brief
investigation is made on the methodologies used for the modification
and optimization of catalysts, and as a complement, the modeling of the
catalyst-light interaction is explored to fully understand the process of
selective photo-oxidation of alcohols to obtain aldehydes.
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1.1. INDUSTRIAL CHEMISTRY

Society faces a transcendental challenge associated with the
dizzying growth of the world population. According to the most recent
statistics provided by the United Nations, in 2022, the population
reached 8 billion people and it is estimated that by 2037 this number
could increase to 9 billion [1]. This phenomenon of population growth
has led to greater demand for goods and services over time, putting
pressure on industries to increase their large-scale production.

The increase in production has caused an accelerated expansion of
industries, far exceeding original projections. However, the development
of various industrial activities has triggered a series of detrimental
effects, among which the excessive generation of industrial waste
stands out. This situation is exacerbated by the fact that most industrial
activities depend on the massive use of various raw materials,
particularly fossil fuels such as coal, oil, and gas, essential to power
various industrial processes [2,3]. Fossil fuels, which have traditionally
driven economic growth since the Industrial Revolution have also
triggered diverse damages to ecosystems globally, altering the balance
necessary for the existence of various forms of life [4]. According to
scientific research, the widespread use of these fossil fuels represents
more than 75% of global greenhouse gas emissions and almost 90% of
all carbon dioxide emissions, generating devastating consequences for
the environment and climate change [5].

This scenario underscores the urgent need to address the
environmental impact of various industries, including the aldehyde
industry. Aromatic aldehydes are valuable chemicals used as
intermediates in the production of various consumer products.
Traditionally, these substances are predominantly prepared by chemical
synthesis, which enables the large-scale production of aldehydes at
profitable prices. However, this conventional process has several
significant drawbacks: (i) it relies mainly on raw materials derived from
petroleum, such as benzene, toluene, and xylenes; (ii) it requires high
energy consumption; (iii) it involves the use of highly toxic catalysts; (iv)
it generates substantial quantities of waste, which are often not
managed properly; and (v) it is generally a low-selectivity process,
necessitating additional purification steps [6].
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Alternative methods, such as extracting aldehydes from natural
sources, have been explored to avoid the use of petroleum-derived raw
materials. However, these methods face limitations, including high
demand for natural products, price fluctuations due to climate variability,
and extremely low production yields [7].

Given these major challenges, both the scientific community and
industries are compelled to seek more sustainable alternatives. This
necessity has given rise to green chemistry, a discipline focused on
developing more sustainable processes that utilize renewable raw
materials and minimize energy consumption. Photocatalysis is a
promising technology in this field, as it adheres to many principles of
green chemistry, utilizing sunlight or ultraviolet light to activate catalysts
and drive desired reactions [7].

The development of effective photocatalytic processes involves
several factors, with the choice of catalyst being paramount. The
catalyst significantly influences the reaction's speed and selectivity and
has a considerable environmental impact. In this work, graphitic carbon
nitride (g-CsNa4) has been selected as the base catalyst. This metal-free
material is easy to synthesize from widely available precursors and
offers several advantages over metallic photocatalysts, which can be
excessively expensive, unstable, and environmentally toxic [8].

1.1.1.  Green chemistry

The term green chemistry was introduced approximately 40 years
ago by the Environmental Protection Agency (EPA), because of the
environmental crisis caused by industrial chemistry practices of the 20™
century, which left devastating consequences due to the intensive use
of raw materials derived from fossil fuels and inadequate waste
management, directly affecting ecosystems and the organisms that
inhabit them. Green chemistry practices have been gradually
implemented in large industries, constantly seeking methodologies to
reduce the generation of hazardous waste and promote more
sustainable practices [9,10].

Green chemistry is based on twelve principles focused on
maintaining the level of development and well-being provided by
modern chemistry while ensuring economic viability, environmental
protection, and social benefit. The principles of green chemistry are
listed below:
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1. Prevent the formation of waste instead of treating or cleaning it after
its formation.

2. Design processes that maximize the incorporation of substrates into
the final product.

3. Design processes that generate and use substances of low or no
toxicity.

4. Design chemical products while maintaining their effectiveness and
low toxicity.

5. Avoid the use of highly polluting auxiliary substances and, if used,
work in the most innocuous way.

6. Minimize energy expenditure wusing methods at ambient
temperatures and pressures.

7. Use renewable raw materials as much as possible, whenever it is
technically and economically viable.

8. Avoid unnecessary derivatization as much as possible.

9. Use catalysts, preferably selective and superior to stoichiometric
reagents, and try to ensure that they are of natural origin as much as
possible.

10. Design chemical products that at the end of their useful life do not
represent a problem for the environment and are biodegradable.

11. Use analytical methodologies in the process to follow and control the
process, avoiding the formation of harmful and dangerous
substances.

12. Use safe chemical reagents to reduce and prevent chemical
accidents.

This approach has been implemented in fields as important as
catalysis, a currently useful discipline that has facilitated the obtaining
of chemical products of industrial interest, including products such as
aldehydes [11].

1.1.2. Aldehydes industry

Aldehydes are formed by carbonyl functional groups (C=0),
characterized by a carbon atom bonded to oxygen via a double bond.
Additionally, the carbonyl group is linked to a hydrogen atom and a
substituent (R) by single bonds, resulting in a final R-CHO structure. The
atomic arrangement of the aldehyde is characterized by presenting sp?
hybridization with planar trigonal geometry, giving the carbonyl group
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the ability to conduct a dipolar movement. The molecular arrangement
plus the presence of resonant forms causes polarization or the
appearance of partial charges that affect its reactivity, resulting in an
electrophilic carbon atom susceptible to attack by a nucleophile [12,13].

This dipolar movement causes the polarization or appearance of
partial charges that contribute to the high reactivity of the aldehyde,
resulting in an electrophilic carbon atom, giving aldehydes a behavior
like that of acids, making them prone to nucleophilic addition reactions
[14]. Depending on the type of hydrocarbon radical attached to the
functional group, aldehydes can be classified as aliphatic and aromatic,
each exhibiting specific properties [13,15].

Particularly, aromatic aldehydes have a general structure expressed
as R-CHO, where the R component represents a benzene nucleus or
another aromatic ring attached to the aldehyde function. Aromatic and
aliphatic aldehydes are distinguished from each other by the interaction
between their carbon and hydrogen atoms, with a stronger interaction
standing out in aromatic aldehydes thanks to their flat ring-shaped
arrangement [14]. This type of aldehyde has a remarkable ease of
forming bonds with various compounds. This synthetic versatility has
aroused great interest in the chemical industry, allowing this type of
compound to be used as intermediates in the preparation of products
with high added value [16].

The aldehyde industry has experienced significant growth. Studies
have shown that in 2022, the aldehyde market was valued at $6.3 billion,
and it is projected to reach $8.5 billion by 2031, promising steady growth
at a compound annual growth rate of 3.9% [17]. The remarkable growth
of the aldehyde market is attributed to the presence of key players
worldwide who have developed various marketing methodologies to
take the market to new heights. Some of the techniques used in the
market include mergers, acquisitions, agreements, and product
launches, among other strategies. This has ultimately led to an increase
in aldehyde sales in several end-use industries [18].

The aldehydes of greatest industrial interest include formaldehyde,
cinnamaldehyde, acetaldehyde, tolualdehyde, furfural, benzaldehyde,
butyraldehyde, propionaldehyde, @ among  others. Primarily,
formaldehyde is a significant revenue generator in the market, as it is
widely used by resin manufacturers. It is also commonly employed in
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medical applications to kill bacteria and microbes with high growth
capacity. On the other hand, benzaldehyde is used in the production of
a wide range of chemicals, such as acridine dyes and styrene, among
others [18,19].

Aldehydes possess properties that enable them to play various roles
within the industry, primarily being used as intermediates or raw
materials in the production of medical disinfectants, dyes, plastic
additives, fragrances in cosmetics, agrochemicals, pharmaceuticals,
flavorings in food, and other specialized chemical materials [20].

Some aldehydes are found naturally in flavoring agents, such as
benzaldehyde, which provides the smell and flavor of fresh almonds;
cinnamaldehyde or cinnamon oil and vanillin flavoring agents in vanilla
beans [21] Vanillin, for example, is an aromatic aldehyde used to provide
the characteristic aroma and flavor of vanilla and is widely used in the
food and pharmaceutical industries [22]. At an industrial level, this
compound can be obtained in two ways. Firstly, artificially, meaning
through the catalytic oxidation of lignin or petroleum derivatives as
chemical sources. The second method involves obtaining it from natural
sources by directly extracting essential oils from the vanilla orchid [23].
These two methods of obtaining mark a significant difference between
them, as natural vanillin reaches market prices ranging from 1,200 to
4,000 dollars/kg, compared to 15 dollars/kg for artificial vanillin. Due to
the high cost and limited supply, the production of natural vanillin is
considerably lower, accounting for less than 1% of the 16,000 tons of
vanilla sold annually [24]. The difference in prices perceived in the
market has motivated the industry to lean towards the artificial
production of various aromatic aldehydes of great interest; so, current,
efforts have been focused on finding a process that offers greater
versatility and sustainability, adapting to market demands and
environmental considerations.

1.2. PRODUCTION OF ALDEHYDES

The production of aldehydes is an active and constantly evolving
area of research. For several years, new methodologies have been
developed and implemented to continuously improve existing
processes. Choosing the appropriate method depends on several
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factors, including availability and cost of raw materials, selectivity toward
the desired product, and environmental sustainability. In this sense,
some of the methods commonly used to obtain aldehydes will be
described below.

1.2.1.  Microbial synthesis

The functionality and prominent industrial use of aldehydes have
driven the search for more environmentally friendly techniques, among
which the synthesis of aldehydes through the microbial route stands out.
This synthesis method consists of the joint use of microorganisms and
various enzymes that can produce aldehydes from organic substrates.
Microorganisms use diverse metabolic pathways to carry out the
conversion to aldehydes, which may include fermentation, biochemical
oxidation, and enzymatic synthesis, which vary depending on the
characteristics of the microorganism and the substrate. The constant
improvement of the process involves the use of different methods such
as biotechnology, the application of advanced genetic and metabolic
engineering techniques, as well as the integration of computational
approaches. Obtaining aldehydes by microbial means is usually carried
out from precursors such as alcohols or carboxylic acids, exposed to
oxidation and reduction reactions correspondingly [25].

The route that uses the reduction of carboxylic acids is an option that
has aroused great interest and has been studied in recent years. This is
due to the ease that nature offers to find abundant reserves of carboxylic
acids from renewable and non-renewable sources. When synthesized
biologically, they can be found in various environments and can act as
potential precursors of various aldehydes [25].

The reduction of carboxylic acids can be carried out through
carboxylic acid reductases (CAR), which can reduce carboxylic acids to
the corresponding aldehydes. CAR, with the help of Adenosine
triphosphate (ATP), activates carboxylic acid substrates and reduces
them to aldehydes through Nicotinamide Adenine Dinucleotide
Phosphate (NADPH). Previously, work has been reported on fungi such
as Polystictus versicolor, Neurospora crassa and bacteria such as
Nocardia asteroides, Nocardia sp, Escherichia Coli, Bacillus subtilis and
other microorganisms. Specifically, there are known studies in which
Bacillus subtilis has effectively acted thanks to the activity of the enzyme
phosphopantetheinyl transferase (PPTase), capable of catalyzing the
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post-translational activation of carrier proteins, allowing the reductase
activity to be increased 20 times [25]

A specific example of the application of microbial synthesis is the
vanillin production process, which follows methodologies like those
proposed by Li and Frost, which consists of the use of a modified strain
of E. Coli to produce vanilla from glucose [26].

The microbial synthesis of vanillin and other aldehydes is commonly
carried out by genetically modified microorganisms that can retain
guantities of aldehyde inside. However, an inherent limitation lies in the
fact that microbial hosts are usually invaded by aldehyde reductases
(AR), enzymes that actively participate in the conversion of aldehydes
into unwanted alcohols, obtaining low yields and selectivities in the
process.

To address these complications, strain engineering is used, focused
on modifying the E. Coli genome to eliminate endogenous AR activity,
to avoid the formation of unwanted products. However, these
modifications require extensive work, since the selection of the correct
target genes to eliminate this activity is challenging due to the complexity
of the genome, the lack of knowledge of the functions of many genes
and the genetic variability since there are certain genes that they act
differently in strains [27].

At a general level, microbial synthesis of aldehydes has been
hindered by processes such as enzyme isolation and purification, the
non-reusability of enzymes due to their inability to replicate, protein
structure instability, and the high sensitivity of enzymes to severe
reaction conditions, necessitating the implementation of temperature,
pressure, and pH control in processes. This set of limitations results in
high production costs, making this methodology less applicable on an
industrial scale [27].

1.2.2. Biocatalysis

Biocatalysis, or enzymatic catalysis, has established itself as a line
of interest within the field of catalysis, and has been the subject of
intensive studies in recent years, positioning it as an ideal candidate for
various chemical applications. This discipline uses different types of
enzymes as intermediates, which act as catalysts in typical chemical
reactions, performing the function of accelerating chemical reactions
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and increasing selectivity to the product of interest. When used at
laboratory scale, it usually offers fast kinetics and reactions are carried
out under mild conditions, working within the framework of sustainability
[28,29].

This line of catalysis focuses on the research, design, and evaluation
of biocatalysts to make them more robust and allow reactions that are
difficult to achieve by traditional chemical methods. It also aims to obtain
pure compounds in one-step transformations, achieving transformations
with simple starting materials. All this with the aim that the enzymes
catalyze reactions that are regio and enantioselective.

Biocatalytic reactions can be carried out in two different
environments, the first being developed by means of in vivo assays,
where enzymes act inside a living organism, as happens in microbial
synthesis. On the other hand, they can be developed by means of in
vitro assays, where enzymes act outside a living organism, in turn acting
on isolated cells, tissues, or organs under controlled conditions [29]. In
this context, the obtaining of aldehydes employing in vitro biocatalysis,
a methodology that traditionally employs two types of enzymes, the first
of which is the production of aldehydes, which are:

Aldehydes can be obtained in an in vitro environment using isolated
Carboxylic acid reductases, also known as aryl-aldehyde
oxidoreductases, which are Mg?" dependent enzymes capable of
catalyzing the reduction of carboxylic acids to aldehydes through the
action of ATP and the reducing capacity of NADPH. In vitro reduction
involves fewer side reactions and simple optimization of reaction
conditions [26]. Although this method has been used on numerous
occasions, it also has several drawbacks. One of these is that
reductases require post-translational modifications to be active;
however, such madifications can be difficult to develop due to the
structural complexity of the enzymes. Therefore, it becomes a difficult
process to predict and control, which can hinder both the production and
use of modified enzymes for industrial applications. Furthermore, this
approach is overshadowed by the widespread strict use of additional co-
substrates and co-factors, as cofactors such as NADPH and ATP are
difficult to regenerate. In this case, it is suggested to perform co-factor
regeneration in cells of living organisms (in vivo) since the continuous
addition of co-factors implies high production costs [28,30,31].
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Alcohol oxidase (AOX) enzymes are often isolated from different
microorganisms and are used as oxidants for various types of primary
alcohols. These immobilized enzymes allow faster reactions with short-
chain alcohols. However, as the chain length increases, the solubility of
the enzymes decreases, which significantly reduces their oxidative
capacity [32]. On the other hand, there are other enzymes used to
oxidize alcohols such as galactose oxidase, achieving a selective
production of aldehydes in an O, environment. However, sometimes an
excess of oxidation occurs leading to the synthesis of acids [32]

Some complications encountered in the oxidation method using
immobilized AOX include their scarcity in nature and their reduced
enzymatic activity at pH above 6, which limits their efficacy under
extreme conditions [33].

Unlike systems implemented in living organisms, the use of the in
vitro system brings advantages such as reduced toxicity to cells,
reduced mass transfer problems, and less by-product generation.
However, as highlighted above, challenges arise such as the addition of
external cofactors, limited enzyme reusability, and low enzyme
performance when exposed to different temperature and pH conditions
[34]. To address the latter challenge, the potential of thermophilic
enzymes has been explored. These enzymes operate at elevated
temperatures, typically 50°C or higher, remaining active for long periods
(up to 18 hours), and at an alkaline pH of ca. 9.5. Although this strategy
provides the enzymes with the ability to operate under extreme
conditions, some problems remain with the adaptation of this
methodology, which poses difficulties for its successful application in
industry [35].

1.2.3.  Chemical production of aldehydes

There are two common ways of producing aldehydes by chemical
routes, which are discussed below.

Alcohol oxidation reactions convert the -OH alcohol group into a
carbonyl group (-CHO). This type of reaction is usually carried out using
oxidizing agents such as osmium oxide (OsO.), dimethyl sulfoxide
(C2HeOS), potassium  dichromate (K:Cr.O;), or potassium
permanganate (KMnOg) in acidic or basic media to activate the oxidizing
agent. Having the reaction been completed, the aldehyde is isolated
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from the reaction medium by purification techniques such as extraction,
distillation, or crystallization [36].

Although this process is widely used in industry, it still presents
significant environmental challenges due to the use of highly toxic,
expensive, and hazardous organic solvents and oxidants. In addition,
some studies have reported the use of heavy metals, resulting in the
generation of difficult-to-treat residues [37]. Conventional methods for
the oxidation of alcohols also have limitations concerning the selectivity
and the vyield. In addition, some reactions require high oxygen
pressures, and some catalysts need high temperatures to achieve
efficient catalytic activity, resulting in long reaction times and high
energy consumption [38]

Chemical reduction of carboxylic acids involves the use of reducing
agents to convert the carboxylic acid functional group (-COOH) to an
aldehyde group (-CHO). There are several routes to carry out this
reaction, one of the most common being catalytic reduction with a
reducing agent such as molecular hydrogen (Hz) in the presence of a
metal catalyst, either palladium (Pd) or platinum (Pt). Although this is a
widely used process, it has disadvantages such as high energy
consumption, since high pressures are needed for the H, to produce an
effective reaction, and high temperatures to activate the catalyst and
increase the reaction rate [39]

Another method used is through reducing agents such as sodium
borohydride (NaBH,4) or lithium aluminum borohydride (LiAlH4), which
can donate hydrides (H-) to the carbonyl group, completing the
synthesis of the aldehyde. Although it is a widely used process, it has
disadvantages such as limited selectivity due to excessive reduction
caused by reducing agents that can result in the formation of undesired
alcohols. Furthermore, several studies have indicated that the routes to
aldehydes require acid chloride intermediates, reductive sulfidation of
thiol esters, and stoichiometric amounts of the reducing agent, in
addition to working at very low-temperature conditions (-30 to -40°C)
[40].

The processes of microbial, biocatalytic, and chemical synthesis of
aldehydes continue to present strong limitations due to their
unsustainable nature. Faced with this problem, both industries and the
scientific community have been forced to address various challenges
related to the clean production of aldehydes, which has led to the
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implementation of technologies and the adoption of responsible
industrial practices aligned with the principles of green chemistry, whose
objective is to promote the development of more sustainable chemical
processes, minimize environmental impact and improve efficiency in the
use of resources.

1.3. PHOTOCATALYSIS

The term "photocatalysis" was coined in 1911 when the German
scientist Alexander Eibner investigated the effect of light irradiation on
ZnO to decolorize Prussian blue. Since then, numerous studies have
been conducted to understand the factors influencing photocatalyst
activity and its application in various areas of chemistry [41]. However,
it was not until the 1970s, amid the oil crisis, that researchers focused
their investigations on the search for new alternative energy resources.
From 1972 onwards, interest in photocatalysis increased exponentially
with the discovery of photo-assisted electrochemical water splitting
using TiO2 as the working electrode and a platinum counter electrode,
under the application of a chemical or electrochemical potential. This
discovery marked the beginning of new perspectives for obtaining
alternative energy resources [42]

Photocatalytic processes depend on four fundamental variables: light
absorption, charge separation, charge migration to the surface, and
charge recombination. Photocatalysis includes chemical processes that
occur under irradiation and use semiconductor materials, which contain
valence and conduction bands. The energy difference between these
two bands is known as the bandgap (Eg), usually below 3 eV [43].

The photocatalysis process, illustrated in Fig. 1.1, begins with the
activation of the semiconductor material or photocatalyst by the
application of a light source, typically in the near ultraviolet radiation
region, with an energy equal to or above the bandgap. This process
generates charge carriers, such as photogenerated electrons (e”) and
holes (h*) [44]. When the charge carriers are separated and transferred
to the surface of the photocatalytic semiconductor, reactive oxygen
species (ROS) are generated on the surface, which are of great interest
due to their ability to react on the surface of the catalyst, triggering redox
reactions and the degradation of various organic compounds [45]. Due
to the discontinuous state between the semiconductor bands, e and h*
can exist in the system for a very short time. Some holes directly
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degrade or oxidize chemical compounds adsorbed on the
semiconductors, while other holes are captured by water to generate
highly reactive and strongly oxidizing -OH radicals. On the other hand,
e react with electron acceptor such as O,, to generate O,", H,O" and
other ROS [46].

During photocatalysis, the charge recombination phenomenon limits
the efficiency of the reaction. This process can occur both in the bulk
and at the surface, where excited electrons tend to rapidly return to the
valence band and recombine with holes, resulting in the deactivation of
charge carriers through the release of absorbed energy. The
recombination effect negatively interferes with the process by reducing
the lifetime of the charge carriers, which are the main active species that
trigger the desired photochemical reactions [47,48]. Therefore, to
minimize the recombination it is a priority to use electron and hole
scavengers or to resort to surface defect engineering. The latter option
is considered the most viable. Not only does it involve the design and
fabrication of catalysts with lower recombination capabilities, but it also
leads to the production of more stable and efficient photocatalysts with
improved chemical, physical, and optical properties. In addition, studies
have shown that the use of oxygen in the reaction medium can prevent
recombination of electron-hole pairs, while allowing the formation of
superoxide radicals [49-51].
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Fig. 1.1 Photocatalysis process [46].
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Photocatalytic technology has been considered one of the most
effective technologies for its ability to take advantage of the abundant
availability of sunlight or artificial light [52]. It also stands out for the
diverse qualities of its catalysts, characterized by excellent performance
and selectivity, as well as high stability and capacity for regeneration and
reuse. These characteristics, together with the ease of operation in mild
conditions, make photocatalysis a highly efficient process that
significantly reduces energy and economic costs in the long term, while
maintaining an excellent sustainability ratio. As a result, this technology
has become applicable in a wide range of processes [50,53].

Some of its applications are obtaining new energy sources or
chemical fuels such as hydrogen, selective synthesis of organic
compounds, and degradation of persistent organic or inorganic
pollutants in wastewater such as herbicides, pesticides, and refractory
dyes. It is also widely used in air treatment, CO, photoreduction and
other environmental applications [52,54,55].

1.3.1. Photocatalysts used

Various photocatalysts have been investigated for several years,
covering a wide range of semiconducting materials, from metal oxides
such as ZrO,, SiO,, MnO,, BiVO,, Fe,05, CeO2, SnO,, WO3, Biz2WOs,
etc., ferrite-based photocatalysts, organometallic frameworks (MOF),
conjugated organic polymers as polytophene and covalent organic
frameworks (COF), or sulfur compounds (CdS, MoS.), among others.
Materials such as metal sulfides and titanium dioxide (TiO,) have been
studied for their ability to interact with chemical compounds and catalyze
redox reactions of interest [56]. Fig. 1.2 schematically presents the
position of the valence and conduction bands that define the bandgap
energy for different semiconductors, which can be expressed in eV or
volts.

Metal sulfide semiconductors have been considered potential
candidates for use in photocatalytic reactions, thanks to their narrow
band gap, which allows them to efficiently absorb various light sources
while the arrangement of their energy bands establishes them as
materials with excellent catalytic performance and efficient charge
separation capability. However, these catalysts are very unstable
chemically, causing photo-corrosion after several cycles of use, as well
as the lack of active sites, and tend to auto-oxidation [57].
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On the other hand, TiO, has been the subject of massive study due
to its ability to degrade harmful organic wastes [58]. TiO2 stands out
among other semiconductors due to its high photoactivity, affordability,
non-toxic nature, and remarkable stability, which gives it a long lifetime
when exposed to normal environmental conditions. In addition, it is
relatively inexpensive if compared to other photocatalysts [59]. Despite
these advantages, TiO, presents challenges related to its broad
forbidden band, which reaches a value of 3.2 eV. This feature limits the
activation outside the ultraviolet radiation range, which means that it can
only be activated by light sources emitting wavelengths between 100
and 387 nm, which represent only 5% of the total solar spectrum [60].
In addition, the rapid charge recombination, and the limitation of working
outside of ultraviolet radiation directly affect the selectivity and quantum
efficiency of the catalyst. This is due to the ability to produce highly
oxidizing hydroxyl radicals, which can pose problems in applications
such as organic synthesis, where excessive ROS production can lead
to over-oxidation processes. Finally, TiO, faces additional challenges
due to its low affinity for hydrophobic organic compounds [61], resulting
in low adsorption of contaminants, and, consequently, a decrease in its
catalytic activity [62]
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Fig. 1.2 Relative positions of valance and conduction bands for some common
photocatalysts [63].

Like TiO,, various semiconductors present similar challenges related
to high synthesis costs, low catalytic performances, and the risk of heavy
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metal contamination. For this reason, the design and development of
catalysts with improved photocatalytic performance, higher charge
separation efficiency, and better light absorption capacity to exploit the
solar radiation spectrum have been widely studied for several years [64]
To achieve these desired characteristics, several material modification
techniques have been employed, such as morphological engineering,
elemental doping, defect engineering, functionalization, and
heterojunction construction, among others. In addition to focusing on
catalyst modification, different techniques have been used, such as
exploring the reaction mechanism and adjusting the reaction medium by
adding alternative oxidants like peroxides, Oz, and persulfate [65].

In the search for more efficient semiconductors, new alternatives
have emerged, among which various organic catalysts stand out, such
as graphitic carbon nitride (CN or of g-CsN,), which is presented as a
promising candidate because it is a metal-free material, leading to a
significant reduction in the environmental footprint.

1.4. GRAPHITIC CARBON NITRIDE

1.4.1. Discovery

The discovery of g-C;N, dates to 1834, when Jons Jacob Berzelius
and Justus von Liebig synthesized "melon" by pyrolyzing a mixture of
ammonium chloride and potassium thiocyanate, obtaining a yellow,
amorphous, insoluble powder. Although Liebig was unable to determine
the exact structure of melon, he approximated its elemental
composition, consisting of 3 carbon atoms for every 4 nitrogen atoms,
with a stoichiometric ratio of (3:4) [66] At that time, it was predicted that
g-CsN, might possess an extraordinarily high hardness, like that of the
diamond. In the 1990s an attempt was made to obtain this ordered solid
but the intended goal was not achieved, the study took another direction
and was focused on the synthesis of polymeric carbon nitrides (Cy,Ny,
H;), which exhibited excellent properties by incorporating nitrogen,
carbon, and hydrogen into a single chemical structure [67].

Continuing this work, Liu and Cohen performed computational
simulations of carbon nitride, demonstrating that it could exist in five
different phases, with the graphitic phase being one of the most stable
allotropes under ambient conditions [68].

A few years later, in 2007, Lotsch et al. experimentally discovered
the exact chemical structure of melon, describing it as an infinite chain
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of melamine (tri-s-triazine) monomers with NH bridges connected by
hydrogen bonds in a zigzag geometry. It received the name polymeric
carbon nitride (PCN) [69]

In 2009, Wang et al. pioneered the synthesis of high-quality g-C3N,
by thermal polymerization and published their first work using g-C3sN, as
a photocatalyst for hydrogen water splitting under visible light [70]. This
milestone marked an important point in the history of g-Cs;N,, as from
this discovery studies exploring the potential of g-Cs:N, as a
photocatalytic material began to increase indiscriminately, resulting in
the publication of more than ten thousand papers in the last ten years
[70].

1.4.2.  Structural Properties

Graphitic carbon nitride is a polymeric organic semiconductor
characterized by a layered structure with interlayer distances
decreasing from 0.335 to 0.315 nm, positioning it as a nitrogen-enriched
analog of graphite. Solid-state NMR has determined that this compound
exhibits a two-dimensional structure forming covalent bonds between
nitrogen and carbon, organized in a flat hexagonal network as illustrated
in Fig. 1.3 Additionally, the carbon and nitrogen atoms adopt sp?
hybridization, leading to a trigonal planar geometry and the formation of
delocalized 1 bonds, granting it excellent electrical conductivity and
highly fascinating optical properties [71,72].
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Fig. 1.3 (a) g-CsN4 composed of s-triazine (CsNs) units, and (b) g-CsN4 composed of tri-s-
triazine (CeN7) units[73].
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Each layer of graphitic carbon nitride is composed of either s-triazine
(CsNs) or tri-s-triazine (CsN7) units Fig. 1.3, the latter being the most
stable phase at room temperature. These units are linked together by
tertiary amines, suggesting the presence of defects in the structure. The
layers are held together by van der Waals forces, forming a porous
three-dimensional graphitic structure, known as a honeycomb
arrangement. This layered configuration provides a suitable surface for
possible photocatalytic and adsorption reactions [74]. This material
possesses the properties of an n-type semiconductor, with a moderate
bandgap of 2.7 eV and suitable valence and conduction band potentials
of +1.6 eV and -1.1 eV, respectively. Due to its bandgap and graphite-
like planar shape, charge carriers can be transported across bands at
wavelengths near 460 nm in the visible solar spectrum [75,76]. g-C3N4
has shown promise in oxidation processes due to its easy and cost-
effective synthesis method using earth-abundant elements such as
carbon and nitrogen. In addition, its unique electronic structure gives it
excellent thermal stability, withstanding temperatures up to 600°C.
Moreover, g-C3sN4 also possesses high stability against mechanical and
chemical resistance, it is biocompatible and shows resistance to
extreme pH conditions. As a metal-free material, it does not decompose
into toxic and harmful substances during use, making it environmentally
friendly [77].

1.4.3.  Synthesis of graphitic carbon nitride

The most common methods for synthesizing pure and modified g-
CsNs include thermal polymerization, sol-gel, hydrothermal, and
microwave-assisted methods, see Fig. 1.4. These processes involve the
use of different precursors, substrates, solvents, and atmospheres.
Thermal polymerization is preferred as one of the most studied and
adopted methods due to the ease it offers in the synthesis process [78].
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Fig. 1.4 methods of g-CsN4 synthesis

Thermal polymerization

Thermal polymerization is one of the frequently used methods and
involves the thermal treatment of different nitrogen-rich organic
precursors, as depicted in Fig. 1.5 This process consists of heating the
precursor in a semi-closed vessel at a temperature of 500 to 650°C, with
a heating rate ranging from 5 to 10°C/min for 2-4 hours, in an air or inert
atmosphere. Under these conditions, thermal polymerization occurs,
which is divided into two processes: polyaddition and polycondensation.
Initially, the process starts with the polymerization of the precursors to
give melamine (polyaddition process). The melamine is then condensed
by loss of ammonia (polycondensation), which finally results in the
formation of the polymer g-CsNs, a yellowish solid. In addition, crystalline
graphitic carbon nitride can be synthesized, usually by adding a mixture
of eutectic salts [79].
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Fig. 1.5 Formation of g-CsNa4 through thermal polymerization[80].

Sol-gel method

It is a wet chemical method and is commonly used for the preparation
of nanomaterials. It is an ideal method due to its simple preparation,
processing at room temperature and lower cost. The characteristic
precursors are metal alkoxides and chlorides, which carry out hydrolysis
and polycondensation reactions to form a colloid. Over time, when the
colloidal particles are added, a gel is formed, which is usually taken to
calcination processes. This method is particularly used to load metal
nanoparticles on the catalytic surface, thus improving its properties. For
example, Chang et al., synthesized a g-C3sN4 /TiO2 heterojunction, with
improved properties such as its surface area and homogeneous size
distribution after coupling TiO2 with g-C3Na.[81].

Hydrothermal method

This method provides crystal formation and improved morphologies
by controlling the surface chemistry by adjusting the sol composition,
reaction temperatures and pressures. Furthermore, it is a method that
offers facilities to dissolve or react poorly soluble species under usual
conditions using various types of solvents and additives. This synthesis
method can be carried out by means of simple equipment and an
environmentally friendly process. For instance, Tian et al. prepared a
Bi,WOs/g-C3sNs composite via a hydrothermal method for the
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degradation of methyl orange. Chou et al. synthesized BiOyl,/g-C3N4
nanocomposite using a controlled hydrothermal method for the
degradation of crystal violet under visible light irradiation [82]

Microwave method

The microwave-assisted method has been lately used for the
preparation of g-C3sN4. Compared to the previously described methods,
this approach takes advantage of microwave radiation, since the
homogeneous distribution of its waves allows for uniform heating and
efficient energy transfer to the material. In addition, using a solvothermal
pressurized, closed reaction system, allows a complete and accelerated
reaction, ensuring a more homogeneous synthesis of the material, with
fewer defects and decreased energy consumption. For example, Dai et
al. synthesized g-CsN. at a temperature of 180°C for only 30 min under
microwave irradiation, resulting in a material with improved
photocatalytic performance [83]

1.4.4. Nanostructure design

Nanostructure design is used to modify the morphology, texture,
electronic structure, and surface of the catalyst in order to improve
certain material properties, such as charge separation and optimization
of catalytic performance. The design of various morphological
nanostructures can be achieved by two different methods:

Top-down approach

To obtain 2D nanosheets, the g-Cs:Ns4 obtained from thermal
polymerization is usually exfoliated by methods such as thermal,
ultrasonic, and chemical exfoliation [84].

Thermal exfoliation is one of the simplest, most efficient, and
environmentally friendly methods due to the absence of oxidizing acids
and low energy consumption. This method is based on heating the g-
CsN4 and water mixture and then subjecting the dispersed g-CsNs4 to
freezing for several hours to expand the water molecules, breaking the
van der Waals interactions between the films [84].

Ultrasonic peeling uses ultrasonic waves combined with a suitable
liquid solvent, such as glycerol, water, or isopropyl alcohol, to attack
each g-CsNq layer, dispersing them and specifically breaking the van der
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Waals forces between the layers, resulting in the formation of
nanosheets [85].

Chemical peeling involves the selective removal of layers of bulk
material to obtain thin nanosheets. It requires the addition of strong
acids such as sulfuric and nitric acids for approximately 24 hours. Then,
to produce complete exfoliation, oxidizers such as sodium nitrate and
potassium permanganate are added to achieve an atomically thick g-
CsNg4 layer. Finally, hydrogen peroxide is added to obtain g-CsNs4 in the
form of nanosheets [85].

Bottom-up method

This method consists of forming nanostructures from smaller units,
such as atoms and molecules which are assembled to construct the
desired nanoparticles, endowing the materials with specific properties
not found in conventional materials. Among the most representative
techniques of this approach are the following.

In sequential self-assembly of molecules, nanoparticles are obtained
by the spontaneous organization of atoms, molecules, or particles
without the need for external forces. This phenomenon occurs by
interactions between the molecules themselves, which can be
electrostatic, hydrophobic, hydrophilic, hydrogen bonding, etc. For
example, Xiao et al. synthesized nanosheets using melamine and
cyanuric acid by subjecting them to a hydrolysis process, followed by
self-assembly into layered microrod precursors [86]. The presence of
interlayer fields allows polar molecules such as ethanol and glycerol to
mix, generating gaseous products that break the T1-11 interaction during
the subsequent calcination process. These gaseous products are
released in a way that creates numerous pores in the layers [79].

Template method encompasses several approaches, such as the
rigid template method and the flexible template method. It is used to
control the particle size of the material in order to obtain g-CsNa
nanometer structures and control the specific surface area and active
sites. Generally, a template involves dispersing the precursor material
to fill its pores, followed by various methods to process the precursors
and shape the g-C3sN4 according to the template. Finally, the template is
removed using acids to obtain the material of interest.
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Template-free method usually employs techniques such as
hydrothermal processes, in which nanostructures are mainly designed
by supramolecular self-assembly. This process is carried out by non-
covalent bond connections, with hydrogen bonds being highly
directional and significantly affecting the formation of supramolecular
self-assemblies. Compared to template methods, template-free
methods do not require hazardous agents such as hydrofluoric acid to
remove the template [87].

1.4.5. g-C3Nsmodifications

Despite the remarkable characteristics of g-CsNs, it is important to
recognize some of its limitations that lead to low photocatalytic activity.
These include its low specific surface area, lack of active sites, low
electrical conductivity, and high charge carrier recombination rate, which
have restricted its application to date.

For this reason, ongoing research is evaluating different approaches
to modify the physicochemical properties of g-CsN4. These methods
include doping, heterojunction formation, defect engineering and others
chemical modifications, which have proven useful in altering the
morphology, achieving different degrees of polymerization, improving
the photoelectric properties, functionalizing the structure and chemical
characteristics of g-CsN4 and improving its photocatalytic activity, and
overall performance, broadening its range of applications [70,85,88]

Elemental doping

Elemental doping is a methodology used to improve the
photocatalytic activity of various semiconductors, especially n-type
semiconductors such as g-C3N4, characterized by having a particularly
different energy band structure compared to metals and insulators,
which limits their catalytic activity to the ultraviolet region. Elemental
doping consists of adding metallic or non-metallic elements into the g-
CsNs4 lattice, modulating its electronic, optical, and other
physicochemical properties. One of the most important modifications
obtained by this technique is the adjustment of the g-C3N4 energy band
structure, regulating the lowest unoccupied molecular orbital (LUMO)
and the highest occupied molecular orbital (HOMO) [88].

g-CsN4 is an optimal material for tuning electronic properties because
its layered structure facilitates homogeneous doping. In addition, the
size of the dopant particles can be easily controlled by adjusting the
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degree of exfoliation and the number of stacks. There is also a derivative
technique known as co-doping, which pursues the same objective as
elemental doping but incorporates two or more elements into the g-CsN4
structure [89].

Metal doping consists of the addition of metallic impurities in the g-
CsN4, generating metal-Ny active sites. Generally, this addition can
accelerate the charge transfer and decrease the bandgap size,
improving the light absorption capability and reagent adsorption
capacity [90]. Metal doping of NCs can be carried out by high-
temperature condensation of single-molecule precursors or inorganic
metal salts. Metals used for doping include transition metals, rare earth
metals, alkali metals, and alkaline earth metals, including elements such
as iron, zinc, ruthenium, cobalt, nickel, titanium, and copper [91].

Some studies have shown that metal doping contributes to the
change of charge distribution on the g-C3sN4 surface. As illustrated in Fig.
1.6, two different scenarios are observed. One in which donor levels are
formed and the other in which acceptor levels are formed, which favors
carrier mobility and enhances light absorption.
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Fig. 1.6 (a) formation of donor levels and (b) acceptor levels with metal doping[89].

Alkali and alkaline earth metal ions, such as Mg*, K* and Na*, are of
particular interest as dopant elements due to their low toxicity and cost,
as well as their high electron-donating capacity. This contributes to
enhancing the concentration of charge carriers and minimize the rate of
charge recombination. The modifications produced by these metals lead
to electron loss and delocalization, which directly affect the energy band
structure of the catalyst. In addition, the lost electrons of these metals
overlap with the top and bottom layers of the g-CsN4, creating interlayer
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charge transfer channels that enhance the photogenerated charge
separation and migration efficiency of the catalyst. In the case of Li and
Na, the modifications occur in the N-plane voids due to their small
atomic radii and weak metallic properties [87].

g-CsN4 catalysts doped with transition metals and rare earth metals
exhibit a reduced bandgap and a red-shifted absorption edge. This is
due to the strong interaction of metal ions with g-CsN4, which generates
a metal-ligand charge transfer and significantly increases the absorption
range of visible light. Especially in rare earth metals, the unoccupied 4s
and 5s orbitals can act as electron capture centers, enhancing the
catalytic activity of g-CsN4 [87].

Non-metallic doping has arisen due to the leaching problems of metal
ions produced in metal doping. Some nonmetallic heteroatoms studied
for g-CsNs modification include oxygen, sulfur, phosphorus, boron,
fluorine, iodine, and bromine, along with self-doping with elements such
as carbon and nitrogen. These elements are introduced from various
precursors and under different types of atmospheres [87,90].

Non-metallic elements usually possess high electronegativity and
ionization energy, which favors the delocalization of conjugated T
electrons and the formation of covalent bonds by accepting electrons
from other compounds. This process leads to the formation of new
impurity energy levels, modification of properties such as electron
mobility and conductivity, resulting in higher redox yields of g-CsNa.
Importantly, the use of a dopant with a lower electronegativity value than
the substituted element and its homogeneous distribution within the g-
CsN4 are key factors for effective bandgap-reducing doping [92]. For this
reason, techniques have been developed to allow the controlled
introduction of non-metallic atoms into the g-CsN4 structure, including
ball milling, solvent heat, thermal oxidation, and chemical oxidation
[87,93]. This doping method is frequently applied nowadays, as it has
proven to be very beneficial due to its simple synthesis procedure,
environmental friendliness, and abundant availability of elements in
nature [94]. In addition, co-doping with two or more atoms has been
employed as an excellent doping strategy. For example, in a study by
Huang et al. co-doped g-CsNs4 with phosphorus and oxygen was
prepared, in which phosphorus atoms substituted for carbon sites, while
oxygen atoms substituted for nitrogen sites, resulting in improved
properties such as reduced bandgap, improved charge separation, and
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specific surface area [93]. Similarly, Lui et al. performed a study on co-
doping with phosphorus and sulfur, which favored the opening of new
pathways for photogenerated electrons and holes, resulting in improved
photocatalytic activity of g-CsN4 [91].

Formation of g-Cs;N, heterojunctions

The formation of heterojunctions is achieved by modifying the
covalent and non-covalent bonds between semiconductors. In the
specific case of g-CsN4, most of the heterojunctions have been obtained
by non-covalent bonds with other semiconductors. Some advantages
provided by this technique can be translated into obtaining narrow
bandgaps, spatial separation of charges, modification of energy levels,
and improvement of the adsorption capacity of reagents, obtaining
materials with excellent redox properties [95].

Functionalization of g-C3sN4

For some time, efforts have been made to introduce functional
groups, including oxygen-containing groups such as -O-, -OH, and -
COOH, or urea group, to design high-efficiency g-CsNs-based systems
[96]. For example, in the work of Cheng et al. sulfur-doped g-CsN4 was
synthesized, and it was determined that sulfur atoms substituted for
nitrogen atoms, contributing to the modification of the surface area and
morphology of the material, which resulted in improved catalytic activity
[75].The surface functionalization method has demonstrated its
capability as a tool to create active anchor sites and tune the chemical
and electronic properties of the g-CsNa4. This strategy is based on two
approaches, such as covalent and non-covalent interaction techniques
[75].

The covalent interaction technique is carried out through covalent
bonds between the g-CsN4 structure and the chemical modifier. They
can be performed by  oxidation/carboxylation, amination,
sulfonation/phosphorylation, etc. In some cases, this approach allows
the formation of defects in the material by altering the sp? structure of
the material, undergoing significant changes in its electrical
characteristics. However, these defects can benefit various applications,
such as catalysis. When talking about covalent techniques, care must
be taken, as irreversible alterations can be created [97,98].
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Non-covalent interaction technique is an attractive approach due to
its accessibility and ease of forming physical bonds and weak
intermolecular interactions, such as van der Waals interactions,
electrostatic interactions, -1 interactions, hydrogen bonds, etc. [99].

1.4.6. Applications

g-CsN4 possesses unique characteristics that make it an attractive
material for a wide range of applications, including medical healthcare,
food safety, and environmental applications. Due to its photocatalytic
properties, g-CsN4 has been used in cancer cell treatment, drug delivery
systems, wound healing, artificial enzyme development, bioimaging,
and photodynamic therapy [98]. The high chemical stability, structural
composition, and biocompatibility make g-CsN4 a potential candidate
used as a detection system for toxins in food, such as aflatoxin, a highly
toxic metabolite produced by certain fungi. In addition, this material is
used as a raw material to construct antibacterial and functional
packaging films for food preservation [100]. Lastly, g-CsN4 has been
used mainly in photocatalysis and photoelectrochemistry to carry out
photodegradation reactions of organic compounds in liquid and gas
phases, hydrogen photo-production, CO. reduction, and organic
synthesis of high value-added compounds [98,100].

1.5. SELECTIVE OXIDATION OF ALCOHOLS

The selective oxidation of alcohols to carbonyl compounds has
become one of the most essential transformations in the organic
synthesis of high value-added organic chemicals and intermediates for
the pharmaceutical and food industries. Furthermore, it has emerged as
an environmentally friendly alternative, which allows reactions to be
carried out in water and under aerobic conditions. At present, this field
accounts for about 30% of the total production of the modern chemical
industry. Therefore, the partial aerobic oxidation of carbohydrates and
alcohols has been intensively studied during the last decade [101].

For several years, industrial-scale oxidation processes have been
developed that require the use of intermediates such as organic
solvents, external additives, and metal oxidants, including chromates,
permanganates, and organic peroxides in stoichiometric proportions.
These processes tend to generate large amounts of waste, which poses
several environmental challenges related to the minimization and proper
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management of these wastes. In response to this problem, recent
research has focused on the development of alternative methodologies
capable of replacing conventional processes, promoting catalytic
conversions aligned with sustainability [102].

1.5.1. Oxidants used

For years, interest has focused on the search for environmentally
friendly oxidants with strong oxidative properties, considering peroxides
such as tert-butyl hydroperoxide (TBHP) and hydrogen peroxide (H20-)
as options. Although they are powerful oxidants, they present problems
when used industrially, mainly due to their high cost and the difficult
storage and transport, since they are unsteady compounds. For this
reason, oxygen has been explored as a promising alternative that
changes the perspective of selective oxidation processes, since it is an
abundant, low-cost resource with no associated pollution [103,104]

During the oxidation of organic compounds, reactive oxygen species
(ROS) are generated in situ and are usually carried out at ambient
temperature and pressure conditions [105]. ROS, also known as
secondary oxidants, are derived from primary oxidants such as
hydrogen peroxide (H20_) or ozone (Os3), which act in combination with
various technologies such as UV radiation, Fenton, photo-Fenton,
photocatalysis, electrolysis, ultrasonic irradiation, and wet air oxidation,
among others [106]. These reactive oxygen species are divided into
radical and non-radical molecules. Free radicals are characterized by
having one or more unpaired electrons in their outer orbital, which gives
them high reactivity and the ability to indirectly oxidize various chemical
compounds. This characteristic is very useful in applications such as
water purification, where they degrade most persistent organic
pollutants into simpler, less toxic, and biodegradable substances, such
as COy, H>0O, inorganic ions, and mineralized salts. In addition, in recent
years, ROS have demonstrated their usefulness in the synthesis of
aromatic compounds of industrial interest, promising an efficient means
to develop selective reactions that ensure minimal waste generation
from the formation of secondary products [107].

In various chemical reactions, common ROS include hydroxyl
radicals (-OH), singlet oxygen ('O.), superoxide anions (O2"),
perhydroxyl radicals (HO>’), peroxyl radicals (ROO-) and alkoxyl radicals
(RO-). Among them, the -OH radical stands out, especially for its ability
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to oxidize soluble inorganic and organic substances by electron transfer,
dehydrogenation, addition, and self-extinction. It is distinguished as one
of the most active oxidants due to its high standard oxidation-reduction
potential of 2.8 V [108]. This property makes it highly reactive and
capable of participating in a wide variety of chemical processes. In
addition, -OH is considered an excellent radical due to its low toxicity
and short half-life, although the latter property also poses challenges for
the development of multistage processes, necessitating the continuous
addition of external precursor agents to ensure the formation of sufficient
‘OH for a complete reaction. Another limitation of -OH is its low
selectivity at the end of the process, which can lead to undesired
overoxidation, posing a problem in systems requiring specific formation
of high-purity products [109].

In addition to -OH, other vital ROS are superoxide radicals and singlet
oxygen, which, unlike -OH, tend to have longer half-lives and moderate
oxidation potentials, resulting in controlled and slightly selective
oxidation reactions. Several studies have highlighted the functionality of
lattice oxygen (O.) derived from transition metal oxides present in
catalysts, taking advantage of their role as moderate ROS directly
oxidize organic matter. The use of O in chemical synthesis and biomass
conversion offers important benefits, as selective oxidation of the
organic substrate, preventing overoxidation, and often acting with fast
reaction rates [110,111]

1.5.2. Additives or solvents used

The selective oxidation of alcohols usually requires the use of
additives or solvents, such as alkaline chemicals and polar organic
solvents that favor alcohol deprotonation and improve catalytic
efficiency. Although these substances act positively in obtaining
aldehydes, they present problems in terms of hazardous waste
generation and significant industrial safety risks, due to the high
flammability resulting from the mixture of these solvents with oxygen.
For this reason, there is now a need to apply more environmentally
friendly and safer additives or solvents [112]. In recent years, the use of
aqueous solvents has been promoted to reinforce safe practices in the
industry. Among these, water has stood out as an ideal environmentally
friendly solvent, in line with sustainability principles.
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1.5.83. Catalysts used

For several years, selective oxidation processes have been carried
out using two types homogeneous and heterogeneous catalysts.

The homogeneous processes are characterized by catalysts based
on organic ligands attached to metal groups, such as metal salts.
Several studies have shown that homogeneous catalysts are highly
beneficial due to the numerous options for ligand selection, in addition
to containing modulable properties such as morphology and pore size,
providing large specific surface area, dense and dispersed active sites
that drive high catalytic activities [113-115]. However, despite
possessing remarkable characteristics, these catalysts still face some
challenges related to the use of metals and organic ligands that are
expensive and highly polluting, along with the susceptibility of these
ligands to oxidative self-degradation. In addition, difficult catalyst
recovery, extreme reaction conditions and the need to apply additional
bases or other additives have limited the applicability of these catalysts
to promote the oxidation process. For this reason, there has been a
growing interest in heterogeneous catalysts, which have shown great
efficiency in the catalytic oxidation processes of alcohols [112,116].

The heterogeneous catalysts are mostly composed of active species,
such as metal oxides, immobilized on catalytic supports. These
materials are of great interest due to their ability to operate under
relatively mild conditions and their reusability potential [117]Similarly,
they can easily incorporate various metals into their structure and modify
certain properties by adding active components to the porous materials,
such as dispersion and stability. In addition, they are remarkably
resistant to poisoning by substrates and by-products. These
characteristics facilitate the optimization of reactions and contribute to
lower final production costs [118,119]. Nonetheless, metallic catalysts
face some limitations, such as leaching and the release of highly toxic
residues. In response to this issue, research has focused on the use of
non-metallic species, which not only can mitigate leaching but also
generate less toxic residues [120]. After conducting various comparative
studies between homogeneous and heterogeneous catalysts, it has
been determined that heterogeneous catalysts are not only effective but
also offer a sustainable and cost-effective alternative [121].

The selective oxidation of alcohols to the corresponding aldehydes
illustrated in Fig. 1.7 has been carried out in recent years using metallic
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catalysts, and the reaction mechanism can be summarized in several
essential steps [122]:

1. Adsorption of the alcohol on the surface of the catalyst.

2. Bonding of the metal atom through a link with the -OH group of the
alcohol, creating metal alkoxide and a metal hydride.

3. Removal of hydrogen by the metal through the B-hydride elimination
process.

4. Desorption of the product of interest (aldehyde or ketone).

5. Regeneration of the active sites of the metals.

I
@ RCH;—OH

@ = @
G,

RCH=0
11 M = noble metal

Fig. 1.7 Oxidation of alcohol to the corresponding aldehyde over a noble metal [122].

1.6. BENZALDEHYDE PRODUCTION

Benzaldehyde is obtained industrially through two processes, both
involving a final stage of recovery and purification of the benzaldehyde
by distillation. These processes are described as follows.

1.6.1.  Hydrolysis of benzyl chloride

This process begins with the reaction between liquid toluene and
chlorine gas which, mixed at temperatures between 100 and 200°C,
produce benzyl chloride. The benzyl chloride produced undergoes
hydrolysis in the presence of an acid or basic catalyst, resulting in a
mixture of benzaldehyde and various by-products. Several studies have
shown that acid hydrolysis generates yields of more than 90%. Although
this process has been frequently used in industry, it still presents several
problems, in particular high environmental pollution due to the
generation of residual chlorine and toxic acid during the process, which
raises significant doubts about its industrial application [123—125].
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1.6.2. Oxidation of toluene with air

Toluene oxidation can be carried out in liquid or gas phase. Liquid
phase oxidation is performed by mixing toluene and air or pure oxygen
in the presence of a metal catalyst at temperatures between 110-170°C
and adjusting the pressure to keep the reaction medium in a liquid state.
This process has been considered one of the most successful industrial
applications, reaching selectivities towards benzaldehyde ranging
between 30-73%. On the other hand, gas-phase oxidation is carried out
by mixing toluene with air and passing this mixture through a catalyst at
temperatures between 350-650°C. In this process yields range from 20-
60%. Although toluene oxidation is the method that produces most of
the synthetic benzaldehyde worldwide, it also has several important
disadvantages, such as the need to operate under extreme conditions
and low yields caused by the high reactivity of benzaldehyde, which,
when interacting with free radicals, tends to generate undesirable by-
products [126—129]. For this reason, alternatives capable of overcoming
these drawbacks are currently being sought. The production of
benzaldehyde by oxidation of benzyl alcohol is an attractive option [125].

1.6.3. Oxidation of benzyl alcohol to benzaldehyde

The oxidation of benzyl alcohol to benzaldehyde has shown
remarkable characteristics, such as the ease of controlling various
process parameters, its energy efficiency and the achievement of high
selectivities and yields. One of the particularities of this process is that
it is still under constant development, with research focused on its
optimization through the use of benign oxidants combined with catalysts
that can be modified to improve its efficiency [130]. In addition, this
synthesis route has been of vital importance in the industry mainly due
to the use of benzyl alcohol as a precursor, which offers advantages
such as high availability and low market costs [131].

Precursor

Benzyl alcohol is a monoaromatic alcohol whose chemical structure
is shown in Table 1.1. It is characterized by a colorless liquid with a faint,
slightly characteristic odor. This compound is found in natural sources,
such as plants of the genus Allium, tea leaves, essential oils of jasmine
and hyacinth, among others [132]. It has low volatility and toxicity and is
also a widely used polar solvent, especially in polymer applications.
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World consumption of benzyl alcohol is estimated at between 100 and
1,000 metric tons per year, with a market price ranging from $2,000 to
$2,500 per ton [133].

Table 1.1 Physicochemical properties of benzyl alcohol [134].

Name Benzyl alcohol
Synonyms Benzenemethanol;

a-hydroxytoluene; H
phenyl carbinol; é
phenylmethyl
alcohol; a-toluenol

IUPAC name Phenylmethanol

Formula C7HsO

CAS number 100-51-6

Form Liquid

Molecular weight 108.14

(g/mol)

Density (g/cm?3) 1.045

Water Solubility (g/L) 40

Benzyl alcohol is used to synthesize a variety of products for the
flavors and fragrances industry, such as in the manufacture of
cosmetics, fine fragrances, shampoos and toilet soaps. It also serves as
an intermediate in the production of food products, being used as a food
additive, preservative, in wines and beverages, both in free and bound
form (bound to glycosides and/or phosphates) [135]. It is also used as a
chemical intermediate in the manufacture of external analgesics, oral
health medicines, household cleaning products, pesticides, inks, paints,
adhesives, and hardening products (epoxy resins) [136], in addition to
being an excellent pH regulator, solvent and/or viscosity reducing agent.
It is also found naturally in fruits such as peaches, raspberries,
blackberries and flowers such as petunia [136,137].

Product

Benzaldehyde is an organic chemical compound consisting of a
benzene ring with an aldehyde substituent as shown in Table 1.2. It is
characterized as the lightest aromatic aldehyde [138]. It is a colorless to
pale yellow liquid with a strong fruity odor reminiscent of cherries and
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bitter almonds. It is found naturally in the bark of stems, leaves, and
seeds of plants such as almonds, cherries, peaches, and apples, and
can also be found in various essential oils of bitter almonds, jackfruit,
and Cananga [139]. The annual consumption of benzaldehyde is
approximately 20 tons, and the price is around $260 per kg. In addition,
it can be obtained from natural cinnamaldehyde, reaching up to 100 tons
per year, and can be purchased for $110 [139].

Table 1.2 Physicochemical properties of benzaldehyde [140].

Name Benzaldehyde

Synonyms Benzoic aldehyde;
benzenecarbonal; (o)
phenylmethanal; -~
benzenecarboxalde
hyde

IUPAC name Benzaldehyde

Formula C7HeO

CAS number 100-52-7

Form Liquid

Molecular weight (g/mol) 106.13

Density (g/cm?) 1.04

Water Solubility (g/L) 3.3

Benzaldehyde is the most useful aromatic aldehyde in the field of
organic synthesis, as it contributes aroma and flavor to various products
in the cosmetics industry, such as perfumes and soaps. Its importance
also extends to the food industry, where it is used in the preparation of
spices and flavors characteristic of almonds, cherries and walnuts. This
compound is also widely used in the manufacture of flavoring agents
[139,141]. Moreover, it serves as raw material in the synthesis of organic
compounds such as pharmaceuticals, pesticides, fuels, repellents,
lubricants, and dyes. It is also used as a solvent, additive for plastics
and intermediate to produce other aldehydes, such as cinnamic,
methylcinnamic, amylcinnamic, and hexylcinnamic aldehydes [142].

1.7. CINNAMALDEHYDE PRODUCTION

Cinnamaldehyde is usually obtained by two well-different routes.
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1.7.1.  Perkin synthesis

Perkin synthesis is one of the most widely used methods to
synthesize cinnamaldehyde. In this process, compounds such as
benzaldehyde and acetaldehyde interact in the presence of a
polyethylene glycol ion-based resin catalyst. During the process,
acetaldehyde is slowly added to benzaldehyde under alkaline conditions
at a temperature ranging from 25-35°C, generating aldol condensation.
At the end of the process, yields range from 75% to 85% [143]. However,
this method presents some difficulties, particularly the generation of by-
products, including cinnamaldehyde stereoisomers, which contribute to
low vyields, generation of polluting residues, and increased production
costs due to additional purification processes. By the same token the
industrial applicability of this method has become a challenge in the
current context [144].

1.7.2. Steam distillation

One of the most commonly used methods to extract cinnamaldehyde
from natural sources is steam distillation, which is used to directly extract
the oil from cinnamon bark. This method consists of passing steam
through the crushed cinnamon bark, facilitating the release of the
essential oil containing a mixture of cinnamaldehyde and other
compounds. Finally, the steam and oil mixture is separated by
condensation and decantation, allowing the cinnamaldehyde-enriched
essential oil to be collected. However, natural extraction requires large
quantities of plant material to meet the global demand for
cinnamaldehyde and longer extraction times, leading to higher energy
consumption. These factors increase operating costs and may affect the
economic viability of the process [145,146]. Alternatively, oxidation of
cinnamyl alcohol could be considered an efficient way to produce
cinnamaldehyde.

1.7.3. Oxidation of cinnamyl alcohol to
cinnamaldehyde

The oxidation of cinnamyl alcohol to cinnamaldehyde is one of the
most studied heterogeneously catalyzed oxidation reactions. In recent
years, the study, synthesis, and application of various catalysts that
have served as intermediates for the synthesis of cinnamaldehyde have
been further studied, synthesized, and applied. In addition, efforts have
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been made to improve the process using green oxidants such as
molecular oxygen, following the principles of atomic economy and green
chemistry practices [147]. One of the advantages of this method is that
suitable catalysts can be operated under mild conditions, reducing the
use of chemical solvents and the reliance on additional purification
processes [148].

Precursor

Cinnamyl alcohol is an unsaturated aromatic organic compound
whose structure is shown in Table 1.3. It occurs as a white crystalline
solid with a characteristic sweet odor. Cinnamyl alcohol is present
naturally in the leaves and inner bark of various trees of the genus
Cinnamomum. It is present in balsams such as styrax and the resin of
Myroxylon pereirae. Annual worldwide quantities of cinnamyl alcohol
used industrially are estimated at 207 metric tons [149].

Table 1.3 Physicochemical properties of cinnamyl alcohol

Name Cinnamyl Alcohol

Synonyms Cinnamyl alcohol;
3-phenyl-2-propen-
1-ol; 2-propen-1-ol, I
3-phenyl-; styryl

carbinol;
zimtalcohol

IUPAC name (E)-3-fenilprop-2- =
en-1-ol

Formula CoH100

CAS number 104-54-1

Physical form Solid

Molecular weight, 134.18

(g/mol)

Density, (g/cm?3) 1.044

Water Solubility (g/L) 1.8

Cinnamyl alcohol is a compound widely used in various industries. In
the cosmetics sector, it serves as a raw material to produce aromatic
oils, skin creams, shampoos, deodorants, and scented waters. In the
food industry, it is used to flavor various products. Furthermore, it is often
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used as a precursor for smart polymeric materials, such as cinnamyl
acetate and cinnamyl methacrylate; the latter can be polymerized to
create a double cross-linked product. In the pharmaceutical industry,
cinnamyl alcohol is not only useful as a precursor for drugs to treat
fungal infections and peripheral vascular conditions, but also in the
synthesis of various advanced drugs such as dapoxetine and taxol
[150].

Product

Cinnamaldehyde is an organic compound found naturally as trans-
cinnamaldehyde. Its chemical structure, as shown in Table 1.4, consists
of a phenyl group attached to an unsaturated aldehyde. It occurs as a
yellow oily liquid with a cinnamon odor and sweet taste, characteristic of
the natural trans (E) isomer. Known for its bioactive properties,
cinnamaldehyde is found in cinnamon bark extract and other plants of
the genus Cinnamomum [151,152]. The global cinnamaldehyde market
was valued at $189 million in 2021 and is expected to reach $241.2
million by 2028 [153].

Table 1.4 Physicochemical properties of cinnamaldehyde.

Name Cinnamaldehyde

Synonyms trans-
Cinnamaldehyde, 0
Cinnamic aldehyde, 3- =
Phenylacrylaldehyde,
(E)-Cinnamaldehyde,
Cinnamal /

IUPAC name (2E)-3-fenilprop-2-enal

Formula CoHsO

CAS number 104-55-2

Physical form Liquid

Molecular weight, 132.16

(g/mol)

Density, (g/cm?3) 1.041

Water Solubility (g/L) 1.084

Cinnamaldehyde is used to impart cinnamon flavor to a wide range
of food products, such as chewing gum, ice cream, candies, beverages
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and sweets. It has also been used as a flavoring agent in perfumes and
cosmetic products, such as skin care treatments and hair growth
products [154]. This compound can destroy fungal cells and inhibit the
growth of bacteria, mycotoxins, and filamentous molds. These
characteristics make it a valuable compound for the food preservation
industry, being used in the construction of antimicrobial films that help
maintain food quality and extend shelf life [155]. In addition,
cinnamaldehyde is used as an intermediate for the synthesis of antiviral
pharmaceuticals, such as HIV protease inhibitors [144]. Some of the
challenges presented by this compound are its high volatility, instability,
poor water solubility, irritant effect and its inability to reach target sites,
which greatly limits its biological applications [151,156].

1.8. REACTOR MODELING

Despite much research in the photocatalysis field, the industrial
application remains limited. This limitation is mainly due to the focus on
the study and optimization of laboratory-scale photocatalysts, neglecting
areas such as reactor design and construction [157].

Reactor modeling allows understanding the processes occurring
inside the photocatalytic reactor from the beginning to the end of the
reaction. This modeling must consider crucial parameters such as the
distribution of radiant energy within the reaction space and the mass
conservation equation of the compounds involved in the reaction, such
as alcohols and aldehydes, as well as consider the various intermediate
species that may arise during the photocatalytic process [158].
Achieving effective modeling and reactor design can not only improve
the performance of photocatalysts, but also help identify obstacles that
hinder the transition from R&D technology to actual practice [159]

1.8.1. Quantum efficiency

Photocatalytic efficiency is particularly influenced by three important
elements: the photocatalyst, the photoreactor, and the light source. The
interaction of these three elements is reflected in the differential
quantum efficiency, calculated according to Eq. 1.1. This is defined as
the ratio of the number of reacting molecules to the number of photons
interacting with the catalyst, i.e. the photon absorption rate [160,161].

TBa, (molm™3.s71)

Qe (%) =

-100 (1.1)

eV (Einstein-m~3-s~1)
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where Qg is the quantum efficiency, ro is the initial reaction rate, and e*¥
stands for the local volumetric rate of photon absorption (LVRPA).

1.8.2. Modeling of the radiation field

To determine the quantum efficiency, it is necessary to obtain the
radiation flux emitted by the source and the quantification of the radiation
absorption by the catalyst.

Determination of the radiation flux emitted by the source

There are several ways to determine the photon flux incident on the
catalyst surface. Among them are those based on models that describe
the distribution of light inside the reactors. In general, the existing light
distribution models can be basically classified into two different types:
linear source models and extensive source models [162].

In linear source models, the light source is assumed to be linear in
shape, such as the linear source model with spherical emission (LSSE)
and the linear source model with diffuse emission (LSDE), whereas, in
extensive source models, the dimensions of the light source are
considered, such as the extensive source model with volumetric
emission (ESVE). Once the lamp emission model is defined, the
radiation flux entering the reactor is defined analytically using the ray
method, which allows for obtaining the spectral flux of radiant energy on
the reactor [163].

Another alternative to obtain the radiation flux over the liquid-phase
photocatalytic reactor is to use an experimental method of chemical
actinometry, which consists of setting up a system used to measure the
reaction rate of appearance or disappearance of a photochemically
reacting compound with known kinetics and primary quantum vyield.
Once the reaction rate is known, the photon absorption rate can be
calculated. Finally, there is a simpler way to measure the intensity of the
light source and that is by means of a photometer or photodetector,
which can also be a validation technique for more complex models [164].

Evaluation of photon absorption

It is essential to understand that the quantum yield depends on the
operating conditions, such as temperature, reagent concentration,
wavelength and local volumetric rate of photon absorption (LVRPA). The
radiation field model is a fundamental part of modeling different types of
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reactors, as it allows the determination of the local volumetric rate of
photon absorption (LVRPA) for suspended systems, which is the
number of photons absorbed per unit reactor volume and unit time at
each location within the reaction space [165].

1.8.3. Radiative transfer

The radiative transfer allows to know the behavior of the light source
within the heterogeneous dispersed system, where several fundamental
phenomena are involved, such as elastic emission or scattering and
absorption, as illustrated in Fig. 1.8. Scattering is presented as the
redistribution of light in all directions, although normally with different
intensities in different directions (anisotropic), depending on the
characteristics of the particle. On the other hand, absorption depends
on the local intensity of the light given by the modified electromagnetic
field after light-particle interactions [166,167].

Absorption and
Out-Scattering x -
1-(a+0,)ds Outgoing Radiation
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/ In-Scattering
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(an? T) ds

s ——

Fig. 1.8 Process of radiative transfer for a control volume of a photoreactor [166].

The simultaneous existence of these phenomena, based on the
interaction of light and catalyst, makes the evaluation of the radiation
field more complex. Therefore, the spatial and directional distribution of
these phenomena has been systematically proposed by applying the
radiative transfer equation (RTE) for the heterogeneous reactor as an
approximation to the LVRPA [168].
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where |, is the spectral radiation intensity, x represents x coordinate, s
means the linear coordinate along the direction Q, Q represents solid
angle, Ky is the spectral volumetric absorption coefficient, o) represents

spectral volumetric scattering coefficient and p (Q__— Q) means the
phase function

To solve the equation, the optical parameters of the suspension are
needed (x, o1 y pi). The Henyey-Greenstein function (Pu:) was
employed to calculate the phase function:

I 1‘9}%

N'-0)=—""=2 — 1.3
p(2' - 2) Craiagin) (1.3)
where g\ means the asymmetry factor (dimensionless) and u, is the
cosine of the angle between the direction of the incident and scattered
photons.

Rigorous and simplified numerical methods have been proposed to
solve the RTE in systems with absorption and scattering. Numerical
methods frequently used to calculate the LVRPA are known as the
discrete ordinate, which allows solving problems in systems where
scattering levels are high. In addition, the finite volume method and
Monte Carlo simulation are used. These are useful to analyze the
trajectory of many photons. With this information and using the
appropriate mathematical and statistical model it is possible to obtain
the distribution and profile of the photon absorption velocity [169].
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1.9. SPECIFIC OBJECTIVES

The main objective of this thesis research is to develop catalytic
systems based on g-CsNs, modified with metallic and non-metallic
compounds, for application in the synthesis of organic compounds of
high industrial value through photocatalytic processes. The specific
objectives pursued are listed below:

1) To synthesize new photo-catalytic materials based on g-CsN4
through structural and surface modifications, using simple
synthesis methods focused on reducing the use of complex
equipment, toxic or hazardous substances, high energy
consumption, and the generation of waste at the end of the
process.

2) To fully characterize the synthesized materials to obtain relevant
chemical, structural, morphological, electronic, and optical
information, justifying the catalytic results and enabling the
optimization of their catalytic properties.

3) To evaluate the catalytic properties of the new materials in the
selective photooxidation of alcohols using a laboratory reactor
and different operating and lighting conditions. Special attention
is given to using water as a solvent, air as an oxidizing agent,
and an appropriate light source for catalytic activity, operating at
room temperature and atmospheric pressure.

4) To model the radiation-material interaction to determine photon
absorption profiles and the photocatalytic performance under the
operating conditions used.
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CHAPTER 2. EXPERIMENTAL SECTION

This chapter summarizes the experimental content related to the work
developed in this dissertation research. It describes the materials and
methods used to synthesize the photocatalysts and briefly describes the
physicochemical characterization techniques, equipment, and analysis
methodologies. Finally, the reaction system used to synthesize
aldehydes, the modeling of photocatalytic efficiencies, and the study of
the kinetic spectrum carried out are detailed.
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2.1. MATERIALS & CHEMICALS

In this investigation, the reagents and chemicals used were mainly of
analytical or pure grade and were used as received. Table 2.1
summarizes the details of each of these products. It specifies the name,
chemical formula, CAS number, commercial manufacturer, and purity of
each material supplied by the laboratory.

Table 2.1 Chemical substances used in this research.

Name Formula CAS Purity (%)
benzyl alcohol C;HsO 100-51-6 >99%
benzaldehyde C;H:O 100-52-7 >99%
benzoic acid C,Hs0, 65-85-0 =299.5%
cinnamyl alcohol CgH+00 104-54-1 98%
cinnamaldehyde CyHsO 14371-10-9 99%
acetonitrile C,HsN 75-05-8 =299.9%
methanol CH,O 67-56-1 =299.9%
trifluoroacetic acid C,HF;0, 76-05-1 99%
sulfuric acid H,SO, 7664-93-9 99.9%
melamine C3HeNeg 108-78-1 99%
urea NH,CONH, 57-13-6  99%
thiourea NH,CSNH, 62-56-6 299.9%
sodium borohydride NaBH, 16940-66-2 >99%
ruthenium (iii) chloride RuCls 14898-67-0 99.98%
sodium polyphosphate (NaPOs), 68915-31-1 65-70%
chlorosulfonic acid CISOzH 7790-94-5 99 %
dichloromethane CH,Cl, 75-09-2 99.8%,
sodium thiosulfate Na,O,S, 7772-98-7 99%
oxalic acid C;H.0, 144-62-7 98%
EDTA C1oH16N20s 60-00-4 99.5%
tert-butyl alcohol C4H+0,0 75-65-0 =299.0%
p-benzoquinone CeH102 106-51-4 =98%
TIRON CeHsNa0,S, 270573-71-2  97%
L-histidine CesHsN3O2 71-00-1 =299%
2-hydroxytrephthalic acid CsHeOs 636-94-2 97%
terephthalic acid CsHeOy4 100-21-0 98%
sodium hydroxide NaOH 1310-73-2 97%
hydrochloric acid HCl 7647-01-0 37%
iron (lll) chloride FeCl; 7705-08-0 97%
Tungstosilicic acid hydrate  H4SiW1,040 12027-43-9 =299.9%
acetic acid C;H.0, 64-19-7 299.7%
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2.2. CATALYSTS’ SYNTHESIS AND
CHARACTERIZATION

2.2.1. Catalyst synthesis

In this work, several catalysts were synthesized using g-CsN4 as
support, using melamine as its precursor, as shown in Table 2.2, simple
synthesis methods were employed, which mostly avoided the use of
highly polluting chemical solvents and did not require extreme
temperature and pressure conditions. Specifically, systems doped with
boron, ruthenium, phosphorus and sulfur were studied, referred to in this
document as (NaBCN, BCN), NaBCN-Ru, PCN, SCN and SCNu
respectively.

Supported catalysts are characterized by having a modifying agent
uniformly distributed on a support material. It is crucial that the modifying
agent is correctly supported on the surface of the material, as the
catalytic reaction takes place on the inner surface of the catalyst, i.e.
inside its pores. To achieve a correct distribution of the modifying agent,
the impregnation method, a simple and frequently used technique, was
used.

Table 2.2 Precursors and synthesis methods of catalysts.

PHOTOCATALYST DOPING PRECURSOR SYNTHESIS METHOD
NaBCN sodium borohydride Two-step calcination
BCN elemental boron Two-step calcination
Incipient moisture

sodium borohydride,

NaBCN-Ru ruthenium chloride |mpregna.t|on., two-
step calcination
Sodium Two-step calcination,
PCN . .
polyphosphate wet impregnation
SCN chlorosulfonic acid Twojstep caIC|.nat|0n,
wet impregnation
SCNu sodium thiosulfate Two-step calcination

Impregnation method

The impregnation method consists of adding a certain volume of the
modifying agent precursor solution, usually a metal salt, to the catalytic
support. The purpose of this process is to adsorb metal ions onto the
support material. After adsorption, the drying and, if necessary, heat
treatment process is carried out. This method offers several advantages,
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as it is relatively cheap and simple, does not require complex synthesis
steps or specialized equipment, and is therefore widely adopted in the
production of catalysts in various industries [1]. There are two common
methods of impregnation deposition depending on the volume of
solution used, namely wet and incipient wet impregnation procedures.

Wet impregnation

In this method, the support is completely immersed in a volume of
solution that exceeds the pore volume of the support, producing a fine
suspension, see Fig. 2.1. After a certain time, the solid is separated by
filtration and undergoes evaporative drying steps in which excess
solvent is removed. Once the interaction of the precursors with the
support has been achieved, the material is subjected to heat treatments,
with possible additional oxidation or reduction treatments, to ensure that
the modifying agent and its counterion are deposited on the surface of
the catalytic support [2].
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Fig. 2.1 Wet impregnation method.

Incipient wetness impregnation

This technique uses a solution volume equal to or slightly less than
the pore volume of the substrate, see Fig. 2.2. To calculate the total
volume of solution to be used, the wetting volume characteristic of each
support is used. Thus, the solution volume is slowly added dropwise in
a uniform manner to obtain a homogeneous distribution of the active
component on the catalyst. Then, to produce catalysts with zero-valent
metal particles anchored to the support, the impregnated and dried
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powder is heat treated in an oxidizing or reducing environment.
Precursor ligands are removed, either by decomposition or by reaction
with gaseous molecules producing air’hydrogen. Any components that
do not form gaseous products, such as alkali metals or their salts,
remain in the final catalyst [2]. Unlike wet impregnation, in this case
there is no excess liquid containing any precursor, so no additional
filtration step is required. This can be a disadvantage, as the absence
of filtration may mean that any counterions of the precursor salt of the
active compound remain trapped in the dry catalyst, which in turn may
require additional processing to remove these and other substances [1].

—————
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modifying agent ! A
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©

Wash catalyst

Fig. 2.2 Incipient wetness impregnation method.

Calcination

The calcination process is a thermal treatment performed on
chemical compounds, in which the material is exposed to high
temperatures in a modifiable atmosphere composed of air or in the
presence of an inert gas, see Fig. 2.3. The objective of this process is
to induce thermal decomposition reactions, eliminate volatile
components or modify the physical or chemical state of the material.

Normally, the temperatures used are kept below the melting point of the
sample to be calcined.
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Fig. 2.3 calcination method.

Synthesis of g-Cs;N.

In this work, g-CsNs was used as catalytic support for all the
synthesized materials. This support was prepared by calcining 40 g of
melamine, the precursor material. The material was subjected to a
temperature between 500-550°C, with a heating rate of 10°C min™ for 2
hours, under an inert atmosphere to undergo controlled decomposition,
remove volatile compounds, and produce condensation and
polymerization reactions between the remaining molecular units to
obtain g-CsN.: with an organized network structure and more stable
carbon-nitrogen bonds. As a result, a yellowish solid is obtained,
washed, separated by filtration, and dried at 80°C.

Synthesis of boron-modified g-C3N.

In both cases, a total of 1.5 g of catalyst was prepared.

To prepare the NaBCN sample, NaBH4 and CN were mixed in a

ratio (1-2) and ground in a mortar.

3. In the case of the elemental boron-modified sample, the
proportional amount of B was added to the 0.5 g of NaBH..

4. The prepared mixtures of NaBCN and BCN were calcined at a
temperature of 450°C for 1 h with a heating rate of 10°C min"" and
a flow rate of 20 mL min™" of Na.

5. After cooling the resulting brown samples, they were washed
several times with water and dried at 80°C overnight.

6. Finally, NaBHs;-modified CN was labeled NaBCN, and boron-

modified CN as BCN.

N —
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Synthesis of Ru deposited onto g-CsN,

1. CN and NaBH: were mixed in equal proportions in a mortar,
ensuring a homogeneous mixture.

2. The amount of water needed to wet 1 g of the CN- NaBH4 mixture
was calculated, resulting in a value of 0.59 mL g”. This value
corresponds to the proportion used to obtain RuCN. This value
corresponds to the ratio used for the impregnation by incipient
wetting of all the samples.

3. Considering that 1.5 g of NaBCN with different percentages of
ruthenium (0.5, 1, 2, and 4%) were synthesized, the desired amount
of RuCls was dissolved in 0.9 mL of MilliQ water.

4. The NaBCN solid mixture was transferred and dispersed evenly on
the surface of a crucible. RuCls solution was then added dropwise
using a micropipette, obtaining a clay-like material after the
deposition was completed.

5. The obtained material was dried for 2 hours and then ground to a
powder.

6. The resulting powder was heated in a furnace at 450°C for 1 h, with
a heating rate of 10°C min™' and a nitrogen flow of 100 L h™".

7. The calcined material was cooled, washed, and dried.

8. The paste obtained was ground to a brown powder.

Synthesis of phosphorus-doped g-C3N.

1. Several suspensions of g-CsN4 were prepared in 20 mL of MilliQ
water and uniformly dispersed by stirring for 10 min.

2. Acertainamount of P (x = 2, 4, 8, and 12 wt.% to the amount of CN)
as sodium phosphate was added to the g-C3sN4 suspension and kept
under magnetic stirring for 2 h at room temperature.

3. The above suspension was evaporated by heating at 100°C until all
water was removed.

4. The paste obtained was subjected to heat treatment under a

nitrogen atmosphere at 550°C with a heating rate of 10°C min™ for

2h.

The resulting solid was ground to a homogeneous brown powder.

6. The obtained samples were labeled as P-CN-x%, where x
represents the percentage of P doping by weight.

o
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Synthesis of sulfonic-tailored g-CsN,

1. Several suspensions with a concentration of 0.1 g mL™" of g-CsN4
in 20 mL dichloromethane were prepared and uniformly dispersed
by stirring for 10 min.

2. Subsequently, x volumes of chlorosulfonic acid were added
dropwise according to the degree of sulfonation (x = 0.5, 1, 1.5, 2,
5, 7, 10, and 15 mL) to the g-CsN. suspension and kept under
magnetic stirring for 3 h at room temperature.

3. The resulting paste was washed several times with methanol to

remove species not strongly adsorbed on the surface of the g-CsN4

component.

The washed solid was recovered by centrifugation.

Finally, the solid was dried at 80°C, yielding a light yellowish

powder.

6. The final sample was labeled SCN-x, where x is the total volume
of chlorosulfonic acid added.

o~

2.2.2. Characterization and analysis techniques of
catalysts

The synthesized photocatalysts were characterized by several
techniques depending on the information required. Taken together,
these techniques allow a comprehensive study of their structural,
textural, morphological, and optical properties. Table 2.3 summarizes
the techniques used and the type of information they provide in this
report.

Table 2.3 Chemical-physical characterization techniques used for the study of the
synthesized catalysts.

Method of analysis Parameter
Thermogravimetric Analysis (TGA) Thermal and oxidative stability
X-Ray Diffraction (XRD) Crystalline phases, particle size,

crystallite size, interlayer spacing

Fourier Transform InfraRed analysis Functional groups presentin the

(FTIR) catalyst

X-Ray Photoelectron Spectroscopy Oxidation state and chemical
(XPS) composition of surface species
Scanning Transmission Electron Distribution and homogeneity of
Microscopy (STEM) with Energy phases, chemical composition,
Dispersive X-ray (EDX) particle size

Elemental Analysis (EA) Chemical composition
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Nitrogen adsorption isotherm. Surface area, pore size, pore diameter,
BET area pore volume, pore distribution

Diffuse Reflectance Spectroscopy Bandgap energy

UV-vis (DRS-UV-vis)

Photoluminescence (PL) Luminescence

Nuclear Magnetic Resonance (NMR)  Surface chemical environment

Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a thermal analysis technique
that measures the mass variation of a sample over time while the
temperature is modified at a specific rate under a controlled atmosphere
[3]. The information provided by this method allows to understand
various physical phenomena such as absorption, adsorption,
desorption, and phase changes, as well as chemical changes including
chemisorption, thermal decomposition, and solid-gas reactions.
Specifically, this analysis makes it possible to evaluate the thermal
stability of a material at a given temperature and its oxidative stability,
that is, the oxygen absorption capacity of the material [4,5].

Several factors affect the mass variation of the sample. For example,
weight gain is typically attributed to adsorption or oxidation, while weight
loss is typically associated with decomposition, desorption, dehydration,
desolvation, or volatilization [5,6]. Additionally, TGA is commonly used
to evaluate volatile or gaseous products lost during chemical reactions
for samples such as nanomaterials, polymers, polymeric
nanocomposites, fibers, paints, coatings, and films [6].

The thermal stability of the samples synthesized in this work was
evaluated on a Perkin Elmer thermobalance (model STA 6000). A
constant heating rate of 10 °C min ' in an N, atmosphere (flow rate, 20
ml min"') was used from room temperature up to 450 °C.

X-ray diffraction (XRD)

Diffraction can be defined as a common property of all types of
waves. This phenomenon occurs when X-ray waves pass through a slit
or around an obstacle, and instead of moving in a straight line, they

spread out, depending largely on the size of the slit or solid surface
through which they pass.

The X-ray diffraction technique involves the use of electromagnetic
radiation with a wavelength of 0.01 to 100 A, generated in a cathode ray
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tube. This technique directs a beam of monochromatic X-rays at the
crystalline sample. Then the rays are diffracted and predictably enter the
detector according to the ordered arrangement of the crystal atoms,
generating patterns that can be analyzed to determine the crystal
structure. This analytical technique provides information about the
three-dimensional structure, chemical composition, and physical
properties of crystalline materials [7]. Both constructive and destructive
interferences are generated between the scattered rays during
scattering.

The theoretical basis of the XRD technique is Bragg's law, which
explains how X-rays scatter from a crystal composed of layers or atomic
planes with a spacing distance d. According to Bragg's law, diffraction
occurs when the incident X-rays are reflected from the planes of a
crystal and combine constructively, see Fig. 2.4. The Bragg diffraction
condition is met if the path length differences of the scattered rays are
equal to an integer number of wavelengths [8]. The condition for this is
described with the formula:

nA=2dsing (2.1)

where, n is the diffraction order, A represents the X-ray wavelength of
the incident radiation Ka (1 =1,5406 A), d refers to the distance between
crystal planes and 6 is the angle of incidence of X-rays in a crystalline
structure.

X-rays X-rays
incident / diffracted

N/

Fig. 2.4 Bragg's Principle: X-rays incident and reflected make an angle 6 symmetric to the
normal crystal plane.

Q

t=——p |
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When destructive interference occurs, Bragg's law is not fulfilled, and
therefore, no peaks are formed in the diffraction pattern because the
intensity of the X-rays is too low. However, by modifying the orientation
of the material or detector, it can become a constructive interference
capable of generating a peak. The diffraction patterns recorded by the
detector can be used as a fingerprint that defines each crystalline solid
material. Crystals are identified through various databases that provide
information on the quantity, orientation, and distance between planes.
The results are represented as the intensity of the detected X-rays

versus 26 [9].

In compounds such as g-CsNgs, there is a characteristic XRD pattern
represented by peaks at approximately 13.1° and 27.4°, each
representing the in-plane structural packing and the interplanar
stacking, respectively. When any modification is made to g-CsNg, it is
common for the peaks to change in intensity, so the changes can be
determined by Scherrer's formula [10]. The crystallite size 'd' of a
material, expressed in units of nm, can be determined using the
Scherrer equation for peak line broadening [11].

g kA
~ Bcosh

(2.2)

where, k is the Scherrer constant and [ represents width at half
maximum (FWHM) [12].

In this study, the crystalline structure was studied by X-ray diffraction
(XRD) on a Bruker D8 Discover diffractometer using a Cu Ka radiation
source (A = 1.5406 A) and a Pilatus3R 100 KA detector within a 26 range
of 8-80° at a speed of 0.08°-min -'. Match!®, QualX®, and the Crystal
Open Database (COD) library were used to process the obtained
diffractograms. The crystallite size was estimated by the Scherrer
equation from the most intense peak, and the interlayer spacing was
calculated from the peak with the highest intensity, i.e. plane (002). The
Lerystalite/diayer ratio was used as an approximation to estimate the number
of layers.

Fourier Transform Infrared Spectroscopy (FTIR)

This is a spectroscopic analysis technique that uses a part of the
electromagnetic spectrum, using the whole infrared region with
wavenumbers between 40 cm™ and 14000 cm™, although it is now
common to work in the mid-infrared region (400 cm™" - 4000 cm™") [13].
The analysis begins when a continuous source emits infrared light over
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a wide range of infrared wavelengths. The infrared light passes through
an interferometer, modifying the light so that it splits into two beams.
One beam is reflected by a fixed mirror and the other by a movable
mirror and is then directed towards the sample, which absorbs part of
the energy at a given wavenumber. The part of the energy that the
sample passes through is received by a detector which converts the
signal, known as an “interferogram”, into an absorbance spectrum using
the mathematical method of the Fourier transform [14].

The FTIR technique is used to identify organic and inorganic
materials by applying an infrared light source to the sample, which is
absorbed at specific wavelengths depending on the chemical nature,
bond vibrations within the molecules, and functional groups that make
up the sample. Each material has a unique absorption pattern that can
be considered its "molecular fingerprint", represented in an absorbance
spectrum as intensity versus wavenumber [15].

The information provided by FTIR is used for both qualitative and
quantitative analysis. Qualitative analysis can identify various chemical
components, compare the sample spectra with standard spectra, and
even detect trace impurities in the sample. Quantitative analysis, on the
other hand, relates the absorption intensity to the concentration of the
substance measured, i.e. it determines the purity of a chemical
component in a sample, following the Lambert-Beer law [16].

This technique can be used on graphitic carbon nitride to analyze
functional groups, checking for the presence of carbon-nitrogen bonds.
Typically, peaks are found around 800 and 1500 cm™' representing tri-s-
triazine rings. Peaks between 1300 and 1600 cm™' indicate the presence
of C-N and C=N bonds, respectively. In addition, peaks around 3300-
3400 cm™ correspond to the deformation of the -NH. groups [10].

The FTIR analysis was performed on a Perkin-Elmer Spectrum65
device (Spectrum65 model) between 400 and 4000 cm™.

X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a sensitive quantitative
spectroscopic technique for analyzing the surface chemistry of a
material. The XPS technique is performed when high-energy photons
such as X-rays from typical sources like Al Ka or Mg K (in the keV range)
bombard the surface of solid material, causing a photoelectric effect that
emits electrons from the first few layers of the surface. After the impact
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is generated, the kinetic energy of the photoelectron Ex is measured,
see Eq. 2.3 based on Einstein's law [17]:

Ek = hy - Eb (23)

where, h, is the energy of the incident radiation and E,, represents the
binding energy of the electron at a particular level.

The photoelectron peaks are named after the element and the orbital
from which they are emitted, e.g. O+s, which provides information about
the electrons in the oxygen atom emitted from the 1s orbital. [18,19] This
technique is widely used because of its excellent surface sensitivity and
its ability to reveal qualitative and quantitative information about the
chemical state, elemental composition, overall electronic structure, and
density of electronic states of various solid samples, except for samples
containing H and He. It has also been widely used for its ability to
measure both the elements that make up the sample and the chemical
environment to which it is bound [20].

This technique is used to analyze g-CsN4, providing information such
as the ratio of carbon to nitrogen atoms. The structure of the compound
can be determined thanks to the high resolution of the spectra of Cs
and Nys. In structures such as CN, in the C+s spectrum, binding energies
close to 288 eV are often found, representing the bonding of one carbon
to three nitrogen atoms. Other typical binding energies of CN in the N+
region are around 398 and 399 eV, indicating the bonding of one carbon
to two nitrogen atoms and the bonding of a trigonally bonded nitrogen
atom to three carbon atoms, respectively [10].

The chemical composition of the surface was analyzed by X-ray
photoelectron spectroscopy (XPS) on a Kratos AXIS UltraDLD device
operating with an Al Ka X-ray source. The XPS spectra were referenced
to the Cis peak of the adventitious carbon at 284.6 eV. The
deconvolution of the peaks was performed using XPSpeak 4.1®
software, considering a Shirley background correction.

Scanning Transmission Electron Microscopy (STEM)

Scanning transmission electron microscopy (STEM) results from the
combination of SEM and TEM, generating a transmission image using
the scanning method. The high-resolution image obtained in STEM is
similar to that obtained in TEM, allowing the complete characterization
of the morphology and distribution of nanoparticles in a solid material. It
is important to highlight that STEM has a wider range as the electron
beam passes through the sample, being very useful for analyzing the
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internal composition of the material. On the contrary, SEM only scans
the surface of the sample, providing less information about it [21].

The measurement starts with the generation of a beam of light from
an electron gun. Part of this electron beam is focused through a series
of lenses onto a small sample area. These electrons interact with atoms
in the sample, and some are transmitted to form a high-resolution image
that provides information about the sample's morphology at the atomic
level [22].

As explained above, this technique consists of imaging from the
interaction of electrons with the sample. Therefore, STEM detectors are
placed downstream of the sample to detect the electrons transmitted in
the process. There are several detection methods coupled to STEM,
such as high-angle annular dark-field detection (HAADF) being the most
widely used. This method consists of collecting only the electrons
scattered at a high angle, resulting in an image that is more sensitive to
heavy elements than to light ones [23-25].

Electron Dispersed X-ray Analysis (EDX)

STEM can be coupled with various complementary techniques for
element identification, such as energy-dispersive X-ray spectroscopy
(EDX). This technique measures the energy and intensity of X-rays
emitted by the sample resulting from the decomposition of the excited
system. The measurements are represented as peaks corresponding to
specific elements, which is useful for identifying the chemical
composition of various samples through elemental mapping. The EDX
detector also has a wide operating range as it can function at different
tilt angles, maximizing X-ray collection [26,27].

Materials based on g-CsNs were analyzed using scanning
transmission electron microscopy and high-resolution scanning
transmission electron microscopy (STEM and HR-STEM, respectively)
to study the morphology and element composition distribution with high-
angle annular dark-field (HAADF) detection and electron-dispersive X-
ray microanalysis (EDX) on a Thermo Scientific™ Talos™ F200X (200
kV) device.

Elemental Analysis

Elemental analysis (EA), also known as organic elemental analysis
or microelemental analysis, determines the elemental composition of a
sample, either liquid or solid. Elemental analysis can be either
qualitative, providing information on the elements present, or
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quantitative, determining the amount of the chemical element in a
sample [28] This analysis is important in organic chemistry, where the
mass fraction of elements such as carbon, hydrogen, nitrogen and
heteroatoms or halogens in a sample is determined. It is also considered
a fundamental tool used as a complementary technique to determine
the chemical structure and purity of a compound within the sample [29].

This techniqgue commonly operates through the dynamic, controlled
combustion of several samples in a reactor. By subjecting the samples
to combustion in a column filled with an electronically temperature-
controlled oxidizing-reducing catalytic bed, gases composed of
elements such as C, H, and N, among others, are generated. These
combustion products are directed to the analyzer, usually a simplified
gas chromatograph, to determine the proportion of the elements in the
original sample. Once the molecular weight of the compound is known,
the result of the analysis is of great use in finding the molecular formula
of the analyzed substance [29].

This type of analysis is used on materials such as g-CsN4 to
determine their purity. This is done by comparing the theoretical ratio
between the percentages of carbon and nitrogen, which is around 0.75,
with the experimental ratio. If this ratio differs from the theoretical value,
it indicates the presence of impurities in the prepared g-CsN4 [10]. The
elemental composition, i.e. C, N, and H, was determined using a Thermo
Scientific™ Flash 2000 analyzer and Leco Instruments TrueSpec®
Micro CHNS.

Nitrogen adsorption isotherms

Gas adsorption is a useful methodology for characterizing a wide
range of porous materials. These materials have an irregular surface
structure, making direct measurement of surface area difficult. One
technique commonly used to characterize such solids is physical
nitrogen adsorption, which involves the physical adsorption of gas
molecules on the solid surface through Van der Waals forces, as a
function of the relative pressure of the contacting gas (N2), at a constant
temperature of 77 K [30].

Nitrogen adsorption occurs on the pore wall, which will adsorb gas
molecules in successive layers until the pore is filled, reaching
equilibrium between the adsorbed and gas-phase molecules. As
depicted in Fig. 2.5, if the relative pressure increases, the pore adsorbs
a new layer until filling. If the pore diameter is larger, more nitrogen
layers will be needed, resulting in a higher P/Pg [31,32].
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Fig. 2.5 BET model of multilayer adsorption [33].

Adsorption isotherms are represented by curves that provide insight
into the behavior of an adsorbed particle during the adsorption process,
i.e. the interaction between the particles and the surface and the surface
characteristics. If the adsorbed particles correspond to those of a gas,
their pressure is considered. The isotherm can be used to determine the
specific surface area, the adsorbed volume at a given pressure, and the
pore size distribution and pore shape of a porous solid material [32].

The calculation of the surface area of an adsorbent is commonly
performed by the Brunauer, Emmett, and Teller (BET) method, which is
a technique applicable in the equilibrium of gas-solid systems. The linear
form of BET equation is expressed as follows:

P _ 1 (CBET - 1) P
qePo — P)  qmCger dmCper Po

(2.4)

where, P, is the vapor saturation pressure, P represents equilibrium
pressure, q,, refers to monolayer volume, g, represents adsorbed
volume at equilibrium pressure P, and Cggr is the constant indicative of
the degree of adsorbate-adsorbent interaction.
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The linear adjustment of vs.Pi , allows to calculate Cgzgr and g,
0

qe(Po—P)
from the slope and intercept values, respectively [31]. Once the volume
of the monolayer is known, the specific surface area (Sy) is determined
by the following equation:

_Am N Am
Vmol

g (2.5)

where, N is Avogadro’s number, A,,, represents the area of the adsorbed
molecule and V,,,; is the volume of one mole of gas under normal
conditions.

The Barrert, Joywner, and Halenda (BJH) method is used to calculate
pore size distributions from experimental isotherms. This method is
based on two fundamental assumptions: the first assumes that the pore
geometry is cylindrical and the second that the amount adsorbed results
from both physical adsorption on the pore walls and capillary
condensation within the pores. This method is based on the Kelvin pore
model, see Eq. 2.6, which is only applicable to mesopores and
macropores [32,34]. The Kelvin equation or Young-Laplace equation
relates the pressure to the radius of curvature of a liquid meniscus. The
radius is obtained by the Kelvin equation:

-1

T (P%) =0.416 [log (P%)] +t (P%) +0.3 (2.6)

where, r is pore radius, P, refers to vapor saturation pressure and P is
equilibrium pressure.

The N2 adsorption-desorption isotherms at 77 K were performed on
an ASAP 2020 (Micromeritics) and Sync 200 equipment from 3P
Instruments®©. The samples were degassed overnight at 150 °C under
vacuum. The specific surface area was obtained by the Brunauer-
Emmett-Teller (Sger) method, and the total specific pore volume (Vr)
was calculated from the adsorption of N2 at P/Pg ~0.99. The Barrett,
Joyner, and Halenda (BJH) method was applied to analyze the and most
frequent pore diameter.

Diffuse Reflectance Spectroscopy (DRS)

This analysis aims to measure the optical and/or scattering properties
of radiation in the ultraviolet-visible range (190 - 800 nm) of a sample.
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In addition, it is used to obtain information about the environment of
metallic and organic species present in the material. The reflectance
spectrometer consists of an ultraviolet light source, two double
monochromators connected by an optical fiber, and a spectrometer
connected to a computer [35].

Diffuse reflectance spectroscopy is carried out by irradiating the
sample with a beam of light; only a small fraction of this light is reflected
in two ways, through the phenomenon known as specular reflectance
and diffuse reflectance, see Fig. 2.6. In this technique, both phenomena
usually occur, as specular reflectance reflects light from outside the
sample, providing little information about the composition of the sample.
In the case of diffuse reflectance, the light penetrates the front surface
of a substance, scatters within its volume, and exits through the front
surface in all directions. The reflected light is measured with a
spectrometer, generating relevant information about the optical
properties of the catalyst [36—38].

Source Detector
Separation

Fig. 2.6 Specular and diffuse reflectance [39]

The bandgap energy (Eg) is a fundamental characteristic of the
electronic structure of semiconductor materials, which indicates the
minimum energy necessary to provide electrical conductivity. Acommon
procedure for determining the value of Eg4 involves the use of diffuse
reflectance spectroscopy (DRS) in conjunction with the Tauc method,
see Eq. 2.7, which is based on the relationship between Eg and the
optical absorption coefficient.

(< hv)Y/Y = C(hv — Eg) (2.7)
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where « is a coefficient of absorption, h refers to Planck’s constant, v
means photon’s frequency, C is a proportionality constant, Eg
represents the band gap energy, and the value of the exponent y
denotes the nature of the electron transition. This parameter takes the
following values: direct allowed transitions, y=1/2; direct forbidden
transitions, y=3/2; indirect allowed transition y=2; indirect forbidden
transition, y=3. All catalysts used in this work are based on g-C3N4, thus
they are considered indirect semiconductors, with y=2 for all samples.
When « equals zero, hv takes the value of Eg. The value of hv, is
calculated considering that v = ¢/4, with ¢ being the speed of light.
Once the value of Eg is known, the Kubelka-Munk model is used,
expressed by the following equation:

K (1- ROO)2
FRo) =5 = 2Re
where, R, is the reflectance of the sample with "infinite thickness"; K
represents absorption coefficient and S refers scattering coefficient.
Considering that F(R,) is proportional to «, this value is replaced in Eq.
2.7, obtaining:

(2.8)

(F(Re) hv)*Y (2.9)

Consequently, by representing (F(R.) hv)YY versus Eg and
extrapolating the linear interval with a straight line, it is possible to obtain
the value of Eg at the intersection with the x-axis. The value of Eq is found
through the intersection of the linear fit of the region associated with the
optical absorption edge and the hv axis.

The optical properties were measured using a Varian Cary 5E
spectrophotometer in the UV-visible range. The Kubelka-Munk function,
F(R«), was obtained from the reflectance spectra, and the band gap was
estimated using the Tauc plot method considering indirect electronic
transitions y =2 [40—42].

Photoluminescence (PL)

Luminescence is the emission of light by a material due to various
types of processes. Several processes can result in light generation at
room temperature, including chemical reactions (chemiluminescence)
or external stimuli such as electrical (electroluminescence) or light
stimuli (photoluminescence) [43].

The non-destructive photoluminescence (PL) technique is used to
characterize photocatalytic materials containing an electronic band
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structure. The analysis begins when a sample is irradiated with a light
source, initiating the photoexcitation process in which electrons in the
valence band (VB) are promoted to the conduction band (CB), while
holes are generated in the VB. During this process, some of the excited
electrons in the CB tend to readily return to the VB and recombine with
the holes, known as the charge carrier recombination phenomenon.
During this process, a certain amount of chemical energy is released,
which can be transformed into thermal or light energy. The luminous
energy or fluorescence emitted by the sample is measured and a
photoluminescence spectrum is obtained, which makes it possible to
observe the absorption edge of different samples and the dependence
of the spectrum on the relaxation time of the photo-generated electron-
hole pairs. In photocatalytic processes, the catalyst is expected to
generate the least amount of fluorescence, i.e. the material is expected
to reduce its ability to recombine charge carriers. By reducing
recombination, the photocatalytic performance is improved, resulting in
more selective reactions [44].

The recombination rate of the photo-generated electrons was
assessed by photoluminescence (PL) analysis using a Varian Cary
Eclipse device, applying light with an excitation wavelength of 365 nm
(2.5 nm slit) and monitoring the emission signal between 400 and 600
nm.

Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance spectroscopy is a non-destructive
technique that can be applied to any substance in liquid or solid-state
containing nuclei with non-zero spin values ('H, 2H, C, ®N, and *'P,
among others). It consists of the absorption of selective radio
frequencies by selected nuclei of a molecule while the sample is
subjected to a strong magnetic field. After the nuclei absorb the energy
and return to their ground state, signals are emitted which are detected
and converted into a nuclear magnetic resonance spectrum [45].

This technique allows the characterization of solid materials,
determining their structure and surface locations. In addition, it offers
facilities as it can be performed in the presence of gases or liquids over
a wide range of temperatures and pressures. Solid-state spectra tend to
have much broader signals due to magnetic interactions between the
spins of the nuclei. The interactions that produce the broadening include
dipolar coupling, chemical shift anisotropy, and quadrupole interactions.
These constraints have been solved by rapidly rotating the sample



Development of g-CsNas-based catalysts for their application in photo-reactions of
100 |interestin the liquid phase

around an axis at the magic angle 8 = 54.7° concerning the direction of
the external magnetic field (MAS) [46].

For example, NMR has been widely used to probe Brgnsted acid
sites by 'TH MAS NMR spectroscopy and Lewis’s acid sites by adsorption
of probe molecules. As a result of their interactions with the surface
sites, the 'H, 2H, 3C, N, and *'P nuclei of the hydroxyl groups and
probe molecules change their NMR spectroscopic parameters in a
characteristic way [47,48].

In this study, solid materials belonging to the PCN series were
characterized by magic angle spinning nuclear magnetic resonance
(MAS NMR), focusing on the chemical environment of C and P. The
analyses were performed on a Bruker Advance 500 MHz NMR
spectrometer equipped with a 4-mm cross-polarized (CP) MAS probe.
For 3C spectra, CP-MAS experiments were performed at 10 kHz. For
the 3'P MAS, the experiments were performed at 12 kHz.

2.3. EXPERIMENTAL SETUPS AND PROCEDURES

2.3.1. Experimental setup

The evaluation of the photocatalysts was carried out in two types of
photoreactors, see schematic in Fig. 2.7, both with a discontinuous type
of annular configuration, in which a liquid solution circulates through the
outer space while the radiation source is located in the center. The
solution is recirculated to a stirring tank that includes a cooling system,
maintaining the mixture at a constant temperature of 20°C. Excess air
is constantly bubbled in the stirring tank to maintain an oxidizing
environment and thus promote the selective oxidation reaction of the
alcohol.

In all cases, before irradiation, an adsorption period of 30 minutes
was carried out in the dark. This process consisted of mixing 350 mL of
an aqueous alcohol solution whose concentration varies between 0.5-
1.0 mM, with the solid catalyst at a dose of 0.5 g L. After the adsorption
period, the photocatalytic tests begin by loading the mixture into the
reactor and irradiating it with a light source for 5 h. To analyze the
behavior of the reagent and product, samples were collected every 30
minutes using an extraction system incorporated in the stirring tank and
the suspended photocatalyst was removed using syringe filters (PVDF,
0.45 pm).
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Fig. 2.7 Experimental setup: a) cylindrical photoreactor with 304 stainless steel outer wall
and tubular lamp, b) photoreactor with borosilicate glass outer wall and double lamp.

The configuration 2.7(a) consists of a cylindrical photoreactor with a
304 stainless steel outer wall and a Pyrex glass inner cylinder. The
mixture circulating through the outer wall of the reactor is kept unstirred.
The irradiation source was a Sylvania® F11W T5 BL368 lamp, emitting
at 365 nm, 11 W. This configuration was used in the reactions described
in Chapter 3, which were carried out over 4 h. In addition, this
configuration was also used in Chapter 5, with the difference that the
activity was evaluated for 5 h under visible radiation using daylight from
a commercial lamp (Sylvania® F6W/T5/54-765, emitting radiation >400
nm, 6 W). On the other hand, configuration 2.7(b) consists of a
photoreactor with a borosilicate glass annular jacket equipped with two
UVA lamps emitting at 365 nm (9 W each). The mixture circulating along
the outer wall of the reactor is kept in agitation, which ensures that the
catalyst remains in suspension during the 5 hours of the reaction. This
configuration has been used to carry out the reactions described in
Chapters 4, 5, and 6.

2.3.2. Methods for aqueous analyses

High-performance liquid chromatography (HPLC)

The behavior during the oxidation reaction was evaluated by high-
performance liquid chromatography (HPLC) analysis, in which the
concentration of both the alcohol and the aldehyde produced was
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monitored over time. This technique involves a mobile or eluent phase,
and a stationary phase, i.e. column consisting of solid particles based
on silica, coated silica, or polymers that improve surface area and
retention time. The analytical process begins when the sample enters
the system and mixes with the mobile phase, then passes through the
stationary phase under pressure exerted by a pump. As the mixture
moves through the column, each component interacts differently with
the stationary and mobile phases. The interaction of the sample with the
stationary phase is defined by the nature of the stationary phase, by
adsorption, partition, ion exchange, and size exclusion chromatography.
When the sample leaves the column, it is directed to the detection and
quantification module. Commonly used detectors are based on
techniques such as UV-vis, fluorescence, refractive index, or mass
spectrometry, which send a signal and translate it graphically into a
chromatogram. The chromatogram represents the different compounds
in the sample with distinct peaks, known by their retention times. These
peaks can have different areas depending on the concentration of the
compound in the mixture, making it a quantitative analysis technique
that allows the concentration of a specific compound dissolved in a
sample to be determined using a previously defined calibration curve
[49,50].

The quality of the analytical method was determined by linearity,
standard deviation, and limit of detection. To measure the precision of
the measurements, the standard deviation was used, obtained by
performing several tests to ensure the consistency of the results. The
limit of detection (LOD), described by Eq. 2.9, where o is the standard
deviation and m is the slope found on the calibration curve, represents
the smallest amount of analyte whose signal can be distinguished from
the noise signal, i.e. the minimum concentration of the substance that
can be reliably detected by the analytical method [51]:

3 X
Lob =222 % 1000 (2.9)

Ultraviolet-based detection is widely used in high-performance liquid
chromatography because of its ease of operation, relative sensitivity,
and cost-effectiveness compared to other methods. This detector
measures the absorbance of UV-vis light at multiple wavelengths
simultaneously [52]. Diode array detectors (UV-vis DADs), also known
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as photodiode array detectors (UV-vis PADs), measure the absorbance
of UV-vis light at multiple wavelengths simultaneously and are very
sensitive, allowing the detection of compounds at low concentrations
[53].

In the present investigation, the behavior of alcohols and aldehydes
was analyzed using an HPLC coupled to a UV-vis detector. Two different
instruments were used. The first instrument was a Shimadzu LC-10
equipped with a UV-visible DAD detection system, using a Kromasil C18
100 5C18 column (100 A, 5 ym, 2.1 x 150 mm) as the stationary phase.
The mobile phase was a mixture of methanol (2.5%), acetonitrile
(27.5%), and 0.1% HsPO. in ultrapure water (70%) pumped at 1.0 ml
min"'. Retention times were 3.7 minutes for benzyl alcohol and 6.4
minutes for benzaldehyde. The second used HPLC was the Waters™
HPLC Alliance €2695 coupled to a 2998 UV visible photodiode array
(PDA) detector. The stationary phase consisted of a Zorbax Bonus-RP
column (4.6 x 150 mm, 5 ym). The mobile phase was pumped at 1 mL
min~" and sample injection was performed under an isocratic mode with
an injection volume of 50-90 pL. For the analysis of benzyl alcohol (BA)
and benzaldehyde (BD), a mixture of 30% acetonitrile (A) and 70%
acidified water (B, 0.1% v/v trifluoroacetic acid) was pumped, and
quantification was performed at 215 nm for BA and 248 nm for BD. The
same device was used to analyze cinnamyl alcohol (CA) and
cinnamaldehyde (CD) with a mobile phase consisting of 40% (v/v)
acetonitrile and 60% (v/v) ultrapure water acidified with 0.1% (v/v)
trifluoroacetic acid. The injection volume was 50 pL. Quantification was
performed at 240 nm for CA and 331 nm for CD. Finally, the presence
of short-chain organic acids as oxidation end products was analyzed
using a CoreGel 87H3 column (7.8 x 300 mm) under isocratic pumping
of an acidified aqueous solution (H;SOs 4 mM) at 1 ml min™" with
detection at 210 nm.

Liquid chromatography coupled with electrospray ionization in
positive mode and detection by quadrupole time-of-flight mass
spectrometry (LC-ESI (+)-QTOF):

HPLC coupled with mass spectrometry detection (LC-MS) is a
technique that offers high sensitivity and selectivity, making it ideal for
analyses requiring higher precision, such as in the pharmaceutical
industry. This equipment consists of a sampler, the HPLC system, the
ionization source, and the mass spectrometer. The ionization source is
crucial as it serves as the interface between the HPLC eluent and the
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mass spectrometer. The ionization source operates at atmospheric
pressure and high voltages, together with heat sources, to generate the
ions analyzed by the system. Two common ionization systems are
atmospheric pressure chemical ionization (APCI) and electrospray
ionization (ESI), the latter being used in this research. ESI employs a
high voltage field (3-5 kV) to nebulize the column effluent, resulting in
the generation of small droplets containing individual ions that then enter
the detector, which separates these ions. The detector is a hybrid
system that combines a quadrupole mass spectrometer with a time-of-
flight (TOF) mass spectrometer, providing a higher-resolution mass
spectrum for each chromatographic peak eluted from the column
[54,55].

In the present study, the transformation products during the
photocatalytic oxidation of cinnamyl alcohol with P-CN were analyzed
by liquid chromatography coupled with electrospray ionization in positive
mode and detection by quadrupole time-of-flight mass spectrometry,
LC-ESI(+)-QTOF. Chromatographic separation was carried out on a
Waters™ Acquity UPLC ultra-high pressure, H-Class, equipped with
PDA detection. lonization was performed on a Waters Zspray™ and
high-resolution mass spectrometry on a Waters QTOF Triwave®, model
Synapt G2. Acquisition conditions were as follows: capillary voltage
3500 V, collision energy, X eV, m/z range from 50 to 1000.
Transformation products were identified based on the MS spectra of the
precursor using MassLynx software.

Total organic carbon (TOC)

Total organic carbon was measured with a Shimadzu® TOC-
Vcsh analyzer. This technique is an indicator of the complete oxidation
of the organic compounds present in a sample, converting all the carbon
content to carbon dioxide. In the selective reaction of alcohols, this
technique is used to determine whether there are highly oxidizing
species capable of causing over-oxidation and affecting the selectivity
towards the desired product.

2.3.3. Catalytic activity

Photolysis

Before carrying out any photocatalytic reaction, each reagent was
subjected to photolysis tests. This test consists of irradiating each
alcoholic solution in the absence of a catalyst to determine whether
chemical decomposition occurs, i.e. whether aldehyde production
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results solely from the transfer of light energy to the initial alcoholic
sample [56]. The photolysis tests were carried out under the same
conditions as the reactions contained in each chapter, with the only
difference being that in no case was a solid catalyst added.

Reaction yield

The reaction yield was determined from parameters such as
conversion, selectivity, and reaction rate, defined by (equations 2.10-
2.12). The conversion indicates the fraction of the reagent consumed
during the chemical reaction. Product selectivity refers to the ability of a
chemical process to generate the desired product and the reaction rate
indicates the variation of the concentration of the reactants with time.
Each of these parameters can vary depending on the contact surface,
temperature, and concentration of the reactants [57].

_ Carcy, — Carcy (2.10)
conversion = ————
ALC,
o Carp, (2.11)
selectivity = ——
Carc, = Carcy
o = k Carc, (2.12)

were, Cy.c, is the concentration of the initial alcohol, C4;¢ ; represents
the concentration of the alcohol at the end of the reaction, CaLp, Means

the final concentration of the aldehyde, r, is the initial reaction rate, k is
the pseudo-first-order kinetic constant.

2.3.4. Reaction mechanism

Scavengers

To understand the reaction mechanism, scavengers or scavengers
of chemical reactive species have been used. These species are
commonly used in photocatalytic processes to qualitatively evaluate the
main oxidative species involved. The scavengers react quickly and
specifically with the radical, generating a stable species that does not
interfere with the reaction, thus eliminating the effect of this radical in the
reaction. In heterogeneous photocatalysis, various molecules are used
as radical scavengers, for example, the action of the photo-generated
holes is suppressed by adding oxalic acid (10 mM), or EDTA (1 mM),
which are electron-donating species. For the inhibition of HO", alcohols
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such as methanol (10 mM) and tert-butyl alcohol (TBA, 10 mM) were
used. To remove the action of the superoxide radicals, strategies such
as the N2 bubbling or the addition of specific scavengers such as p-
benzoquinone (1 mM) and disodium 4,5-dihydroxybenzene-1,3-
disulphonate (1 mM) have been used. Singlet oxygen role was
tentatively studied by adding L-histidine (1 mM) as an inhibitor. Each of
these species is added in excess, to ensure the capture of the radicals
involved during the process. In all the scavenged assays, the pH was
adjusted to the blank value with NaOH and/or HCI solutions [58].

The presence of the hydroxyl radical HO® during the selective
oxidation of alcohols is of special interest due to its high oxidative power.
Controlling the concentration of these radicals allows directing the
reaction toward the formation of specific products, minimizing the
generation of unwanted products. Experiments to quantify the rate of
generation of hydroxyl radicals were carried out in alkaline solutions
containing non-fluorescent terephthalic acid (TA). The pH of the
solutions was adjusted with NaOH to ensure complete dissolution of the
TA. During the photocatalytic process, TA captures HO" radicals by
releasing fluorescent 2-hydroxy-terephthalic (2-HO-TA) acid, which
undergoes emission at 425 nm when excited at a wavelength of 318 nm.
The formation of 2-HO-TA the can be monitored over time as a direct
indicator of the presence of HO® radicals [59]. For this study, two tests
were performed and compared with 2-HO-TPA (1 mM) in the presence
and absence of cinnamyl alcohol. The analysis of 2-HO-TPA was
performed on a Varian Cary fluorescence spectrometer with an
excitation wavelength of 315 nm (2.5 nm slit) and emission spectra
recorded between 360 and 600 nm (2.5 nm slit), with a maximum peak
at 420 nm. The peak area correlated with the concentration of the 2-HO-
TPA standard solution between 0.5 and 5 pM. The detection limit of 2-
HO-TPA was estimated to be 0.21 mM.

2.3.5. Characterization of the radiation source

In photocatalytic reactions, light is considered as an intermediate
capable of changing the course of the reaction. Therefore, it is
necessary to study the interaction of light with photochemical systems.
One of the techniques used to understand this behavior is chemical
actinometry, a technique used to measure the amount of ultraviolet or
visible radiation received by a sample. This technique consists of
subjecting a chemical system containing a chromophore C to a light-
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induced reaction at a certain wavelength whose quantum yield is
precisely known; the amount of product formed or the decrease in the
reactant is determined spectrophotometrically and correlated with the
number of photons absorbed by the sample. Ferrioxalate is considered
one of the most popular actinometers because it has high and constant
quantum yields in the UV-vis region (250-500 nm). The chemical
actinometry of ferrioxalate is based on the light-induced irreversible
redox reaction of ferrioxalate, see equation 2.13-2.15, where Fe3*is
converted to Fe?* and subsequently a reductive reaction takes place via
CO,, COz radical anions [60,61].

[Fe''(C,0,)5]°~ + hv — [Fe'(C,0,),]1*™ + (C,0,)™

(2.13)
(C20,)™ = CO, + (CO,)™ (2.14)
[Fe"'(C,0,)3)3 + (€C0,)™ = [Fe''(C,0,),]% + (C,04)* + CO, (2.19)

However, this method presents some interferences, because it
requires analytical procedures after irradiation to confirm the complete
coloration of the Fe?" complex, in addition to presenting possible
sources of experimental errors. For this reason, in this work a modified
system consisting of ferrioxalate-polyoxometalate has been used, in
which the reduced polyoxometalate (blue color) is generated in situ and
can be measured spectrophotometrically without any subsequent
treatment. The reducing power of (C0,) ™ can generate the reaction (Eq.
2.16) with a characteristic blue color [62].

POM (colorless) + (CO,)™ = POM~(colored) + CO, (2.16)

Actinometry tests were performed with 60 mM oxalic acid, 5 mM of
FeCls;-6H20, and 1 mM of H4SiW12040. The pH of the solution was
adjusted to 4.5 with the addition of HCI and NaOH to avoid possible self-
decomposition of the polyoxometalate complex. It was considered that
the rate of formation of POM- follows zero-order kinetics according to:

Crom- = Io - dpom—365nm " t (2.17)

where, Cpom is the concentration of the POM- formed, | is the radiation
intensity, and ¢rowm™ 365nm is the quantum yield of the reaction at 365 nm.
From the slope of the adjustment of the POM- concentration with time, lo
can be estimated, considering that, according to the literature,
drom™ 365nm =0.18 mol Einstein™ [62].
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Alternatively, the intensity of the radiation can be measured by
spectroradiometry. A spectroradiometer is a device used to measure
spectral fluxes at different wavelengths within a specific range of the
spectrum. Measuring the maximum emission of the light source at
certain wavelengths, along with the optical characterization of the
catalyst through DRS-UV-visible, which indicates the wavelengths at
which the catalyst effectively absorbs light, are complementary studies
of great interest for photocatalytic processes. The data provided by the
spectroradiometer allow for adjusting the light source to maximize
emission at wavelengths that the catalyst effectively absorbs.
Alternatively, catalysts can be selected whose absorption spectrum
matches the wavelengths emitted by the light source [63]. The joint
study of these two properties can ensure efficiency in the photocatalytic
reaction. In this study, the BLACK-Comet UV-visible spectroradiometer
(StellarNet Inc., Florida, USA) was used, employing lamps that
simulated daylight to ensure the activity of the photocatalyst in the visible
region.

2.4. QUANTUM EFFICIENCY DETERMINATION

The quantum efficiency (QE) of alcohol photodegradation was
quantified following the IUPAC recommendations, which define Qe as
the ratio between the number of molecules reacting via the reaction rate
(rac0) and the number of photons interacting with the catalyst, i.e., the
photon absorption rate (e*Y). The reaction rate is determined using Eq.
2.12, and the photon absorption rate is determined through the following
procedure:

2.4.1. Volumetric rate of photon absorption

The average volumetric rate of photon absorption was obtained by
solving the Radiative Transfer Equation (RTE) in the annular photo-
reactor, available in Fig. 2.7 The RTE can be expressed as Eq. 2.18
assuming; (i) the emission radiation is negligible and (ii) steady state
condition during the photocatalytic processes [64—66].

diyn(x)

T = (@)~ o (©Dha@) + 22 [ (@ > Dy (218)

41

To solve Eq. 2.18, it is first necessary to determine the optical
properties of the photocatalyst suspensions. The spectral absorption
coefficient (k; ), the spectral scattering coefficient (g;), and the scattering
phase, p(Q’ - Q) are required. Here, and according to previous studies
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in similar catalysts, the Henyey and Greenstein phase function (Eq.
2.19) was adopted to calculate the scattering phase function [64,66].

' _ 1-g3
P(@ - 0) === (2.19)

The optical properties were obtained by solving the RTE, which
considers radiation absorption and scattering effect by the catalyst, by
using the discrete ordinate method (DOM) in a rectangular
spectrophotometer cell in combination with a nonlinear, multiparameter
regression procedure (Isgnonlin, Algorithm: Trust-Region-Reflective
Optimization). Before that, the extinction coefficient 5, was obtained by
applying a standard linear regression to the plots of 8, versus catalyst
concentration. Besides, considering that the cell can be represented as
an infinite plane parallel medium with azimuthal symmetry, a one-
dimensional, one-directional radiation transport model can be used to
solve the RTE, see Fig. 2.8.

one-dimensional (x),
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Fig. 2.8 Schematic representation for the one-dimensional, one-directional radiation
model of the cell used for the determination of the optical properties of the samples.

Fig. 2.8 shows a schematic representation of the spectrophotometer
cell and the corresponding RTE solution scheme where the net light
intensity is presented by one angular-related variable (4 = cos 6) at
each point of the cell one-dimensional (x variable) representation. The
fitting procedure renders the values of w, (the albedo defined by Eq.
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2.20) and g, (Eq. 2.21) parameters that minimize the differences
between model predictions and experimental data of diffuse
transmittance and reflectance measurements at the spectrophotometric
cell for a set of catalyst concentrations, C, and in the wavelength range
of the light source. Then, the volumetric scattering and absorption
coefficients can be obtained as following:

03 = B X wy (220)
Ky = .BA — Wy (221)

The extinction (B;), scattering (g;) and absorption (x,) coefficients, as
well as the asymmetry factor g for all samples of the study are
represented graphically.

Once the optical properties of the catalysts have been established,
the evaluation of the radiation field inside the photoreactor can be
carried out. The DOM tool was used to transform the integro-differential
Eq. 2.18 into a system of algebraic equations that can be solved
numerically. The reactor configuration requires the use of a cylindrical
two-dimensional (r-z variables), two-directional (6-¢ variables) model of
the photoreactor radiation field (Fig. 2.9A). The net radiation intensity at
each r-z point of the reactor is now represented using a discretized
spatial mesh having two angular-related coordinates (u=cos6, n=cos¢).
Fig. 2.9B displays the unitary (u, n) pair, basal projections in a quadrant
of the space around a r — z point calculated using the so-called S16
method. The determination of the intensity at each point of the reactor
require to divide the space in 4 quadrants as depicted in Fig. 2.9C and
the measurement of the incident light intensity at the boundary (liquid
surface) using chemical actinometry. According to the Duderstadt and
Martin recommendation [67], and following the numerical procedure
scheme, the finite difference method (DOM) was derived directly from
the radiation balance for each mesh cell.
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two-dimensional (r-z), two-directional (0—¢) model
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Fig. 2.9 (A) Representation of the rand z spatial mesh discretization of the photoreactor,
(B) Directional mesh for the Quadrant | and (C) representation of quadrants of directions as
a function of the direction cosines (U, n) respect to r and z-axis

Using the DOM approach the central intensity at each cell (I,i,;j) can
be calculated from the previous ones starting from the appropriate

+ j i,jt+ « o » .
boundary values (I15%/%/: [:7¥1/2) as well as one “auxiliary” one coming
) as:

from the directional mesh (I LI
1+1/2

m—1/2
N J —10j+1/2
Il = luml(Aiv1/2) = Ai—1/2;)D g ' + 2By D™ ! %+
(Air1j2j = Aim1y2j) " (Vmaryz + Vino12) D7 Wi 'L +

2Ny by P WaVi D7 (2.22)

where, A is the area of the spatial cell parallel to the cylindrical axe, n
means direction cosine, B represents the area of the spatial cell
perpendicular to the cylindrical axe, v is the effective area for angular
fluxes, W means weight of direction cosines and V represents the
volume. From eq. 2.2, some variables can be defined as:

D = lum|(Ais1/2; — Ai1/2,5) + 2MimlBij + (Aiv1y2j — Aic1/2)) -

(Vm+1/2 + Vm—1/2)V|/'n?1 +ryV;+ oV (2.23)
Ajr1)2,j = 2MTi41/207; (2.24)
Bij1/2 =21 <—(ri+1/zzri_1/2)> Ar; (2.25)

v, = 2n ((”2;/)) Az (2.26)
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The computational calculation at each quadrant begins from the
corner of the spatial mesh in which two of the four boundary conditions
can be applied. In this case, the boundary conditions are (i) known inlet
radiation for quadrants | and Il at r=0; and (ii) null reflection in the inner
reactor wall surfaces. The directional mesh at each spatial cell is always
calculated in ascending m values, selecting as m=1 the angular direction

more parallel to the r-z plane in which If;f_l/z is approximated to zero.
With this extra condition and Eq. 2.27, the recursive Eq. 2.22 can be
applied to the cell closer to the boundary conditions and so forth.

Vm+1/2 ~ Vm-1/2 = —HmWn (2.27)

For each quadrant, the complete set of 6 intensities required for each
spatial mesh cell is obtained by applying equations 2.28-2.30.

For the spatial mesh:

o (/20 /2

I,l,'{ = (2—) (2.28)
. I,i;{_l/ZHTi;{H/Z

I,l,'{ :( > ) (2.29)

And for the directional mesh:

Irln] _ (Irir'{—1/2+lrir'{+1/2) (230)

2

These equations consider linear intensity profiles inside each spatial
mesh cell, an approximation that has increasing accuracy as the finite,
deltar, and z elements go to zero.

Finally, once the intensities were obtained, the local volumetric rate
of photon absorption (e*?) was calculated at each r — z point of the
reactor according to:

eV = /1 Ky (%) f;;nl,l'g(g)dﬂ dA (2.31)
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M. Alejandra Quintana, Rafael R. Solis, M. Angeles Martin-Lara, Gabriel
Blazquez, F. Monica Calero, Mario J. Mufioz-Batista

Abstract

Graphitic carbon nitride is a non-metal photocatalyst easily prepared
from nitrogen organic compounds through green synthesis processes
that do not require the use of solvents. This work proposes the use of
boron to modify the layered g-CsN4 structure by incorporating B to
induce defects aimed at the enhancement of the photocatalytic activity.
Boron-modified graphitic carbon has been obtained using elemental B
and NaBH; as precursors. The XRD and FTIR characterization results
suggest that the C and N positions of g-CsN4 can be replaced by B,
resulting in a layered modified structure in which the tri-s-triazine units
are altered. The exchange of B atoms differed from the boron precursor
according to the analysis of the chemical properties of the surface. Thus,
the elemental B had a preference to exchange positions with N atoms,
whereas the use of NaBH. led to the substitution of B into the C
positions. This difference considerably affected the photocatalytic
activity during the selective oxidation of benzyl alcohol. The sample
modified with NaBH. led to the highest oxidation rate and selectivity
linked to a lesser recombination effect than the other samples according
to photoluminescence tests. This work provides evidence about the
convenience of the selection of precursors during the modification of g-
CsN4. The photon absorbance rate was determined for the estimation of
the quantum yield. Although the photon absorbance rate was quite
similar in all the cases, the different registered kinetics led to a maximum
quantum efficiency of 0.15% for NaBCN.

Keywords: graphitic carbon nitride; boron; benzaldehyde;
photocatalysis.
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3.1. INTRODUCTION

Graphitic carbon nitride (g-CsN.) is a novel metal-free and non-toxic
photocatalyst with promising optoelectronic properties in a wide range
of photocatalytic applications [1]. It displays bandgap energy ca. 2.7 eV
which allows better harvesting of the solar spectrum if compared to
traditional TiO2 [2]. g-CsN. represents an environmentally friendly
alternative since it is based on carbon, nitrogen, and hydrogen and can
be easily prepared from nitrogen natural organic compounds such as
melamine, urea, or cyanamide, among others [3,4]. The synthesis can
be achieved by calcination under inert atmosphere or by hydrothermal
treatment under pressure [5]. Analogously to graphene, pristine g-CsNa
is a polymeric monolayer of coupled tri-s-triazine (CsN7) rings connected
by planar amino groups that can be tunable into different morphologies
including nanosheets, nanotubes, or quantum dots [6]. Since it was first
applied for water splitting [7], numerous applications have been
proposed for diverse photocatalytic scenarios, including energy
production [8], CO, conversion [9], organic transformations [10], water
treatment [11], disinfection [3,12] or as sensor [6].

Several modifications have been proposed to enhance the activity of
g-CsN4 [13]. Some examples of this improved photoactivity include the
modification of the pristine structure aimed at the formation of nitrogen
vacancies [14], maodification of the layered structure with non-metal [15-
18] and metal doping [16], the deposition of noble metal nanopatrticles
[19], anchoring of Na [20], the formation of hetero-structures based in
photocatalytic metal oxides [2,15], Mxenes [21] or other organic
semiconductors such as Metal Organic Frameworks [22]. Non-metal
doping is an environmentally friendly alternative since it does not
consider the use of expensive metals that could raise problems of metal
leaching during photocatalytic performance. Diverse non-metal options
are reported in the literature pursuing improved visible light absorption,
increased carrier mobility, production of more active sites, and reduction
of the recombination rate of photo-generated charges. The simplest
modification of g-CszN. includes the partial oxygenation of the g-CsNa
structure [23]; however, other non-metal atoms have been successfully
incorporated into the structure such as boron [24-27], phosphorous [28],
sulfur [29], or halides [30,31]. Boron is an interesting alternative to
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modify the g-CsN4 structure due to the similar chemical properties of
boron, carbon, and nitrogen which have raised the attention for a large
range of applications owing to their outstanding features [32]. Boron can
be exchanged by either carbon or nitrogen positions [33], leading to very
interesting photoelectronic properties and defects in the structure.

The selective oxidation of alcohols is one of the most relevant and
established transformations into added-value chemicals, i.e. aldehydes
and ketones, in industrial catalysis. Currently, diverse technologies are
already implemented such as thermo-catalysis, catalysis, and
electrocatalysis [34-36]. Among them, photocatalysis is an emerging
alternative that can help the migration of traditional technologies to other
more respectful with the environment either due to their milder working
conditions, the cost-efficient energy input compared with the traditional
thermo-catalysis, or the reduction of consumed solvents [37].

This work reports the use of boron-modified graphitic carbon nitride
as a hovel metal-free photocatalyst for the selective oxidation of benzyl
alcohol to the added-value benzaldehyde. Although g-CsN4 modified
with boron has been reported using NaBH, in solid stated process for
the photocatalytic production of O, [24] or H; [25], there is no information
of the comparison efficiency with other precursors such as elemental
boron. Moreover, these materials have not been tested in the
photocatalytic production of aldehydes with industrial interest. For that
reason, this work is focused in the use and comparison of two different
boron precursors have been selected, elemental boron and sodium
borohydride to generate defects that enhance the activity and selectivity
toward the production of benzaldehyde from benzyl alcohol. A complete
characterization including N physisorption, XRD, XPS, FTIR, DRS UV-
visible, and photoluminescence technique was applied to unveil the
connection between the boron modified g-CsN4 and the photocatalytic
activity observed. The use of NaBH, as the precursor, which promotes
the exchange of B into carbon positions, led to the best results either
reaction rate or selectivity. The photoelectronic characterization results
suggested that, compared to the bare g-CsNa, the bandgap was reduced
(from 2.72 to 2.28 eV) and the recombination effect considerably
weakened. The selection of the suitable B precursor strongly impacts
not only the structural changes but also the photoactivity response.
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3.2. EXPERIMENTAL

3.2.1. Materials and catalysts synthesis

Analytical grade benzyl alcohol (>99%) and benzaldehyde (>99%)
standards were used as received. HPLC grade acetonitrile and
methanol were used for analytical purposes. Ultrapure water (18.2
MQ:-cm) from a Direct-Q®-UV system (Millipore®) was used in all the
solutions preparation.

The graphitic carbon nitride (g-CsN4, CN) was prepared as previously
reported in the literature from the pyrolyzation of melamine during 2 h at
550 °C with a heating rate of 9 °C-min [27]. Next, the yellowish CN was
washed with water and the higher particles were discharged by
decantation. The suspended CN particles were filtered and dried at 80
°C. The boron modified samples were prepared via calcination under an
N2 inert atmosphere [24]. Briefly, 1.0 g of CN and 0.4 g of NaBH4 (>99%,
Sigma-Aldrich®), were mixed and grounded in a mortar. The sample
modified with elemental boron (>95%, Sigma-Aldrich®) was added as
the equivalent B amount in the 0.5 g of NaBH4. The mixed powder was
calcined at 450 °C for 1 h with a ramp of 10 °C-mint with a gas flow rate
of 20 mL Nz-mint. After cooling to room temperature, the resulting
brownish samples were washed several times with water and dried at
80 °C overnight. The boron modified CN with elemental boron was
labeled as BCN whereas if NaBHs was used as the precursor, the
sample was named NaBCN. Preliminary tests were carried out in a
thermogravimetric balance to ensure the thermal stability of the samples
at the selected temperature. Only a 4% mass loss was recorded.

3.2.2. Characterization of the solids

The thermal stability of the samples was evaluated in a Perkin Elmer
(model STA 6000) thermobalance. A constant heating rate of 10 °C-min"
1 was used under N, atmosphere (flow rate, 20 mL/min) from room
temperature to 450 °C. The crystalline structure was studied by X-Ray
Diffraction (XRD) in a Bruker D8 Discover diffractometer w using a Cu
Ka radiation source (A = 1.5406 A) and a Pilatus3R 100K-A detector
within a 2q range of 8-80° at a rate of 0.08°-min. The software Match!®
and the Crystal Open Database (COD) library were used to process the
diffractograms obtained. The stretching of the bonds in the structure was
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studied by Fourier Transform InfraRed (FTIR) analysis, carried out in a
Perkin-Elmer device (model Spectrum65) within 400-4000 cm™. The
chemical composition of the surface was analyzed by X-ray
Photoelectron Spectroscopy (XPS) in a Kratos AXIS UltraDLD device
working with an X-ray source from Al Ka. The XPS spectra were
referenced to the Cls peak of adventitious carbon to 284.6 eV. The
software XPSpeak 4.1® was used for the deconvolution of the peaks,
considering a Shirley background correction. Scan Transmission
Electron Microscopy (STEM) was used to study the morphology and the
distribution of element composition with High-Angle Annular Dark Field
(HAADF) detection and Electron Disperse X-Ray (EDX) analysis in a
Thermo Fisher Scientific TALOS F200X device. The elemental
composition, i.e. C, N and H, was analyzed in a Thermo Scientific™,
Flash 2000 device. The textural properties (surface area and pore
volume) were determined from N adsorption-desorption at 77 K
performed in an ASAP 2020 equipment (Micromeritics). The specific
surface area was obtained by the Brunauer-Emmett-Teller method
(Seer). The optical properties were obtained by Diffuse Reflectance
Spectroscopy (DRS) in the UV-visible range in a Varian Cary 5E
spectrophotometer. From the reflectance spectrum and the application
of Tauc’s plot method [38], the bandgap values were estimated. The
recombination rate of the photogenerated electrons was assessed by
photoluminescence (PL) analysis in a Varian Cary Eclipse device under
an excitation wavelength of 365 nm.

3.2.3. Photocatalytic production of benzaldehyde

Photocatalytic reactions were carried out in a discontinuous type
annular photoreactor, see scheme in Fig. 3.1, with the liquid mixture
circulating through the jacked space and radiation source (Sylvania®
F11W T5 BL368 lamp, emitting at 365 nm, 11 W) located in the center.
To keep the temperature constant to 20 °C, the mixture was recirculated
to a stirring tank equipped with a jacketing system. Excess air was
bubbled in this stirring tank to maintain an oxidizing environment which
has been reported as beneficial for this reaction [39]. Every 30 min
during 4 h of reaction, samples were extracted, and the photocatalyst
was removed by centrifugation. Previous to irradiation, a 30 min
adsorption step was carried out. Experiments were carried out by
triplicate and the relative standard deviation error was minor to 5%. The
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importance of photo-generated and radical species was assessed with
scavenging experiments in the presence of methanol (10 mM), oxalic
acid (10 mM) or N2 bubbling following the same described procedure.
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Fig. 3.1 Experimental setup of the photoreaction system (dimensions expressed in mm).
Experimental conditions: Vphotorreactor=200 mL; Viank=150 mL; T=20°C

The radiation intensity of the lamp was quantified by an in-situ
chemical actinometry based on the photoreduction of the ferrioxalate
combined with a polyoxometalate (Na>SiW1,0s) to monitor the temporal
depletion of the ferrioxalate complex [40]. The experimental conditions
included oxalic acid 60 mM, FeCls 5 mM, and SiW1,04* 1 mM. The pH
was adjusted to 4.5 with HCl and NaOH to prevent self-decomposition
of the polyoxometalate complex. Considering a quantum yield $=0.18
mol-Einstein? [40] at 365 + 10 nm during the photo-production of
SiW12040%, the radiation intensity value obtained was lo= (2.2 + 0.1)-10°
4 Einstein L min‘t.

The concentration of benzyl alcohol (BA) and benzaldehyde (BD)
during the photoreaction was quantified by High-Performance Liquid
Chromatography (HPLC) technique in a Shimadzu LC-10 device
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coupled to DAD UV-visible detection. The stationary phase was a
Kromasil C18 column 100 5C18 (100A, 5 um, 2.1x150 mm) and the
mobile phase consisted of a constant elution grade of a mixture of
methanol (2.5%), acetonitrile (27.5%), and 0.1% HsPO, ultrapure water
(70%) pumped at 1.0 mL min*. The BA (retention time, 3.7 min) was
quantified at 215 nm and the BD (retention time, 6.4 min) at 248 nm.
The limit of detection [41] was calculated as, respectively, 26 and 14 mM
for BA and BD. The Total Organic Carbon (TOC) was analyzed in a
Shimadzu® TOC-VcsH analyzer.

The quantum efficiency (Qg) was calculated according to the Eqg. 3.1,
according to the IUPAC recommendations [42-44], which defines the Qe
as the ratio of the number of molecules reacting, i.e. the reaction rate,
by the number of photon which interact with the catalyst, i.e. the photon
absorption rate [45]:

B4y (mol'm=3-571)

Qe (%) = 100 (3.1)

eV (Einstein-m~3-s~1)

The initial BA degradation rate (rsa o) was determined from the slope of
the temporal evolution of the Cga extrapolating at the initial time, or after
the reaction started in case of appreciating an inactivation period. To
determine the photon absorption rate (e®’), the radiative transfer
eguation (RTE) was solved for the used reactor which needs as first step
the determination of the optical properties of the catalytic suspensions.
Detailed description of the mathematical procedure for both optical
properties and photon rate estimations are provided in the supporting
information.

3.3. RESULTS AND DISCUSSION

3.3.1. Characterization of the boron modified g-CsNa4

The XRD technique was used to assess the changes in the graphitic
carbon structure of CN after the incorporation of boron. Fig. 3.2A
illustrates the registered XRD patterns for the CN, BCN, and NaBCN
samples. As shown in this figure, the pristine sample, CN, presents two
characteristic peaks reported in g-CsNs samples, one located at
20=13.4°, whose intensity is almost negligible, and a second intense
peak at 27.3° which are assigned, respectively, to the (100) and (002)
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planes [24]. The (100) plane refers to the in-plane of tri-s-triazine units
that build the g-C3N4 sheet while the (002) plane, the most important and
intense, results from the presence of interconnected layers. The almost
negligible (100) peak in the CN sample suggests a lack of organized
triazine units inside the sheet; nonetheless, the presence of an intense
peak at 27.3° corroborates the formation of the layered structure. The
incorporation of boron as elemental B led to a decrease of the (002)
plane in the BCN sample, due to the increase of the disorder in the
structure. The addition of NaBH, instead of elemental B contributed to
the higher destruction of the interlayered structure giving to a lower
peak.
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Fig. 3.2 Changes in the XRD pattern (A) and FTIR spectra (B) of CN after B incorporation

Fig. 3.2B depicts the FTIR spectra of CN, BCN, and NaBCN samples.
There is a wide band within 3000-3500 cm™ related to the vibration —
NH. and —NH- groups. The incorporation of boron with the two
precursors, elemental B, and NaBH4, led to a slight depletion of this
band as shown for BCN and NaBCN spectra. The CN sample also
presents a peak located at ~810 cm™* which is attributed to o the out-of-
plane bonding vibration characteristics of triazine [24]. A decrease of
this peak is observed after the incorporation of B with NaBCN.
Moreover, a group of peaks between 900-1800 cm™ is originated due to
the stretching of the aromatic C-N heterocycles [24]. Concretely, the
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intense peaks at 1620, 1530, and 1390 cm™ can be assigned to the
aromatic C-N stretching vibration [46,47]. The bands at 1310 and 1230
cm? correspond to the stretching vibration of C-N-(C)-C or C-NH-C
bonds [46,47]. This group of peaks suffered soft modifications during the
incorporation of boron, being the sample NaBCN the one giving less
intensity for these peaks. A new peak at 2270 cm™ emerged in the
sample NaBCN. This peak corresponds to the asymmetric stretching
vibration of the C=N group that appears as a consequence of a thermal
reaction between elemental B or NaBH, and g-CsN. [24,25]. The
presence of this C=EN group introduces nitrogen defects into the g-CsN4
structure. This peak appears in both boron-modified samples; however,
the intensity acquired is higher in the NaBCN sample if compared to
BCN. Summarizing, not great changes in FTIR footprint were
appreciated rather the alteration on nitrogen defects. For that reason, a
more sensitive superficial technique such as XPS was carried out.

The textural properties were assessed by N-physisorption analysis,
see results in Table 3.1. The samples were macroporous with low
specific surface area. The Sger values slightly decreased with the boron
incorporation, being the NaBH, the precursor that produced a greater
modification.

Table 3.1 Characterization of the CN, BCN, and NaBCN samples

Surface atomic Atomic N/C
o -

sample (:2557_1) percentage (%) by XPS r;tI::)mental Ba(r:\llg;ap

99 ¢ N o B xps .

analysis
CN 13.0 494 467 3.9 - 0.94 1.54 2.72
BCN 11.5 513 283 94 11.0 0.55 1.50 2.53
NaBCN 3.7 389 19.0 215 102 049 1.31 2.28

The chemical changes on the surface of the samples after boron
modification were studied by the XPS technique. Fig. 3.3 Changes in XPS
spectra of N1s (left), C1s (center), and B1s (right) of CN after B
incorporation provides a detailed analysis of the high-resolution C1s,
N1s, and B1s regions. As observed, the incorporation of boron in the
structure partially modifies the original C1s and N1s spectra of the bare
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graphitic carbon nitride structure. It should be noted that as the B content
was minor, the modifications displayed are a plausible suggestion of the
bond changes. Moreover, an intense peak of B1s was registered in BCN
and NaBCN samples, which proves the presence of boron after the
synthesis. The spectra were deconvoluted according to the expected
contributions reported in the literature. The N1s peak of CN can be
explained as the sum of three contributions related to Cs—N (Nsc, 399.9
eV), N-C=N (Nxc, 398.4 eV), and N-Hy (401.0 eV) bonds [25-27,48].
The peak Nsc, considerably diminished in intensity, which provides
evidence of a B attack to these points of s-triazine structure. Also, the
peak related to -NHx terminal defects decreased after B incorporation,
suggesting the susceptibility to be attacked. As a consequence of the
incorporation of boron in the structure, two extra contributions, B=N-C
(399.0 eV) and N-(C2)B (400.4 eV) appeared in the N1s network [27],
which suggest the integration of B in the graphitic structure. The Cls
region displayed major changes. The Cls peak of graphitic carbon
nitride is commonly deconvoluted in sp? N=C-N (287.9 eV), sp® C-C/C-
N (285.2 eV), and sp? C-C/C=C (284.4 eV) bonds [49]. The modification
of the CN sample with boron intensively modified the carbon network.
As the result of the formation of defects due to the boron presence, the
contribution of the sp? N=C-N peak decreases, the contribution of sp? C-
C/C-N defects raised, and the sp? C-C/C=C decreased in the NaBCN
sample. The N/C ratios were, according to XPS analysis, highly modified
being 0.94 (CN) > 0.55 (BCN) > 0.49 (NaBCN). The modification with
boron led to a decrease of the N/C ratio, confirmed also elemental
analysis technique (Table 3.1). In the case of elemental analysis,
although the values are different due to the superficial character of XPS
technique, the decrease tendency after the modification with boron was
the similar and closer to the theoretical expected N/C=4/3 value of g-
CsNg4. This difference between techniques provides evidence of the
incorporation of boron just at a surface level. According to the atomic
percentages of elements in the surface, the pristine CN sample displays
a very low amount of O. The two contributions detected in Ols peak
were terminal -OH and C=0 groups [50]. The global O percentage raises
in the order NaBCN>BCN>CN probably also promoted by the oxidation
of boron after contact with water in the washing steps. From the results,
it can be deduced that boron alters the structure of bare CN not only by
exchanging positions in the structure but also by generating terminal
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oxygenated defects. The modification with boron using elemental boron
or NaBH.4 as boron precursors led to very different B1s profiles. Due to
the lower level of boron respect to the other elements, B1s spectrum
can be used to deduce the boron bonding state in the structures. Up to
four different contributions were identified, i.e. elemental boron (186.8
eV), NC,-B (188.1), B-N (190.3 eV), and B related to oxides or
hydroxides (191.9 eV) [27,51,52]. If elemental B was the precursor, the
incorporation of B in the structure was placed as N-(C,)B. Nonetheless,
if NaBHs was used, the incorporation of boron as BN peak is
predominant and the N-(C,)B peak was minor. These results suggest
that the nature of the B precursor could direct the positions in which B
iS going to be incorporated, which means elemental B prefer to attack C
atoms while if NaBHa4 is used B is replaced in the N positions. Other
secondary chemical states of B not meaning an exchange of this
element into N or C positions of CN were also detected, i.e. elemental
boron in BCN and boron oxide in NaBCN. The major presence of boron
oxide in B1s spectrum would also contribute to explain the major content
of oxygen in NaBCN sample. The XPS surface atomic composition is
available in Table 3.1. Both boron modified samples, BCN and NaBCN
presented very similar B incorporation yields in their structures, 11.0 and
10.2% respectively.
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Fig. 3.3 Changes in XPS spectra of N1s (left), C1s (center), and B1s (right) of CN after B
incorporation

The morphology and element distribution of NaBCN sample was
analyzed by STEM and EDX mapping. The Fig. 3.4 STEM image and EDX
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mapping of NaBCN sample shows an example the pictures obtained and
the element mapping. The morphology displayed as layered flakes and
the EDX mapping confirmed the presence of B, C and N. As observed
in the individual mapping, B was uniformly distributed around the flake
particle.

[l spectra from Area #1
Spectrum

Fig. 3.4 STEM image and EDX mapping of NaBCN sample

Fig. 3.5A displays the UV-visible absorption spectra of the samples.
As boron was incorporated in the structure, the edge of CN was red-
shifted. The calculated bandgaps values, see Fig. 3.5B and Table 3.1
Characterization of the CN, BCN, and NaBCN samples, decreased from
2.72 eV in CN to 2.58 eV in BCN and 2.53 eV in NaBCN. Thus, the
incorporation of boron in the structure of CN broadened the light
absorption range by decreasing the bandgap value. Therefore, the
boron-modified materials are expected to better harvest visible
radiation; however, due to the monochromatic nature of the lamp used
in the photo-reactor, the materials will only take advantage of the band
gap reduction rather than the widening of the radiation absorptivity.
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Fig. 3.5 Changes in DRS-UV-visible spectra (A) and bandgap determination by Tauc’s plot
method (B) of CN after B incorporation

Despite the fact of the differences register in the optical properties,
the incorporation of boron in the structure seems not to have a
significant influence in terms of the photon absorption rate. The boron-
modified samples displayed similar behavior due to the net light emitted
by the used UV lamp. In agreement with the UV-visible spectra, the
increase of the light absorption level of the visible range was also
detected when the properties of the catalytic suspension were
determined. As depicted in Figure S3, the profiles of the related optical
coefficients, i.e. the spectral absorption coefficient, the spectral
scattering coefficient, and the scattering phase, show some differences.
Nonetheless, these dissimilarities do not translate, as could be
expected, into a significant modification of the rate of UV light photons
absorbed by the materials, as presented in Fig. 3.6 Local volumetric rate
of photon absorption of CN, BNC and NaBCN. As discussed later, the
modification of the catalytic properties seems to be associated with an
improvement in the load handling processes. This is also supported by
the catalytic test under visible irradiation conditions (Sylvania® F6W T5
Daylight lamp, emitting over 420 nm), which shows negligible catalytic
activity (data not included) under the same operating condition
described in the experimental section.
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Fig. 3.6 Local volumetric rate of photon absorption of CN, BNC and NaBCN.

3.3.2. Photocatalytic performance for the production
of benzyl alcohol

The graphitic carbon nitride and the boron modified samples were
used as potential photocatalysts for the selective oxidation of benzyl
alcohol to benzaldehyde. Fig. 3.7A shows the photocatalytic results in
terms of initial reaction rates and selectivity towards benzaldehyde
production. A preliminary test under irradiation and without
photocatalyst proved the negligible contribution of photolysis of BA.
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Adsorption of BA onto the samples was also discharged by carrying out
30 min of previous adsorption test before switching the lamp on. The BA
conversion of the samples after 4 h, followed the order NaBCN (29 %),
BCN (15 %) > CN (13 %). A pseudo-first order kinetics was registered
except for the NaBCN sample which performed an initial inhibition step.
The initial rate of benzyl alcohol removal (rsao) did not significantly
change if elemental boron was used as a modifier. Nevertheless, in
terms of benzaldehyde production rate, the sample BCN performed a
~3-folded rgp,o Value and therefore, an improved selectivity of BA to BD,
i.e. ca. 30% for BCN and 12% for CN. If NaBH4 was used as the boron
precursor, enhanced reaction rates were registered. Regarding rgao,
NaBCN displayed a 3 times higher value; while for rgp,c photo-production
the value was almost 16 times raised. The selectivity from BA to BD was
also improved by a value of 36%. The BA oxidation has been reported
to produce not only BD. The further oxidation of the aldehyde generates
benzoic acid [53,54]. Moreover, benzyl benzoate has been reported
after the reaction between oxidized product benzoic acid and reactant
benzyl alcohol [55]. In some studies, certain mineralization degree has
been reported [53]; however, it was not the case of this work since no
significant changes of TOC were registered. The Qg values of the BA
disappearance were calculated from the rate of photon absorbance rate
as described in Eqg. 1. The NaBCN sample led to the highest value, Qe
= 0.153%; whereas the CN and BCN displayed very similar results,
0.048 and 0.046%, respectively. These results suggest that the defects
created in the CN structure by B incorporation enhanced both the photo-
activity and the selectivity of the photocatalysts toward the BD formation.
Moreover, the sample NaBCN, in which B exchanges positions with C
atoms as suggested by XPS analysis, resulted more reactive leading to
higher reao and repo values. These photo-activity results are in good
agreement with the recombination extent of the electron-hole pair. The
PL technique, whose results are displayed in Fig. 3.7B, was used to
compare the behavior of the three samples by comparing the intensity
of the PL peak which is associated with a higher recombination rate.
Hence, the sample CN, which was the most inefficient for BD production,
led to the highest PL peak whose maximum was located at ~470 nm.
The modification of the graphitic carbon nitride structure lead to
enhanced solids whose PL peaks considerably decreased in the order
CN>BCN>NaBCN. The B incorporation also decreases the wavelength
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at which their maximum was located, ca. 460 nm. The intensity of the
PL peak was correlated to the CN ratio, as shown in Fig. 3.7B. This
figure depicts a linear correlation between both variables, which
suggests that the creation of defects in the graphitic carbon nitride
reduces the recombination effect, the reason why the photocatalytic
activity was increased.
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Fig. 3.7 Changes in the photocatalytic performance in aqueous solution (A), PL spectra (B)
of CN after B incorporation, and correlation between maximum PL value and CN ratio (B).
Experimental conditions: V=350 mL, T=20°C, Cps,0=0.7 mM; Ccar=0.5g L.

The photocatalytic oxidation of benzyl alcohol to benzaldehyde is
frequently carried out in the presence of organic solvents as reaction
media instead of the aqueous solution to rise the selectivity of the
reaction [39,53]. Among others, acetonitrile is commonly used to ensure
a more selective environment of the reaction, decreasing the rate of the
formation of powerful oxidants such as HO", leading therefore the
reaction toward other more selective reactive species such as O, [56].
Moreover, the beneficial effect of using acetonitrile is related to the
larger amount of O; dissolved if compared to water [57]. After the light
excitation, electrons are generated and migrate to the conduction band
of the catalyst and migrate to the surface of the catalyst they react with
adsorbed O; to form O;". O, abstracts proton from the BA to form the
BD [55]. In the valence band, if water molecules, if present, could be
oxidized by holes to HO’, that may contribute to the further oxidation of
BD into other species that can lead complete oxidation to CO; [54],
which was not observed in this study. Although the selectivity could be
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compromised, the use of water as the solvent is highly desired from the
ecological, economical, and safety points of view. For that reason, some
tests were carried out to assess the influence of acetonitrile as solvent
at different acetonitrile: water ratios in the most active solid sample that
means NaBCN. The results of the initial reaction rates and the selectivity
towards benzaldehyde production are depicted in Fig. 3.8. The addition
of acetonitrile negatively impacted the reaction rates, either the
degradation of BA or the formation of BD due to the scavenger effect of
the organic solvent with hydroxyl radical which promotes further reaction
of BD. Despite this effect, the selectivity was considerably raised if 20%
of acetonitrile was added, ca. 82%. Higher proportions of ACN resulted
detrimental for the selectivity of BA to BD. Although the selectivity is
undoubtedly raised with a 20% of ACN, the use of water can be justified
based on a higher reaction rate and greener conditions.
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Fig. 3.8 Influence of acetonitrile (ACN) in the photocatalytic performance of NaBCN.
Experimental conditions: V=350 mL, T=20°C, Cgs,0=0.7 mM; Ccar=0.5g L™".

Some tests in aqueous solution were carried out to assess the
relative importance of common oxidant species in the photocatalytic
process and investigate the role played by superoxide radicals.
Methanol was used as a potential scavenger of hydroxyl radicals [58],
oxalic acid as a photo-generating hole trapping agent [59], and the
impact played by O, was evaluated by replacing it with an inert
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atmosphere by bubbling N, [60]. The results are depicted in Fig. 3.9.
The presence of methanol slightly modified the BA profile registered for
the blank test; however, better and faster production of BD was
monitored, i.e. selectivity of 56% vs 30% of the blank test, suggesting
the importance of hydroxyl radical, not high in the degradation rate of
BD but negative for the production of BD. The bubbling of N, replacing
O: led to a half reduction of BA conversion, denoting the importance of
superoxide radicals in the photocatalytic conversion process. More
interesting were the results obtained in the presence of oxalic acid which
accelerated the degradation of BA, reaching 100% of conversion after 4
hours. The profile monitored for BD, in this case, reached a maximum
within 60-90 min, although the selectivity was gradually decreasing due
to the high BA converted, i.e. 63-23% in this BA maximum production
peak. In this case, oxalic acid act as a hole trapping agent, enhancing
the photo-generation of charges which would explain the enhanced BA
degradation rate. It has been reported that the photocatalytic
decomposition of oxalate might happen simultaneously with the transfer

of electrons from this compound to the valence band of the photocatalyst
[59].
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Fig. 3.9 Time course of benzyl alcohol (A) and benzaldehyde (B) concentrations during the
photocatalytic oxidation with NaBCN in the presence of scavengers. Experimental
conditions: V=350 mL, T=20°C, Cga,0=0.7 mM; Ccar=0.5 g L"'; Cscavenger= 10 mM

The stability of the NaBCN sample after being used was studied by
analyzing the solid properties during after being used in aqueous
solution, (Fig. 3.10). The XRD and FTIR changes were analyzed and
compared to the fresh sample. The FTIR spectrum of reused NaBCN
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displayed fewer intensity peaks but still provided the footprint
characteristic of graphitic carbon nitride structure. The band related to
the vibration —NH, and —NH- groups which was poorly defined in the
boron modified sample due to the presence of boron, was even more
diffuse after the reuse. The new peak at 2270 cm™ emerged in the
sample NaBCN associated to the C=N group was still well defined in the
reused sample. The peaks corresponding to the tri-s-triazine (heptazine)
ring were considerable weakened although still perceptible. The peak
attributed to o the out-of-plane bonding vibration characteristics of
triazine (=810 cm) was well defined but at lesser intensity. Regarding
the changes in XRD pattern after the reused, it is observed that definition
of the (002) peak corresponding to the presence of interconnected
layers.
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Fig. 3.10 Changes in the XRD pattern (A) and FTIR spectra (B) of NaBCN after reuse

3.4. CONCLUSIONS

The modification of graphitic carbon nitride with boron is a powerful
strategy for the enhancement of photocatalytic activity. Moreover, the
nature of the boron precursor results also in the high relevance of the
chemical properties and, therefore, affects the photocatalytic activity of
benzyl alcohol oxidation. The characterization results suggest that
elemental boron favors the exchange of boron atoms by nitrogen
whereas NaBH4 prefers the exchange into carbon positions. Although
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both boron sources improved the activity of the solid, the use of NaBH4
resulted in the highest oxidation rate of benzyl alcohol and selectivity to
benzaldehyde. A direct correlation between the recombination rate and
the number of defects in the structure was observed in PL analysis. The
use of acetonitrile as solvent was explored to raise the selectivity. This
organic decreased the activity of the solid but addressed the reaction to
the formation of benzaldehyde. A proportion of 20% of acetonitrile raised
the selectivity to over 80% from 39% observed for water. However,
higher proportions of acetonitrile resulted in detrimental selectivity,
below the value observed for water. This contribution includes a deep
analysis of the light-matter interaction from a strict determination of the
quantum vyield values of the materials. Although the variation of the
photon absorption of the samples showed a relatively low influence to
compare the catalytic properties, the determination of the quantum
efficiency values has tremendous significance for the comparison of the
results of this work with future reports of selective oxidation reactions of
alcohols as the measured activity is normalized by the light absorbed by
the material. Furthermore, the determination of photon absorption paves
the way for intrinsic kinetic studies, which may be the basis for scaling-
up efficient catalytic systems for this application.
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Abstract

The selective oxidation of added-value aromatic alcohols into
aldehydes of high interest via photocatalysis has been postulated as a
green and competitive oxidative reaction at mild conditions. This work is
focused on the design of a tertiary graphitic carbon nitride (g-CsNa)
based photocatalysts competitive for the photocatalytic production of
benzaldehyde in an aqueous solution. The polymeric g-CsN4 has been
modified in an easy one-pot green synthesis scheme, with the
incorporation of boron in the polymeric structure and the deposition of
ruthenium nanoparticles. The Ru ratio within 0.5-4% was assessed. The
photocatalysts were fully characterized (XRD, FTIR, XPS, Nz isotherms,
DRS-UV-visible, PL) and the photocatalytic activity was assessed in the
oxidation of benzyl alcohol to benzaldehyde in an agueous solution. The
incorporation of boron enhanced the selectivity towards benzaldehyde
due to enhanced separation charges suggested by the
photoluminescence technique; whereas ruthenium improved the
reaction rate of the alcohol, affecting negatively the selectivity though.
The sample containing 1% of Ru was selected as the optimum in terms
of selectivity. The relative contribution of the involved reactive oxidant
species was assessed by chemical scavenger tests, highlighting the
contribution of the photo-generated holes followed by O>™. The analysis
of the band’s alignment of the g-CsN4 before the modification with boron
and ruthenium supports the enhancement by rising the redox potential
of the holes released in the valence band.

Keywords: graphitic carbon nitride, boron, ruthenium, benzaldehyde,
photocatalysis
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4.1. INTRODUCTION

Aromatic aldehydes are organic substances bearing an aromatic ring
and a formyl substituent. These organic substances are of paramount
interest since are used in the industry of dyes, fragrances, and flavoring
in the food industry or as pharmaceutical precursors. Benzaldehyde
(CsHsCHO) has paramount relevance in organic synthesis as a raw
material, for instance, it is widely used to flavor almonds, as an additive
in personal care products, and in dye manufacturing, as an additive due
to its antibacterial or antifungal properties. At large scale, benzaldehyde
is synthesized from the hydrolysis of benzal chloride or the air oxidation
of toluene. The current industrial process of benzaldehyde
manufacturing involves the oxidation of toluene, either in the vapor or
liquid phases. Nonetheless, the procedure requires rather high
temperatures and pressures, leading to low yields due to the formation
of by-products [1]. Milder conditions can be obtained if catalysts are
used in the oxidation process [2].

Photocatalysis emerges as an environmentally friendly alternative for
the production of aldehydes of high interest under a greener approach,
at mild temperature and pressure conditions, without requiring additional
solvents as other technological alternatives [3]. Furthermore, the use of
semiconductors active under radiation sources of low-energy such and
renewable as sunlight or UVA potentiates the interest in this alternative.
Titanium dioxide has been largely researched in the photocatalysis field
due to its potential semiconductor properties; however, photoexcitation
is limited to the UV region and inefficient separation of photogenerated
charges [4]. As a consequence of the effort paid in the development of
new potential semiconductors, graphitic carbon nitride (g-CsNa)
appeared as a promising alternative with a lower bandgap (2.7 eV) if
compared to the benchmark titania polymorphs due to the improved
absorption in the visible region and tunable structure to improve the
electronic and optical properties [5,6]. The graphitic g-CsNa4 is built by
aromatic nitrogen-containing heteroatoms scaffolded with tris-s-triazine
units which are interconnected via tertiary amines, with a unique
delocalized stacking of CsN4 layers and high electronic conductivity.
Among the diverse applications in the field of photocatalysis, g-CsN4 has
been studied as a candidate for the photocatalytic production of
benzaldehyde [7-9]. The energy of valence and conduction bands
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compromises an alignment that promotes the reduction of O into
superoxide radical but is unable to generate hydroxyl radical, which
launches the unselective oxidation of alcohols [10]. The tunable
structure of g-CsN4 has been proven effective to develop imperfections
which leads to the enhance the harvesting of radiation and improves the
separation of photogenerated charges via non-metal doping [11,12].
Among them, the modification with boron has been demonstrated to
raise the selectivity of benzaldehyde formation from benzyl alcohol
oxidation [13]. Furthermore, the deposition of low amounts of noble
metals such as Au, Pd, Pt, Ag, Ir, Rh, or Ru onto the g-CsN4 supports
the improvement of the reaction rate, upgrading the separation charges
[14-18]. The presence of metal nanoparticles can act as electron sinks
to capture photoinduced electrons from the conduction band of g-C3Na
[19].

This work develops the preparation of a ternary-modified g-CsNa
photocatalyst in a one-pot-step synthesis scheme applied for the
photocatalytic oxidation of benzyl alcohol to benzaldehyde. Two
modifications have been included in the structure of g-C3N4
simultaneously; firstly, with boron modification aimed at the
enhancement of benzaldehyde selectivity; and secondly, Ru deposition
for the raise of the conversion of benzyl alcohol. Different boron-
modified g-CsN4 samples under Ru loading within 0.5-4% (at. wt) were
prepared and characterized with XRD, FTIR, N isotherms, DRS-UV-
visible and photoluminescence techniques. The activity towards benzyl
alcohol oxidation was tested, assessing the alcohol conversion and
selectivity to the aldehyde production to optimize the metal loading. The
oxidation mechanism in terms of the reactive oxidant species involved
in the process was accomplished for the optimized Ru content in terms
of benzaldehyde selectivity.

4.2. EXPERIMENTAL SECTION

4.2.1. Materials and catalyst synthesis

The chemicals used were analytical grade at least, acquired from
Merck®, and used as received. HPLC-quality acetonitrile was used as
a mobile phase in chromatographic analysis. Ultrapure water (18.2
MQ-cm) from a Direct-Q®-UV device (Millipore®) was used for the
preparation of all the solutions.
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The graphitic carbon nitride (g-CsN4, CN) was synthesized from
pyrolysis of melamine (rate 10 °C-min, holding temperature 500 °C,
2h). As a result, a yellowish solid was obtained. This solid was
suspended in water to discharge those particles that are not successfully
suspended in the solution. The suspended particles were collected by
filtration and dried at 80 °C. The boron-modified CN was prepared by
pyrolysis under an N, atmosphere as described in a previous study. CN
and NaBH. were mixed at the same mass ratio and grounded in a
mortar. The mixed powder was next calcined at 450 °C (ramp 10 °C min-
1,1 h). The resulting brownish material (NaBCN) was cooled down to
room temperature, washed several times with water, and dried at 80 °C.
The NaBCN samples with ruthenium deposited were prepared following
a similar procedure in which NaBH4 played a double role, as both boron
precursor and reduction agent. Thus, CN and NaBH, were mixed at
equal mass ratios in a mortar. Next, a desired amount of ruthenium was
added as RuCls, and dissolved in 0.9 mL of water. This volume was
estimated to carry out an incipient wetness impregnation method over
1.5 g of solid NaBCN. The ruthenium solution was dropwise added to
the mixed powder wetting all the solid particles. Next, the wet solid was
calcined at 450 °C (heating rate, 10 °C min, 1 h). The resulting solid
was cooled down, washed, and dried as done with the NaBCN blank
sample. The samples containing ruthenium were labeled as NaBCN-
XRu where x stands for the atomic ruthenium to mass percentage in the
sample.

4.2.2. Characterization of the catalysts

The crystalline structure was analyzed using powder X-Ray
Diffraction (XRD) in a Bruker D8 Discover device working with a Cu Ka
radiation source (A = 1.5406 A), equipped with a detector Pilatus3R
100 K-A registering within a 20 range of 6-80° at a rate of 0.04° min™t.
The software QualX® and the Crystal Open Database (COD) were used
for the identification of the crystal phases in the obtained diffractograms.

The structure was further studied by the stretching of the bonds by
Fourier Transform InfraRed (FTIR) analysis, displayed in a Perkin-Elmer
model Spectrum65 device within 400—4000 cm?.

The surface porous properties were assessed by N adsorption—
desorption at 77 K performed in a Sync 200 equipment from 3P
Instruments©. Samples were degassed overnight at 150 °C under a
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vacuum. The specific surface area was obtained by the Brunauer-
Emmett-Teller method (Sger), and the total specific pore volume (V1)
was calculated from the N2 uptake at p/po~0.99. The Barrett, Joyner,
and Halenda method (BJH) was applied to analyze the average (4V/A)
and most frequent (dV/dD) pore diameter.

X-ray Photoelectron Spectroscopy (XPS) was applied for the study
of the elemental composition present at the surface of the materials in a
Kratos AXIS UltraDLD device working with an X-ray source from Al Ka.
The spectra were referenced to the Cls peak of adventitious carbon to
284.6 eV. The software XPSpeak 4.1® was used for the deconvolution
of the peaks, considering a Shirley background correction.

The optical properties were assessed through Diffuse Reflectance
Spectroscopy (DRS) in the UV-visible region in a Varian Cary 5E
spectrophotometer. The Kubelka-Munk Function, F(R-), was obtained
from the reflectance spectra, and the bandgap was estimated from the
Tauc plot method considering indirect electron transitions [20]. The
recombination rate of the photo-generated electrons was assessed by
photoluminescence (PL) analysis in a Varian Cary Eclipse device under
an excitation wavelength of 365 nm.

4.2.3. Photocatalytic experiments

The NaBCN-Ru catalysts were tested for the selective photocatalytic
oxidation of benzyl alcohol to benzaldehyde in a borosilicate glass
annular jacketed photoreactor equipped with two UVA lamps emitting at
365 nm (9 W each). Detailed information on the experimental setup can
be found in a previous work [21]. The lamps were centered in the inner
space and the aqueous solution with the slurry catalyst was circulating
by the jacketing space. The slurry was constantly pumped from an
auxiliary jacketed tank, cooled with water to 20 °C, in which the catalyst
was kept suspended through magnetic stirring in the bottom. To ensure
O saturation, the air was bubbled in the auxiliary tank. The radiation
reaching the liquid phase was quantified by an in situ chemical
actinometry, based on the photo-reduction of ferrioxalate complex
combined with a polyoxometalate salt (Na,SiW1.0g) to monitor the
temporal abatement of the ferrioxalate complex into CO; [22]. The
actinometry tests were carried out with oxalic acid 60 mM, FeCls-6 H,O
5 mM, and H4SiW1,04 1 mM. The pH of the solution was adjusted to
4.5 with the addition of diluted 0.1 M HCI and NaOH to avoid the
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plausible auto-decomposition of the polyoxometalate complex. Taking
into account the quantum vyield value during the photo-production of
(SiW12040)> (¢ = 0.18 mol-Einstein™ at 365 + 10 nm) [22], the radiation
intensity value estimated was lo = (3.5 + 0.2)x10* Einstein L*-min™.

The photocatalytic tests of benzaldehyde production started by
loading the aqueous solution of benzyl alcohol 0.5 mM. After, the
photocatalyst was added at a dose of 0.5 g-L* in the auxiliary tank until
homogeneously dispersed the solid in the reaction system. Before the
irradiation, an adsorption step of 30 min was displayed in the darkness.
Next, the lamps were switched on, and samples were regularly extracted
for analysis. The photocatalyst was removed from the extracted
samples by syringe filters (PVDF, 0.45 um).

The concentration of the aromatic alcohols and their aldehydes was
quantified by High-Pressure Liquid Chromatography (HPLC) in an
HPLC Alliance e2695 from Waters™ coupled to a 2998 photodiode
array UV-visible detector. The stationary phase consisted of a Zorbax
Bonus-RP column (4.6x150 mm, 5 ym). The mobile phase, pumped at
1 mL min?, was fed under an isocratic program with 90 uL of sample
injection. For the analysis of benzyl alcohol (BA) and benzaldehyde
(BD), a mixture of 30% acetonitrile (A) and 70% acidified water (B, 0.1%
v/v trifluoroacetic acid) was pumped, conducting the quantification at
215 for BA and 248 for BD.

The temporal evolution of BA abatement was adjusted to a pseudo-
first order kinetics, and the observed constant (ksa) was calculated as a
mere tool of comparison between the performances of the NaBCN-Ru
samples. Also, the selectivity (S) as calculated from the BD profiles, and
an average value during the whole period tested was calculated as
follows:

Saverage = fé.(_t();)it (4.2

The quantum efficiency (Qg) of BA photo-degradation was quantified,
following the IUPAC recommendations [23-25], which defines the Qg as
the ratio of the number of molecules reacting through the reaction rate
(rea), by the number of the photon which interacts with the catalyst, i.e.
the photon absorption rate (e*") [26]:

rpa (molm=3s71)
Q=

(4.2)

e®V (Einsteinm=3 s~1)



Development of g-CsNs-based catalysts for their application in photo-reactions of
156 interest in the liquid phase

where rgaowas estimated from the slope of the temporal evolution of the
Csa with the tangent at the initial reaction time. The determination of the
photon absorption rate (e*"), and the radiative transfer equation (RTE)
was solved considering the geometry of the used photoreactor [21].
Firstly, the determination of the optical properties of the catalytic
suspensions is required. Detailed description of the mathematical
procedure for both optical properties and photon rate estimations are
provided in previous works [13,21].

The contribution to the BA oxidation by the reactive species
generated during the photocatalytic process was assessed by adding
different chemical scavengers. The influence of superoxide radical was
investigated with N2 bubbling, or the addition of p-benzoquinone (pBQ,
1 mM) or disodium 4,5-dihydroxybenzene-1,3-disulfonate (tiron, 1 mM).
The contribution of hydroxyl radicals was assessed by adding tert-butyl
alcohol (TBA, 10 mM) while photo-generated holes were suppressed
under the presence of oxalic acid (OA, 10 mM). These assays were
conducted following the same procedure as the blank test and adjusting
to the same initial pH value (pH=9%0.5).

4.3. RESULTS AND DISCUSSION

4.3.1. Characterization of the NaBCN-Ru
photocatalysts

Fig. 4.1 A depicts the changes registered in the crystalline structure
of the CN after boron modification and Ru deposition. The XRD pattern
of the CN sample displayed the two main characteristic peaks generated
as a consequence of the polycondensation of melamine to generate the
tris-s-triazine units [27]. The main peak, located at around ~27°, reports
the (002) plane defined by the interplanar aromatic layers from r-11*
interactions of the heptazine rings. A secondary peak, much less
intense, placed at ~13°, is attributed to the (100) plane, whose presence
is reported by the intralayer spacing of the heptazine rings. The
incorporation of boron in the CN structure led to a considerable
decrease in both XRD peaks due to the partial loss of crystallinity in the
structure [28], as shown in the pattern for NaBCN. The Ru deposition in
the presence of NaBH. led to NaBCN-Ru samples, which led to the
complete removal of the intralayer heptazine (100) facet, suggesting a
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high distortion of the in-plane aromatic structure [29]. The Ru doping in
the CN structure has been reported in the literature at low Ru loadings,
which explains the deformation of the crystalline in-plane of the
heptazine rings given to the disappearance of the (100) facet in their
XRD pattern [16,29]. Moreover, the interplanar (002) peak considerably
diminished its intensity, probably due to the partial loading of ruthenium,
as already reported in the literature for other Ru modifications of CN
materials [30,31]. A Rietveld refinement of the XRD patterns led to
detect the presence of halite, NaCl (COD 00-900-8678), in all the
samples containing Ru, as a consequence of the reaction between
chloride and sodium, respectively contained in Ru and boron
precursors, RuCls and NaBH.. Furthermore, the sample with the highest
content of Ru, namely NaBCN-4Ru, also displayed the presence of
tricalconite, Nas[B4Os(OH).]s-8H,O (COD 00-900-2675). However, no
metallic Ru peaks were identified, probably due to the low intensity they
may appear [30-32], especially taking into account the possible
overlapping problems with NaCl and tricalconite.
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Fig. 4.1XRD patterns (A) and FTIR spectra (B) of NaBCN-Ru samples.
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The structural modification of the CN structure with both B and Ru
incorporation was further analyzed by FTIR, see Fig. 4.1B. The
distortion of the intraplanar heptazine rings with Ru insertion can be
corroborated in the FTIR footprint of NaBCN-Ru samples. The peals
were smoothed, with an important loss of their definition. The CN sample
displayed well-defined broadband at 3000-3500 cm*, attributable to -
NH2 and -NH- groups [33]. Also, the CN spectrum showed a peak at ~
810 cm, reported by the out-of-plane bonding vibration characteristics
of the condensed triazine units [34]. The modification with boron of the
graphitic structure of the carbon nitride led to a great depletion of this
band. A group of peaks within 900 and 1800 cm™ defined by the
vibration of the aromatic C-N rings of the heptazine units were fully
registered in the CN sample [35]. The intense peaks at 1620, 1530, and
1390 cm™ can be assigned to the aromatic C-N stretching vibration,
whereas the peaks at 1310 and 1230 cm™ appear due to the stretching
vibration of C-N-(C)-C or C-NH-C bonds, respectively [36,37]. The
modification with boron considerably modified the intensity of these
peaks, but still, the characteristic footprint registered in the pristine CN
was recognized in the NaBCN sample. However, the further addition of
Ru particles erased the defined pattern peaks of the heptazine units.

The textural properties of samples were analyzed by N, adsorption-
desorption isotherms at 77 K. The isotherms are depicted in Fig. 4.2 and
the main characterization results are shown in Table 4.1. The N
physisorption isotherms in the samples described the typical type IV
pattern behavior with H3 hysteresis loops [38-40], characteristic of
mesoporous with aggregates of plate-loke particles [41]. The BET
surface area of all the samples was below 10 m? g, typical reported
values for graphitic carbon nitride prepared from the polymerization of
melamine [42]. A slight mesoporosity was registered in the hysteresis
loops with an average pore size of around 3 nm. The modification of the
original CN sample either with B and Ru led to a decrease in the surface
properties, i.e. BET area pore volume.



CHAPTER 4. PAPER TWO. Ruthenium deposited onto graphitic carbon modified
with boron for the intensified photocatalytic production of benzaldehyde 159

Table 4.1 Textural and optical properties of the NaBCN-Ru samples

SBET VT Davera e Dfre uent EBG EVB

Sample  (m2g") (cmig?) (nm)  (nm)  (eV)  (eV)

CN 9.1 0.050 30.2 3.5 2.7 1.0

NaBCN 4.0 0.018 13.2 29 2.6 1.3
NaBCN-0.5Ru 3.1 0.014 11.9 3.5 2.4 -

NaBCN-1Ru 29 0.012 11.9 3.5 2.3 1.9
NaBCN-2Ru 2.8 0.014 10.6 29 2.0 -
NaBCN-4Ru 2.5 0.017 9.2 39 2.6 -

Seer: total specific surface area by BET method; Vr: total pore volume; Daverage and Drrequent:
average and most frequent pore diameter by BJH method, respectively; Esc: bandgap by
Tauc plot method; Evs: valence band energy by XPS.
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Fig. 4.2 N: adsorption-desorption isotherms (A) and BJH pore size distribution (B) of
NaBCN-Ru samples

The chemical nature of the surface of CN, NaBCN, and NaBCN-4Ru
samples was assessed by the XPS technique. The high-resolution XPS



Development of g-CsNs-based catalysts for their application in photo-reactions of
160 interest in the liquid phase

spectra of Cls, N1s, Bls, and Ru3p are depicted in Fig. 4.3 High-
resolution XPS spectra of N1s, C1s, and B1s and Ru3p regions of CN,
NaBCN, and NaBCN-4Ru samples. As illustrated, the incorporation of B
and Ru highly modifies the XPS spectra due to the structural changes
incorporated. The spectra were deconvoluted following the contributions
reported in the literature for graphitic carbon materials. The C1s peak of
g-CsN4 is commonly deconvoluted in sp? N=C-N (287.9 eV), sp® C-C/C-
N (285.2 eV), and sp? C-C/C=C (284.4 eV) bonds [43]. The sample CN
displayed a major contribution of sp? carbon in the form of N=C-N bonds.
The bonds attributable to sp® C-C/C-N or sp? C-C/C=C raised their
relative contribution with the modification with boron as shown in NaBCN
and NaBCN-4Ru samples. Moreover, a secondary peak regarding
Ru3ds; appeared at an energy of ~280 eV [44]. The Ru3d core levels
overlap the C1s region, making difficult the analysis of Ru species by
exclusive analysis of Ru3d. For that reason, the Ru3p level, equally
accessible as Ru3d, was analyzed for the study of the oxidation state of
Ru. The peaks in Ru3p were successfully assignable to Ru 3ps. (484.0
eV) and 3pi2 (461.1 eV) of metallic Ru® [44-47]. The N bonds were
analyzed in the N1s region, considering the following contributions Cz—
N (Nsc, 399.9 eV), N-C=N (N2c, 398.4 eV), and N-H (401.0 eV) and
B=N-C (399.0 eV) [28,43,48,49]. The CN samples presented a high
contribution of N contained in the aromatic rings (N2c) and tertiary N
(Nsc), and a small proportion of terminal NHx was observed. The NaBCN
samples displayed the three contributions; nonetheless, the sample
NaBCN-1Ru only showed a peak located at ~192 eV. The modification
con NaBH, created defects in the structure, reducing the Nsc creating
B=N-C bonds. In the case of NaBCN-1Ru, the presence of B=C-N was
inferior to the case of NaBCN, probably due to the reduction of
ruthenium to create Ru®. The Bls peak was deconvoluted in three
contributions elemental boron (186.8 eV), B-N (190.3 eV), and B related
to oxides or hydroxides (191.9 eV) [49-51]. While the three oxidation
states of B are envisaged in the NaBCN sample, when adding the
ruthenium precursor to the synthesis, the contribution of BN was not
registered.
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Fig. 4.3 High-resolution XPS spectra of N1s, C1s, and B1s and Ru3p regions of CN, NaBCN,
and NaBCN-4Ru samples.

The optical properties were assessed by the DRS-UV-visible
technique. The CN sample displayed radiation absorption in the UV
region with a sharp decrease of over 400 nm. The absorption peak
around 300-400 nm has been associated in previous works with TT—1r*
transitions in the conjugated ring systems heptazine units [52]. The
absorbance of the NaBCN sample was red-shifted improving the
absorption in the visible region [13]. The addition of ruthenium enlarged
the absorption in the visible region, as depicted in the spectra of Fig.
4.4A. The Kubelka-Munk function is depicted in Fig. 4.4B for the
determination of the bandgap energy (see values in Table 4.1). The
bandgap of CN (2.7 eV) was reduced after boron modification in NaBCN
(2.6 eV) and further decreased up to 2.0 eV after Ru addition.
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Fig. 4.4 Absorption DRS-UV-visible spectra (A) and Tauc plot method for the bandgap
determination (B) of NaBCN-Ru samples

Fig. 4.5 illustrates the local volumetric rate of photon absorption with
the radial distance for the different samples. Although optical differences
regarding the absorption of radiation were registered in the visible
region, at the emitting wavelength of the lamp used, i.e. 365 nm, the
differences between the samples were minor. For that reason, the photo
absorption rate values (average) and the profiles for each sample are
quite similar.
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4.3.2. Photocatalytic production of benzaldehyde with
NaBCN-Ru samples

The influence of ruthenium presence on the activity of the
photocatalysts was assessed in the selective oxidation of benzyl alcohol
to benzaldehyde. Fig. 4.6 depicts the temporal evolution of the
remaining concentration of BA and the efficiency of BD production. Also,
the observed pseudo-first order rate constant of BA disappearance (Kga)
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and the average selectivity of BD formation for each catalyst is
summarized in Table 4.2 and Fig. 4.6
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Fig. 4.6 Photocatalytic production of benzaldehyde with NaBCN-Ru samples at different
Ru ratios. Temporal normalized concentration of benzyl alcohol (A) and benzaldehyde (B).
Experimental conditions: V=350 mL, T=20°C, Cga,o= 0.5 mM; Ccar=0.5g L; pH=9.5%0.2.

Table 4.2 Kinetic parameters of the photocatalytic production of benzaldehyde with
NaBCN-Ru samples

rgao 103 Qe BA Average
Sample LG kga (h')  conversion BQ .
selectivity

at 3 h (%) (%)
CN 0.243 0.03 0.035 14.6 33.0
NaBCN 0.405 0.04 0.055 24.3 65.5
NaBCN-0.5Ru 0.867 0.09 0.102 40.2 69.8
NaBCN-1Ru 1.267 0.13 0.186 61.0 67.5
NaBCN-2Ru 1.367 0.14 0.214 64.8 62.7
NaBCN-4Ru 2.375 0.24 0.351 83.3 57.3

The CN sample displayed roughly 15% conversion of BA which only
was oriented in a 33% BD formation. The modification with NaBHs, i.e.
the sample NaBCN, raised the BA conversion to 24% and the selectivity
to BD. The deposition of Ru particles onto the NaBCN drastically
enhanced the photocatalytic activity, improving the kinetics of BA
gradually as the Ru amount increases. As depicted in Fig. 4.7A, the kobs
value was 1.8-6.3-folded depending on the Ru amount incorporated,
ranging from 0.5-4.0%. The presence of noble metal particles
contributes to enhancing the separation of the photogenerated charge
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as reported in the literature for diverse semiconductors. In this case, Ru
acts as an electron sink after the photo-activation of NaBCN, minimizing
the undesirable recombination effect. The quantum efficiency shown in
Table 4.2 follows a similar trend to the kops, as the photon absorption
rate calculated is very similar in each case (see Fig. 4.5). The presence
of Ru enhanced the Qe value by folding within 3-8 times depending on
the Ru load.

An analysis by photoluminescence of the samples provided support
to this theory. The emission PL spectrum of CN, see Fig. 4.7B, has a
well-defined peak at 455 nm, whose intensity was quite diminished by
the modification with NaBHa4. The incorporation of boron in the structure
has been reported as an effective way to create structural defects that
enhance the electronic separation of the photo-generated charges
[13,28,48]. Besides, the further Ru deposition eliminated any emitted PL
photon, leading to plain PL spectra which suggests an enhanced
reduction of the recombination effect due to the improved electrical
conductivity and electronic migration of charges [16,17,45]. The
photogenerated electrons are expected to migrate from g-CsNa to
interfacial Ru due to its affinity to capture electrons acting as a sink
which inhibits the recombination effect [45].
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Fig. 4.7 (A) Pseudo-first order rate constant of BA depletion (kss) and average selectivity to
BD production of NaBCN-Ru samples. (B) PL spectra of the NaBCN-Ru photocatalysts.

Regarding the selectivity, see Fig. 4.7A, the presence of Ru does not
exert a positive effect except at a very low concentration, NaBCN-0.5Ru,
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with a slight improvement if compared to the NaBCN sample, 69.8 vs
65.5%. A further raise of Ru decreases the selectivity value. There is,
therefore, a confronted effect between selectivity and activity.
Considering the results obtained, and the objective of minimization of
the noble metal content, 1% of Ru content was selected as the optimum
in a compromise of high activity and selectivity. The NaBCN-1Ru sample
was selected for further study.

4.3.3. Photocatalytic mechanism of BA oxidation with
NaBCN-1Ru

The relative influence of the different reactive oxidant species (ROS)
involved in the photocatalytic activation of NaBCN-1Ru was tentatively
by a chemical scavenger study [53]. Fig. 4.8A shows the temporal
evolution of BA depletion registered in the blank test and the presence
of the selected scavengers, whereas Fig. 4.8B depicts the pseudo-first
order rate constant in each case. The impact of superoxide radical (O™
) was studied by replacing the air bubbling with N2, with the addition of
para-benzoquinone (p-BQ) or tiron. The formation of O, takes place by
the reduction of dissolved O, adsorbed in the surface of the
photocatalyst with the photogenerated electrons. The removal of O, by
replacement with N, led to a 44% decrease in the ksa compared to the
blank. The use of p-BQ is widely extended in the scavengers’ studies in
photocatalytic processes [54], due to the affinity of this substance with
02" (Kp-8a,02--=1x10° M s [55]). The addition of p-BQ decreased the
kea considerably, i.e. 81%. Nonetheless, p-BQ can also trap HO" (k.-
BaHO-=6.6x10° M s1[56]) and be photolyzed under UVA radiation. It
has been reported that the photo-reduction of quinones in aqueous
systems yields the formation of HO® and semiquinone radicals which
makes difficult the interpretation of the results [57]. Moreover, the use of
p-BQ hides risks due to plausible interactions with the targeted to be
converted into substances easily photolyzed [58]. For these reasons,
alternative scavengers should be considered before any definitive
conclusion. Tiron has been reported as a reliable alternative due to the
higher reactivity with superoxide radical, Kiron,02-=5x10° M s [59],
compared to the kinetics of the reaction towards HO’, Kiirono-=1.0x10°
M s1[60]. The presence of tiron reduced the ksa to a 36% extent.
Taking these results into account, it can be concluded that the oxidation
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of BA is influenced by O™, but not exclusively. The contribution of HO"
was evaluated by the addition of TBA, second-order rate constant
kreanHo-=6.2x108 M1 s [61]. The effect of TBA was low, with only an
18% of reduction in the kga for the blank test, so the contribution of HO*
radical can be expected to play a minor role. Finally, the influence of the
photogenerated holes was assessed by the presence of oxalic acid [62].
The oxalate anion after being adsorbed onto the surface of the
photocatalyst is oxidized by the holes to release CO; [41]. Although
oxalate anions also can react with HO", the Kkinetics is slow
Koxalate,Ho-=1.5x10" M1 s [63]. Under the presence of oxalic acid, the kga
was reduced by 64% concerning the blank test, being, therefore, the
most relevant species in the process. In summary, the importance of the
ROS involved in the process of BA oxidation was: h* > O,” >> HO".
Other studies involving TiO2 have identified the importance of holes [64]
and superoxide [58] in the process of benzaldehyde production.

Fig. 4.8B also includes the average selectivity of benzaldehyde
production in the presence of the selected scavengers. In the presence
of superoxide radical scavengers, i.e. Nz, p-BQ, and tiron, the selectivity
was slightly improved if compared to the blank test. The presence of HO*
has been demonstrated to be an unselective route of oxidation [58]. In
this sense, the addition of TBA did not affect the selectivity of the
process, due to the low impact of HO" in the process. In the case of the
suppression of the holes, the selectivity decreased. This fact provides
evidence of the higher selectivity of the holes to the formation of
benzaldehyde if compared to the superoxide radical.
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Fig. 4.8 Photocatalytic production of benzaldehyde with NaBNC-1Ru in the presence of

scavengers. Temporal normalized concentration of benzyl alcohol (A), pseudo-first order

rate constant of BA depletion, and average BD selectivity (B). Experimental conditions:

V=350 mL, T=20°C, Cga,0=0.5 mM; Ccar=0.5 g L; Cscavenger=1 mM (p-BQ and tiron) or 10 mM

(TBA and oxalic acid); pH=9.5+0.5

scavenger

Considering the results obtained in the scavengers’ studies and data
obtained by XPS at low energies, a mechanism based on the bands'
alignment is proposed (Fig. 4.9). As aforementioned, modification of CN
with B did not display any substantial change in the bandgap value;
however, a decrease from 2.6 eV (NaBCN) to 2.3 eV (NaBCN-1Ru) was
observed with Ru incorporation. Fig. 4.9A depicts the XPS spectra at
low energies for the evaluation of the minimum valence band energy of
NaBCN (1.3 eV) and NaBCN-1Ru (1.9 eV). Obtained energy values are
relative to the Fermi level of each material, however, may suggest a
stabilization of the valence band with the deposition of Ru at small
proportions on a well-defined CN-B active support. The deposition of Ru
is expected to make the photogenerated holes possess higher redox
potential (see Fig. 4.9B), supporting the evidence observed in the
scavengers’ tests, which displayed a higher impact on the oxidation of
the alcohol.
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4.4. CONCLUSIONS

The modification of the polymeric structure of graphitic carbon nitride
results in an efficient strategy to tune the activity of the resulting
semiconductor and the selectivity to the oxidation of benzyl alcohol to
benzaldehyde in an aqueous solution. This works provides a one-step
synthesis route for modification of the g-CsNa structure with boron
doping and Ru® deposition. The creation of defects on the graphitic
structure via B modification enhanced the selectivity towards
benzaldehyde due to the improved separation of the photogenerated
charges as the photoluminescence response suggested. The deposition
of Ru® considerably improved the degradation rate of the alcohol since
it acts as an electron sink; however, the rise of Ru content rises the
conversion unselectively, i.e. decreasing the selectivity of
benzaldehyde. A metal proportion of around 1% reached a compromise
between both effects. The photo-generated holes followed by the
superoxide radical demonstrated to be the main reactive oxidant
species involved in the oxidation process. The holes impacted to a
higher extent in the selectivity of the process. The estimated valence
band energies of the modified graphitic carbon nitride with B and Ru
deposition suggest an increase in the redox energy for the valence band
with ruthenium deposition, enlarging the oxidative potential of the photo-
generated holes.
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Abstract

Photocatalysis has emerged as an environmentally friendly
technology to develop selective reactions such as the oxidation of
alcohol to aldehydes. Graphitic carbon nitride (CN) is a metal-free
polymeric structure easily photoactivated under radiation. This work
focuses on the enhancement of the photocatalytic activity of bare CN by
doping it with phosphorous (P-CN) under a one-pot synthesis basis.
Different doping levels of P (2-12 wt.) have been explored and the
samples were fully characterized by XRD, FTIR, N2 physisorption,
elemental analysis, XPS, DRS-UV-visible, and photoluminescence. A
better activity and enhanced selectivity were observed in the P-CN
samples if compared to the undoped CN in the oxidation of cinnamyl
alcohol to cinnamaldehyde in aqueous solution. The presence of P was
demonstrated to contribute to a better delocalization of photo-generated
charges. Moreover, the reactivity and selectivity of the CN and P-CN
samples were analyzed in water-acetonitrile mixtures, appreciating a
better selectivity in the presence of acetonitrile to the detriment of the
conversion of the cinnamyl alcohol. The photocatalytic oxidation
mechanism over P-CN in aqueous media has been tentatively proposed
based on the influence of the reactive oxidative species generated in the
process by chemical scavenger tests. They suggested the contribution
of superoxide radicals with more selectivity than the photo-generated
holes, the second reactive species of importance in the overall oxidation
scheme. The contribution of hydroxyl radicals was discharged since its
presence was negligible in the probe tests based on the formation of 2-
hydroxy-terephthalic acid.

Keywords: graphitic carbon nitride; phosphorous; photocatalysis;
cinnamaldehyde
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5.1. INTRODUCTION

The oxidation of alcohols to aldehydes is one of the most important
reactions in organic chemistry oriented to the high-scale production of
added-value organics, as happens in the pharmaceutical industry.
Cinnamaldehyde is one example of these substances, widely used in
cosmetics [1], as a food additive [2,3] taking advantage of its
antibacterial and antifungal activity [4], or as an ingredient of natural
formulas for insecticides [5]. The synthesis of cinnamaldehyde at an
industrial scale has been successfully carried out under catalytic
oxidation with O, with noble metals such as Pd [6] or Pt [7]. Diverse
techniques are subsequently implemented to purify the components of
the mixture of the reaction, also carried out when obtaining form
essential oil of cinnamon [8]. Among the available techniques, the most
popular include hydrodistillation [9], steam distillation [10], microwave-
assisted hydrodistillation [11], sonodistillation [12], or column
chromatographic techniques [13].

Recently, the oxidation of alcohols to aldehydes through
photocatalysis has emerged as an environmentally friendly alternative
to traditional routes due to the mild pressure and temperature conditions
[14-16]. Moreover, photocatalysis can be triggered with solar radiation
which justifies the sustainability of the radiation consumption. The
selectivity of the photocatalytic oxidation of alcohols to aldehydes has
been reported to reach the highest values in the presence of an inert
organic solvent, acetonitrile being the most popular [16]. Nonetheless,
the disposal of organic solvents is an issue of major concern from an
environmental point of view. The development of these reactions in
water may solve this problem; however, the presence of water can
trigger the production of unselective hydroxyl radicals, contributing to
poor selectivity control [17,18]. This drawback can be addressed with a
proper catalyst design. In this sense, graphitic carbon nitride (g-C3aNa)
has shown a competitive bandgap alignment for this purpose since the
energy of the conduction band enables the formation of photogenerated
electrons with enough energy to release the reduction of adsorbent O
molecules to superoxide radical. However, due to the energetic value of
the valence band, the potential of the photogenerated holes in the
valence band is not enough to oxidize H.O molecules to release the
formation of hydroxyl radicals [14]. The use of g-CsNs has been
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demonstrated as a sustainable photocatalyst for the photoproduction of
added-value chemicals [19]. The doping of the polymeric structure of g-
CsN4 with non-metal elements has been used as an efficient strategy to
boost the activity and/or modulate the selectivity of certain reactions
[20,21]. Among the different elements used as dopant agents, the
effects of phosphorous doping in g-CsN4 applied to the photoproduction
of organic substances are the least researched to date. The doping of
g-CsN4 with NH4(H2PO4) has been reported as efficient in raising the
selectivity to the detriment of the precursor conversion during the
photoproduction of aldehydes from the oxidation of benzyl alcohol, 4-
methoxy benzyl alcohol, or piperonyl alcohol [22]. In other work, g-C3N4
was doped with H3PO4 and Pd nanoparticles were also deposited on
the surface. Both modifications enabled to reach a high yield of
aldehydes production from their benzyl alcohol derivatives, using
acetonitrile as solvent and H20:2 as an oxidant agent [23].

This work reports the study of P doping onto g-CsN4, using sodium
polyphosphate as a dopant agent, for the photocatalytic production of
cinnamaldehyde in an aqueous solution. Different P doping dosages
have been investigated within 2-12% (wt.). The crystalline,
morphological, textural, and optical properties were characterized by
diverse techniques such as XRD, FTIR, Nz physisorption, XPS,
elemental analysis, DRS-UV-visible, and photoluminescence. The
behavior in terms of conversion and selectivity during the oxidation of
cinnamyl alcohol to cinnamaldehyde has been investigated in an
aqueous solution. The undoped and the P-doped samples with the best
selectivity were selected to investigate the effect of acetonitrile as the
solvent, in acetonitrile-water mixtures. Finally, the tentative mechanism
of oxidation species involved in the process was assessed by using
chemical scavengers to assess the effects of superoxide radical (N2, p-
benzoquinone), hydroxyl radical (tertbutyl alcohol), and photogenerated
holes (oxalic acid).

5.2. EXPERIMENTAL SECTION

5.2.1. Materials and synthesis of the P-CN samples

All the chemicals used were analytical grade, purchased from
Merck®, and used as received. For liquid chromatographic analyses,
HPLC-grade acetonitrile was used as a mobile phase. Ultrapure water
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(18.2 MQ cm) from a Direct-Q®-UV device (Millipore®) was used for the
preparation of all the solutions.

The bare graphitic carbon nitride (CN) was prepared by thermal
polymerization of melamine (>99%), under an N, atmosphere (100 mL
min?) at 550°C (heating rate, 10°C min*) for 1 h. The P-doping of
graphitic carbon nitride samples (P-CN) was carried out in a second
post-treatment step [24], as illustrated in Fig. 5.1 A certain amount of P
(2-12% wt. concerning the CN quantity) was added as sodium
polyphosphate (65-70% P.Os basis) to 20 mL of ultrapure water and
kept under stirring for 2 hours. The suspension was thereafter subjected
to evaporation by heating at 100°C until the complete removal of water.
The powder was next treated thermally under N2 atmosphere (100 mL
mint) at 550°C (heating rate, 10°C min?) during 2 h. The resulting
brownish powder was ground in a mortar. The samples were labeled as
P-CN-X% where X means the doping P percentage (wt.).
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Fig. 5.1Schematic representation of the synthesis steps of CN and P-CN samples.

5.2.2. Characterization of the P-CN samples

The crystallinity was analyzed by X-ray diffraction in a Bruker D8
Discover device working with a Pilatus 3R 100K-A detector using Cu Ka
radiation (1.5406 A). The diffractograms were registered within a 20
range of 5-65° at a rate of 0.034° min*. The freeware QualX® [25] and
the Crystal Open Database (COD) were used for the processing of the
diffractograms. The crystallte size was estimated by Scherrer’s
equation from the most intense peak and the interlayer spacing was
calculated from the maximum of the (002) peak. The relation Lcrysta/Giayer
was used as a rough approximation of the number of layers estimation
[26].
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The structural properties were studied by Fourier Transform InfraRed
(FTIR) spectroscopy equipped with Attenuated Total Reflectance. The
FTIR spectra were recorded in Perkin-Elmer equipment, model
Spectrum65, within 400-4000 cm™.

The elemental composition was analyzed in a TrueSpec® Micro
CHNS analyzer from Leco instruments. The chemistry of the surface
was analyzed by X-ray Photoelectron Spectroscopy (XPS) in a Kratos
AXIS UltraDLD device equipped with an X-ray source from Al Ka. The
registered spectra were corrected to Cis peak of adventitious carbon as
referenced, ascribed to 284.6 eV. The treatment of the data and the
deconvolution of the spectra were carried out with the software
XPSpeak 4.1®, applying a Shirley background correction for the
baseline definition. The chemical environment of C and P was further
studied by solid state Magic Angle Spinning (MAS) Nuclear Magnetic
Resonance (NMR) in a Bruker Advance NMR spectrometer of 500 MHz
equipped with a 4 mm Cross-Polarization (CP) MAS detector. In the
case of *C spectra, CP-MAS experiments were conducted at 10 kHz.
For 3P the MAS, tests were carried out at 12 kHz.

The morphology and element distribution in the nanoparticles were
studied by High Resolution Scanning Transmission Electron Microscopy
(HR-STEM) imaging in a Thermo Scientific™ Talos™ F200X (200 kV)
equipped with High-angle annular dark-field imaging (HAADF) detector
and Energy Dispersive X-Ray spectroscopy (EDX) microanalysis.

The optical absorption and reflection of the samples were studied by
Diffuse Reflectance Spectroscopy (DRS) in the UV-visible region using
a Varian Cary 5E spectrophotometer. The bandgap value was estimated
from the Kubelka-Munk Function, e.g. F(R=), applying the Tauc plot
method assuming indirect electron transitions in the semiconductors
[27,28]. The photoluminescence (PL) technique was used for the
analysis of the recombination rate of the samples. The PL spectra were
obtained in a Varian Cary fluorescence spectrometer under an
excitation wavelength of 365 nm (slit 2.5 nm) and monitored the
emission signal within 400-600 nm (slit 2.5 nm).

5.2.3. Photocatalytic tests of cinnamaldehyde
production

The photocatalytic activity of the prepared samples was evaluated in
the selective oxidation of cinnamyl alcohol (CA) to cinnamaldehyde
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(CD). The tests were carried out in a photoreactor equipped with two
UVA lamps emitting at 365 nm (9 W each). The lamps were placed in
the inner space of an annular photoreactor in whose inner space was
circulating the aqueous solution with the suspended catalyst. An
auxiliary jacketed tank contained the solution of cinnamyl alcohol with
the catalyst and was pumped and recirculated to the photoreactor. The
temperature was controlled to 20°C by cooling with water in the jacketed
space of the auxiliary tank. A detailed scheme of the setup is available
in previous work [29]. Alternatively, lamps simulating daylight radiation
were used to test the activity of the photocatalyst in the visible region
(Philips). The spectrum was characterized with the help of a BLACK-
Comet UV-visible spectroradiometer (StellarNet Inc., Florida, USA). Air
was bubbled in the auxiliary tank to ensure O, saturation. The
photocatalytic reaction started with the loading of 350 mL of CA 1 mM
to the auxiliary tank and the catalyst at a dose of 0.5g L*until a
homogeneous slurry was obtained which was pumped into the annular
space of the photoreactor. Before the irradiation, a 30-minute adsorption
step was carried out in the darkness. Then, the laps were switched on
and samples were carried out regularly. The photocatalyst was removed
by syringe filters (Millex PVDF, 0.45 um).

The concentration of cinnamyl alcohol and cinnamaldehyde was
determined by High-Pressure Liquid Chromatography (HPLC) coupled
with photodiode array detection (PDA). An Alliance 2695 HPLC system
from Waters™, coupled to a 2998 photodiode array detector. The
stationary phase used for the separation of CA and CD was a Zorbax
Bonus-RP column (5 um, 4.6x150 mm). The mobile phase, pumped at
1 mL min* under the isocratic mode, consists of a mixture of 40% (v/v)
acetonitrile and 60% (v/v) ultrapure water acidified with 0.1% (v/v) of
trifluoroacetic acid. The injection volume was 50 pL. The quantification
was carried out at 240 nm for CA and 331 for CD.

The temporal evolution of CA depletion was fitted to a pseudo-first
order kinetics, and the observed constant (kca) was used as a mere
comparison tool among the prepared catalysts. The selectivity towards
cinnamaldehyde was calculated from the CD and CA profiles, and an
average value (Scp) during the whole period tested was calculated. The
guantum efficiency (Qe) of CA photo-degradation was estimated,
following the IUPAC’s recommendations [30-32] which defines the Qe
as the ratio of the number of molecules reacting through the reaction
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rate (rcao), by the photon absorption rate (LVRPA, e®Y), i.e. the number
of the photons interacting with the catalyst [33]:

Qe = e%V(Einstein m~3 s~1) (l)
where rcao was estimated from the pseudo-first order kinetics
(rcao=kca-Ccayp). The determination of the photon absorption rate (e*V),
and the radiative transfer equation (RTE) was solved considering the
geometry of the used photoreactor [29]. The optical properties were
determined by the DRS-UV-visible of the catalytic suspensions. Detailed
descriptions of the mathematical procedure for both optical properties
and photon rate estimations are provided in previous works [29,34]. Fig.
5.2 provides the LVRPA profiles for the different P-CN samples and the
undoped CN reference.
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Fig. 5.2 Local Volume Rate of Photon Absorption (LVRPA, e*") in the annular space of the
photoreactor (left image, dimensions in mm) for the different P-CN samples.

The behavior under visible radiation was conducted using a daylight
simulated radiation with a commercial lamp (Sylvania® F6W/T5/54-765,
emitting radiation >400nm, 6W) in a modified reaction system in which
the lamp was inserted in a tubular photoreactor, see details in a previous
work [34].

The contribution of the oxidative species involved in the oxidation of
cinnamyl alcohol during the photocatalytic process was studied by the
addition of chemical scavengers [35—-37]. The role played by superoxide
radical was evaluated by adding p-benzoquinone (p-BZQ, 1 mM),
disodium 4,5-dihydroxy-1,3-benzenedisulfonate (tiron, 1 mM) or
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bubbling N, the contribution of hydroxyl radicals by adding tert-butyl
alcohol (TBA, 10 mM), the role played by the photo-generated holes was
suppressed under the presence of oxalic acid (10mM) or
ethylenediaminetetraacetic acid (EDTA, 1 mM), and the influence of
single oxygen was assessed by adding L-histidine (1 mM). These
assays were conducted following the same procedure described before,
but by adding the scavenger to the solution the pH was adjusted to the
value of the blank test under the addition NaOH and/or HCI solutions
1M. The role played by the HO® was additionally assessed by an indirect
probe method based on terephthalic acid (TPA) [38,39]. Non-fluorescent
terephthalic acid traps HO® releasing the formation of the fluorescent 2-
hydroxy-terephthalic acid (2-HO-TPA), which can be monitored over
time as an indirect indicator of the HO" present in the solution. Two tests
with 2-HO-TPA (1 mM) in the presence and absence of cinnamyl alcohol
were carried out and compared [40]. The analysis of 2-HO-TPA was
conducted in a Varian Cary fluorescence spectrometer with an
excitation wavelength of 315 nm (slit 2.5 nm) and the emission spectra
recorded within 360-600 nm (slit 2.5 nm), whose maximum peak was
located at 420 nm. The peak area was correlated with the concentration
of the standard 2-HO-TPA solution within 0.5 and 5 yM. The limit of
detection of 2-HO-TPA was estimated at 0.21 mM.

The transformation products during the photocatalytic oxidation of
cinnamyl alcohol with P-CN were identified by liquid chromatography
coupled to electrospray ionization under positive mode and mass
spectrometry detection with a quadrupole time-of-flight, LC-ESI(+)-
QTOF. The chromatographic separation was carried out in an ultra-high-
pressure Acquity UPLC, H Class of Waters™, equipped with PDA
detection. The ionization was carried out in a Zspray™ from Waters and
the high-resolution mass spectrometry in a QTOF Triwave® Waters™,
Synapt G2 model. The acquisition conditions were as follows: 3500 V
capillary voltage, collision energy, X eV, m/z range from 50 to 1000. The
identification of the transformation products was carried out based on
MS spectra of precursor using the software MassLynx.
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5.3. RESULTS AND DISCUSSION

5.3.1. Characterization of the P-CN samples

Fig. 5.3 depicts the structural modifications suffered by the graphitic
carbon nitride sample before and after doping with sodium
polyphosphate. Fig. 5.3A depicts the XRD patterns of bare CN and P-
doped samples at two P loadings. The graphitic carbon nitride structure
reports two crystalline peaks. The condensation of the precursor, i.e.
melamine, conducts the formation of tris-s-triazine units distributed in
plates of a certain number of layers [41,42]. As a consequence, a main
and intensive peak located at 27° is described, corresponding to the
(002) plane which appears due to the interplanar aromatic layers from
T-r* interactions of the heptazine rings [43]. The polymerization
temperature is linked to the sharpness of this peak and, the number of
layers, within 22-31 at condensation temperatures of 500 and 600 °C,
respectively, under air atmosphere [44]. A secondary peak, barely
defined, placed at ca. 13° is defined by the (100) plane, a consequence
of the intralayer spacing of the heptazine rings [45].

The modification of the g-CsN4 structure leads to considerable
madification of the (002) peak, as a consequence of the alteration of the
number of layers attached to the structure. For that reason, the decrease
of the (002) peak is frequently analyzed as the degree of modification of
the layered structure [46]. Thus, doping with a low P dose, i.e. P-CN-
4%, depicts a decrease of the (002) peak, suggesting a considerable
modification of the layered interactions, probably due to the
incorporation of phosphate groups. Some previous works have reported
a migration of the (002) peak to lower values, suggesting the
incorporation of phosphate groups into the interlayers of the graphitic
carbon structure, following a sandwich structure [47]. However, probably
due to the post-treatment doping scheme followed in this work, it was
not the case. The location of (002) of CN and P-CN-4% was roughly the
same, around 27.4°, which provides evidence of a lack of modification
of the layer spacing, discharging the incorporation of P between layers
since the interlayer space slightly decreased (see Table 5.1).
Accordingly, P is expected to be incorporated in the external faces of
the plates or the heptazine rings. A further rise of P amount destroyed
the layered nature of CN, as depicted for P-CN-12%, defining a
crystalline structure of phosphate-based nitrogen organic compounds
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that were not possible to identify due to the complexity of plausible
generated species.

The doping with phosphate also led to considerable changes in the
FTIR spectra as displayed in Fig. 5.3B. The absorption characteristics
of P-CN samples are similar to those of CN, suggesting that the
structure of g-C3N4 has not been changed after P doping, at least at P
doses below X%. At high P doping, some changes in the fingerprint of
FTIR spectra are envisaged. A wide band located within 3000-3300 cm*
! due to the vibration of terminal N—H and O-H stretching, which can be
associated with the primary amine (-NH;) and water molecules
adsorbed on the surface of the material [48], is defined in the undoped
CN sample. The increase in P dose led to a considerable decrease in
this band, suggesting that P incorporation affected the terminal -NHx
groups. The aromatic tri-s-triazine rings lead to different peaks. Thus,
the secondary nitrogen (N2c) and tertiary nitrogen (Nsc) were conducted
to well-defined peaks located at 1225 and 1312 cm™, respectively [49].
Moreover, the peaks located at 1391, 1450, 1537, and 1622 cm™ can
be attributed to the aromatic C-N vibration [42,50,51]. A strong peak at
811 cm™ appears due to the out-plane vibration of the heptazine rings
[49]. The presence of P led to the decrease and definition of the above-
mentioned peaks of the bare CN sample. Significantly, the P doping
contributed to an exfoliation effect of graphitic layers, corroborated by a
considerable decrease in the out-of-plane vibration peak at 811 cm™
[52]. When doping with over 8% of P, some new peaks appeared as a
consequence of the significant amount of P in the structure. At 1271 cm-
1 appears a peak that can be attributed to the stretching vibration mode
of the P=0 bond [53]. A plausible bonding as P=N was not reflected in
the FTIR spectra, as no peaks centered at around 1336 and 1430 cm™’
were observed [53]. Additionally, the peak detected at 1094 cm™ could
be interpreted as the P*-O- vibration in phosphate esters, in
polyphosphate chain P-O-P [54,55]. The N-P vibration usually conducts
to an FTIR peak centered at 700 cm™ [54,56,57] which is consistent with
the peak located at 701 cm registered in this work at high P dosages.
In brief, the above analysis suggests that P was successfully introduced
in the g-CsN4 structure without changing the original framework at low
doping doses, contributing just to an exfoliation effect and a plausible
bonding of P groups to the N atoms.
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Fig. 5.3 XRD diffractograms (A) and FTIR spectra (B) of the P-CN samples.

Table 5.1 Crystal and textural properties, elemental composition, and optical properties
of P-CN samples.

Sample Lerystal  diayer n SgeT Vr Nea Cea NI/Cea Oxps Pxps Esec
= (nm)  (A) (m?g’) (cm®g’) (wt. %) (wt.%) (at) (wt.%) (wt %) (eV)

CN 577 3250 18 9.1 0.050 60.8 35.1 1485 48 - 27
P-CN-2%  7.37 3245 22 84 0.035 53.0 3068 1499 88 178 26
P-CN-4% 7.62 3250 29 42 0.018 50.4 287 1505 82 404 26
P-CN-8% 662 3236 - 8.7 0.047 36.9 196 1.600 16.3 784 25
P-CN-12% 1945 3131 - 6.6 0.027 12.3 6.7 1574 243 106 20

Lerystal, Crystallite size from the (002) peak by Scherrer’s equation; duwyer, interlayer spacing
from the (002) peak; n, number of layers; Sger, specific total surface area obtained from
the BET method; V7, total pore volume obtained from the Nz uptake at p/po~0.99; C and N
composition from elemental analysis (EA); N/Cea, the atomic N/C ratio by elemental
analysis; O and P content from XPS analysis; and Esc, bandgap energy estimated from the
Tauc plot method.

The surface chemistry of the doped CN with sodium polyphosphate
was analyzed by XPS. The sample with the optimum photocatalytic
behavior, i.e. P-CN-4%, was selected for the evaluation of the chemical
interaction type with carbon nitride. The XPS spectra are illustrated in
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Fig. 5.4. The Cis peak of g-CzN4 is traditionally deconvoluted in three
main contributions, i.e. a peak of sp? bonds representative of N=C-N
bonds (287.7 eV), a peak of sp® carbon in C-C/C-N bonds (285.6 eV),
and a peak of sp? carbon bonds of C-C/C=C (284.4 eV) [34,58]. From
the Cis spectrum, the sp? N=C-N contribution counts as 59% of the
whole area. In our previous works of the undoped sample [34,59], that
means the CN sample, the sp? carbon of N=C-N considerably outlines
the other two contributions, being 71% of the area contribution. The P
doping forced a considerable decrease in this contribution, suggesting
a plausible attack of P to the C positions and replacement as reported
in the literature [60—62]. The diminishing contribution of the aromatic
N=C-N could be considered the first evidence of P attacking C positions.
The Nis region of graphitic carbon nitride can be interpreted as the
contribution of three bonds, namely tertiary N from (C)s:—N rings (Nsc,
399.9 eV), sp?-bonded in the form of N-C=N (N, 398.4 eV), and
terminal -NHx groups (400.8 eV) [44,63—66]. The N.c and terminal -NHx
contributions in the P-CN-4% sample are lower in importance to the Nsc
peak if compared to the bare CN blank reported in our previous works
[34,59]. This evidence could be interpreted as a second fact of P
replacing with C atoms, leading to a higher proportion of Nsc. The high-
resolution peak P2, spectrum has been deconvoluted in three plausible
contributions: P—C, P-N, and P-O bonding at 132.6 eV, 133.7 eV, and
135.0 eV, respectively, according to the literature [67]. As portrayed in
Fig. 5.4, the deconvolution led to a majority contribution of P-N although
the contribution of P-O was lower but considerable. However, the
contribution of P-C was negligible. The presence of the P-N bond
suggests the anchorage of phosphate to nitrogen, either due to the
reaction with terminal amino groups [68—70], supported by the decrease
of the -NHy stretching band in FTIR, or by the replacement of C in
triazine rings atoms [62,71,72]. It has been reported a large nitrophilicity
by P atoms, which provide stable P-N polymers. However, the larger
bond length of P-N (150-170 pm) if compared to C-N in carbon nitride
(135 pm) compromises the planar structure of P-CN [68]. Moreover, due
to the possibility of coordination of P with O, the presence of P-O cannot
be discharged. The presence of P-O binging may be linked to some
terminal hydroxyl groups. The superficial quantification of P in P-CN-4%
revealed a 4.04% (wt.) of P. The XPS analysis also revealed the
presence of Na in the structure. From the results of the Nais spectrum
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(results not shown), a plausible coordination of Na* with N atoms into
the interstitial heptazine rings can be deduced. It has been reported that
the calcination process in the presence of sodium tripolyphosphate
promotes this coordination due to the strong ability of N atoms with lone-
pair electrons towards metal ions [24], triggered by the lower
electronegativity of N if compared to O. Finally, the doping with P
increased the oxygen content, from 4.8% (wt.) of the bare CN to 8.2%
(wt.) of P-CN-4%. In the Oss region, the main peak observed originated
from the sum of two plausible contributions located at 533 and 531 eV,
assigned to, respectively, terminal -HO [73] and O?% of phosphate
environment [74] or C=0 [73]. Surface O content, see Table 5.1, was
raised with the increase of P doping, which suggests the binding of P to
O, as discussed previously.
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Fig. 5.4 XPS spectra of high-resolution elements (C, N, O, and P) of P-CN-4% sample.
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Solid-state *C and 3P MAS NMR were carried out to verify the
changes in the chemical environment of C and P of g-C3N, after doping.
As illustrated in Fig. 5.5, the *C NMR spectrum was modified after the
incorporation of P in the graphitic framework. Both spectra depicted two
well-defined signals at ~154 and ~162 ppm, which can be attributed
respectively to the bay site of CsN corresponding to internal C atoms in
tri-s-triazine rings, and the corner site C;N-NHx atoms attributable to
those C atoms connected next to bridging -NHx [75—77]. There was no
appreciated signal a 149 ppm, assignable to cyanuric groups, -C=N [75].
According to the '3C spectra of unmodified CN, the two contributions
display a very similar intensity, being the corner contribution slightly
higher. The P-CN-4% displayed a quite similar *C spectrum, revealing,
therefore, a well-preserved framework. However, the doping with P
promoted the decrease of the contribution of the bay sites, which means
the peak located at ~154 ppm diminished its intensity, providing
evidence of partial substitution of P atoms in the corner bay C of the g-
C3N, skeleton. The 3P MAS NMR spectrum of P-CN-4%, see Fig. 5.5,
described a broad peak due to the low P amount and the presence of
multiple P-containing species [76]. The signals at roughly =10 and -20
ppm may be associated with the chemical environment of corner and
bay phosphorus sites, respectively, whereas a signal at around 0 ppm
can be ascribed to P-O at some edge terminal positions [78,79]. Taking
this information into account, the 3!P spectra of P-CN-4% were
deconvoluted in three contributions, obtaining deconvoluted peaks
centered at -2.2 ppm for P-O, -10.6 ppm for corner, and -22.2 ppm for
bay positions. Therefore, similar conclusions to XPS are withdrawn. The
insertion of P in the g-C3N4 takes place by replacing C positions, either
at bay or corner sites [68], including also the formation of P-O bindings,
ascribed to the presence of hydroxyl groups.
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Fig. 5.5 C CP-MAS NMR spectra of CN and P-CN-4% and 3'P MAS NMR spectrum of P-
CN-4%

Elemental analysis was carried out to compare the N/C ratios before
and after doping with P, see results in Table 5.1. The unmodified CN
displayed a value N/C=1.485 (at.) which is close to the theoretical value
of N/C=4/3 expected for g-CsNa4. The doping with P led to an increase in
this ratio: 1.499 (P-CN-2%), 1.505 (P-CN-4%), 1.600 (P-CN-8%), and
1.574 (P-CN-12%). This tendency provides alternative evidence of a
partial replacement of C by P. From bare CN to P-CN-8%, it is observed
an increase of N/C ratio, with a waned value describing a minimum
before further rise of P doping as observed with P-CN-12%. This
replacement can be attributed, especially at low concentrations of P, to
the substitution of corner or bay C positions as already reported in the
literature with similar materials [61].

In summary, according to the global results of FTIR, XPS, and
elemental analysis, it can be hypothesized that P is exchanged by C
atoms in the graphitic structure [61]. Two points of attack have been
reported in the literature, i.e. bay and corner carbon [80,81]. Moreover,
phosphate can also be linked to N atoms, i.e. at the edge or building a
bridge [69]. Among all these possibilities, the substitution of C seems to
be preferential, although the positions at margins and defects of the CN
structure are also plausible as phosphoramide or phosphorimide
moieties [61].

The morphology and distribution of P were observed by STEM
technique coupled with EDX analysis. Fig. 5.6 depicts some pictures of
the P-CN-4% samples. The images show the presence of laminar
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particles that can be aggregated in bigger associations of up to 500 nm.
EDX microanalysis led to the elements imaging, i.e. C, N, and P. The
EDX spectra of two selected areas are also provided, recording the
existence of P in the sample. The mapping images showed random and
almost uniform distribution of P dispersion. It should be noticed that the
intensity of P mapping was much lesser intense than the corresponding
for C and N due to the low content of P onto P-CN-4%, i.e. roughly 4%.

B C

Intensity (count)

Intensity (counf)

Fig. 5.6 HR-STEM micrographs and EDX analysis of P-CN-4% sample. TEM images (A-B),
HAADF image (D) and their element mapping of C (E), N (F) and P (G), and EDX spectra of
two selected areas of HAADF image (D).

The optical properties were assessed by DRS-UV-visible. Fig. 5.7A
depicts the absorption spectra of the samples. Moreover, the spectra of
the emitted radiation by the lamps is also included. In general terms, an
intensive absorption enhancement in the UV and visible light regions is
observed after P doping, and the band gap was narrowed as the P
precursor amount was raised. The bare CN displayed a strong decay of
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absorbance after 420 nm and a bandgap value (see Fig. 5.7B) of roughly
2.7 eV. The P-doping enhanced the absorbance in the visible region
with a partial red-shifted of the absorption spectra and conferred to the
material a characteristic brownish color [82]. The P-CN samples showed
an important decrease in the absorbance at 420 nm, which diminished
the rate of the absorbance decay afterward. This enables the material
to absorb in the visible region, which is very limited for CN, enlarged as
the amount of the doping P was increased. This extended absorbance
up to 800 nm has been previously reported in the literature using
different P precursor and synthesis strategies, such as phosphoric acid
[82], phosphonic acid [82], hexachloro-tricyclophosphazene [69], or
natural P sources like phytic acid [81]. Moreover, the bandgap was
narrowed from 2.7 eV of bare CN to 2.5 eV (P-CN-4%) and 2.0 eV (P-
CN-12%). Previous works have reported similar behavior by P tuning of
g-C:sNg, further confirmed by DFT calculations [83]. The reason for the
red-shifted absorption edge has been attributed to the 3p stated of P
located at the bottom of the conduction band in the g-CsNi, which
contributes to a stabilization of the conduction band in lower energies
and therefore a decrease of the bandgap [84—86].
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Fig. 5.7 UV-visible absorption spectra of the P-CN samples and the emitting radiation
spectra of the UVA and daylight lamps used (A) and bandgap determination of P-CN
samples (B).
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Fig. 5.8 illustrates the photoluminescence (PL) spectra of the
samples after excitation at 365 nm, the wavelength of the radiation used
in the photocatalytic tests. The intensity of the PL peak can be
associated with the recombination rate of the photogenerated charges,
an undesirable effect for the photocatalytic process. A low-intensity PL
signal implies a lower recombination rate of photoinduced electrons and
holes; that means, a higher photocatalytic activity [87]. The PL spectrum
of undoped CN shows a peak with a maximum centered at 458 nm. The
PL spectra of the doped samples show that the doping of the P in the
graphitic carbon nitride led to a dramatic decrease in the PL peak.
Doping doses over 4% of P were conducted to negligible PL response,
providing evidence of efficient separation of charges due to the
presence of defects in the structure after doping, restraining the
recombination rate of electron-hole pairs after P-doping. This effect has
also been reported in previous works [82,88,89] and ascribed to the
promoted electron delocalization on surface terminal sites after doping
and structural advantages of P-CN, such as the interconnected
nanosheets, as deduced from the higher crystal size, that can greatly
curtail the charge migration [69].

—CN
— P-CN-2%
— P-CN-4%
— P-CN-8%

PL intensity (a.u.)

400 450 500 550 600
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Fig. 5.8 Photoluminescence spectra of P-CN samples.
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5.3.2. Photocatalytic production of cinnamaldehyde
with the P-CN samples

The photocatalytic activity of P-CN samples was assessed for the
reaction of oxidation of cinnamyl alcohol (CA) to cinnamaldehyde (CD).
The temporal evolution of the normalized CA concentration and the yield
of CD production are depicted in Fig. 5.9A. The pseudo-first order rate
constant of CA abatement (kca) is available in Fig. 5.9B and Fig. 5.9C
depicts the conversion after 5 h of reaction and the average selectivity
to CD. The use of bare CN led to 37% of CA oxidation, with a selectivity
of ~10%. The modification with P of the carbon nitride improved the
photocatalytic oxidation of CA at low P doping dosage, i.e. P-CN-2%.
However, at excessively high P doping (P-CN-12%) the kinetics of CA
oxidation was worse than the non-doped sample, as the estimated kca
and the conversion values at 5 h show. However, in terms of selectivity
to CD, the presence of P improved the selectivity if compared to the bare
CN in all the cases. It was observed a maximum selectivity with P-CN-
4% (Scp=49%). Table 5.2 summarizes the main kinetic parameters for
all the tested samples. The quantum efficiency was calculated from the
LVRPA estimation and the initial rate of cinnamyl alcohol abatement.
The order of radiation uptake is, following the photocatalytic activity, P-
CN-2% > P-CN-4% > CN > P-CN-8% > P-CN-12%. It corroborates the
tendency observed for kca. Additionally, a test in the presence of visible
radiation (>400 nm) instead of UVA (365 nm) was conducted. The
sample P-CN-4% showed less activity under visible radiation. As shown
in Table 5.2, the kca under visible illumination was only 39% of the
achieved under UVA. The results indicate lower photocatalytic activity
under visible radiation, which follows the absorptivity trend of P-CN-4%.
However, due to the incorporation of P in the structure and the red-
shifted absorption spectra, the samples performed certain activity under
the visible region.
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Table 5.2 Kinetic parameters of the photocatalytic production of cinnamaldehyde with P-
CN samples under UVA and visible radiation.

I'::A,n"] 03 e?Vv.1 08 kCA XCA SCD
Sample M min?) (Einsteincm3s”) ) (h  at5h(%) (%)
UVA (365 nm)
CN 1.383 1.620 0.142 0.083 36.9 9.8
P-CN-2% 2.950 1.944 0.253 0.177 59.6 22.0
P-CN-4% 2.500 2.025 0.206 0.150 53.0 49.2
P-CN-8% 1.300 2.349 0.092 0.078 36.3 35.3
P-CN-12% 0.450 2.268 0.033 0.027 19.8 20.2
Visible (>400 nm)
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Fig. 5.9 Photocatalytic oxidation of cinnamyl alcohol (CA) to cinnamaldehyde (CD). (A)
Temporal evolution of the normalized concentration of CA and CD yield. (B) Pseudo-first
order rate constant of CA abatement. (C) CA conversion at 5 h and average selectivity to
CD. Experimental conditions: UVA radiation; V=350 mL; Cca=1 mM; Ccatays==0.5 g L7, T=20°C

The use of organic solvents has been widely researched to raise the
selectivity of the process [90], even to the detriment of the conversion of
the parent alcohol. Acetonitrile is one of the most studied organic
solvents since it raises the selectivity of cinnamaldehyde formation in
the absence of water [91]. To compare the benefits of P doping over g-
CsNgy, the performance of the non-doped CN and the sample P-CN-4%,
which displayed the highest CD yield, were further investigated in water-
acetonitrile mixtures. Fig. 5.10 illustrates the conversion after 5 h of
reaction and the average selectivity of CD formation for both catalysts
at different water-acetonitrile proportions. It can be observed that an
important decrease in the conversion is observed when adding
acetonitrile. However, the reaction becomes more selective to CD



Development of g-CsNs-based catalysts for their application in photo-reactions of
198 interest in the liquid phase

formation, probably due to the suppression of hydroxyl radical
contribution which is more unselective than others such as superoxide.
Moreover, when comparing the CN and P-CN-4% samples, it can be
stated a lesser selectivity in the presence of acetonitrile for P-CN-4%.
The presence of phosphate groups on the surface contributes to a
higher surface-HO presence that might interact with CD during
oxidation, which could explain the lesser selectivity achieved if
compared to bare CN.
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Fig. 5.10 Conversion of cinnamyl alcohol (CA) and cinnamaldehyde (CD) selectivity in
water-acetonitrile (ACN) mixtures with CN (A) and P-CN-4% (B) samples. Experimental
conditions: UVA radiation; V=350 mL; Cca=1 mM; Ccatays:=0.5 g L', T=20°C

5.3.3. Photocatalytic mechanism and degradation
pathway with P-CN-4%

The impact of the reactive oxidation species (ROS) involved in the
photocatalytic oxidation of cinnamyl alcohol over P-CN-4% was
tentatively studied by the addition of chemical radical scavengers [35],
as shown in Fig. 5.11. It should be noted that the interaction of the
chemical scavengers in the photocatalytic mechanism is not completely
selective and should be analyzed with caution [36,37].
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Firstly, the role played by the hydroxyl radical was assessed by
adding to the solution tert-butyl alcohol (TBA), due to the high reactivity
of TBA with HO" (kteano-=6.2 x 108 M? s1) [92]. In the presence of TBA,
the CA profile was slowed down, although the reaction was not
completely stopped. The hydroxyl radical has been reported as an
unselective oxidant species, and in the case of cinnamyl alcohol, the
attack of HO to the C=C of the alkyl chain releases benzaldehyde or
acetaldehyde as undesirable byproducts [93,94]. The role played by HO*
in the degradation mechanism of P-CN-4% activation and CA oxidation
was further analyzed by the use of 2-HO-TPA as an indirect molecule
probe of HO® existence. It is well known that TPA can trap HO"
selectively leading to the formation of the fluorescent 2-HO-TPA [38].
Fig. 5.11 depicts the temporal evolution of 2-OH-TPA during the
photocatalytic transformation of TPA in the presence of P-CN-4%. As
illustrated in the spectra recorded (Fig. 5.11C), the spectra are barely
defined, being appreciated as an important signal-to-noise ratio that
manifests the low production of HO". This fact was further corroborated
by the determination of the temporal evolution of the concentration of 2-
OH-TPA, see Fig. 5.11D. From this figure, it is observed that a plateau
is reached after 30-60 min. Noteworthy, the values obtained for the
concentration of the generated 2-OH-TPA are below the limit of
detection. This poor formation of the fluorescent 2-OH-TPA provides
evidence of negligible production of HO, whose impact according to the
scavengers’ tests was suggested to be minimal. According to the
reported band alignment for g-CsN4, the redox potential of the valence
band does not display enough potential to trigger the oxidation of water
molecules to HO" [14,95].

Secondly, the role played by the superoxide radical was assessed by
adding -p-benzoquinone (p-BZQ), tiron, or removing the dissolved O
bubbling N instead of air [96]. The use of p-BZQ is widely extended to
check the role played by superoxide radicals in photocatalysis tests [35],
due to the high reactivity (Kp-sz0,02.=10° M s [97]). However, some
authors have recently warned about the complexity of p-BZQ in aqueous
photocatalytic media [36,37]. For instance, p-BZQ can trap electrons (Kp-
8zoe-=1.35 x 10° M s1[98]) leading to the formation of semiquinone
radicals [37], it displays also a high reactivity with HO" (Kp-8zqHo.=6.6 X
10° M1 s1[99]), p-BZQ is also photolyzed giving rise to extra O, [100],
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or being photo-activated to release single oxygen (*Oz) [101]. To
overcome these drawbacks, tiron, which is commonly used to test the
presence of O, [36], was selected for additional analysis, although it
also may react with HO" (kiron=10° M s [102]). In the presence of p-
BZQ, no significant alteration of the kinetics was observed if compared
to the blank, and the selectivity was dramatically diminished; however,
tiron did lead to a ~50% depletion of kca with no so huge affectation to
the selectivity. Bearing in mind the lack of HO® participation, the
decrease in the presence of tiron may be taken as proof of Oy~
participation. Additionally, a test under N, displacement of dissolved O,
was conducted. It has been reported that an atmosphere of pure O has
led to boosted conversion but very similar selectivity if compared to air,
Ar, or N2 [103]. In this case, an abrupt decrease in the kinetics of CA
oxidation was observed, which may suggest a high importance of O™
in the oxidative process of CA. Nonetheless, it should be also
considered that in the absence of any electron acceptor such as O, the
recombination effect is potentiated, rising as conclusion an overrated
participation of O>™. The results attained with tiron and N2, cautiously
considered, may provide evidence about the relevance of O, in the
process if compared to other ROS.

Thirdly, the importance of the photo-generated holes was studied by
adding oxalic acid [104] as oxalate anions can be easily oxidized by the
holes to produce CO,. Oxalate anion also can trap HO"; however, the
kinetics is slow (Koxalate,Ho-= 1.5 x 107 M1 51 [105]), and the production of
HO" has been discharged in P-CN-4%. In the presence of oxalic acid,
the kinetic of CA oxidation was negatively influenced, suggesting the
importance of photo-generated holes in the process. For further
corroboration, EDTA was also tested as a hole scavenger. EDTA has
been reported as a superior scavenger to oxalic acid due to its strong
chelating effect and ability to directly fill electrons into the valance band
[106]. The results attained with EDTA confirm the importance of the hole
in the CA oxidation.

Finally, the plausible participation of singlet oxygen (*O) was verified
by a test adding L-Histidine (L-H). L-H has a great ability to react with
10, and HO" (kixpo-=1.5x 107 M s [35]). As the production of HO",
the 60% decrease in kca may be attributed to the participation of *Oo.

The mechanism of oxidation of cinnamyl alcohol involves the
photogenerated holes by the formation of an intermediate organic
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radical that could be further oxidized to the aldehyde by the holes [107]
or by the superoxide radicals [96]. This mechanism would explain the
results achieved in this work, in which the participation was tentatively
identified as h* > O, ~ 1O,.
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Fig. 5.11 Photocatalytic oxidation of cinnamyl alcohol (CA) to cinnamaldehyde (CD). (A)
The pseudo-first order rate constant of CA abatement with P-CN-4% in the presence of
chemical scavengers (A) and the CA conversion at 5 h and average selectivity to CD (B).
(Photoluminescence spectra of 2-OH-TPA (C) and temporal evolution of the concentration
of 2-OH-TPA (D) during the photocatalytic transformation of TPA with P-CN-4%.
Experimental conditions: UVA radiation; V=350 mL; Cca=1 mM; Cecatatyst=0.5 g L'; Cscavenger=10
mM; Crpa=1 mM; T=20°C.

A tentative proposal of the band alignment was carried out as an
approach from the estimation of the valence band by XPS and the
bandgap obtained from the Tauc plot of the absorption data of DRS-UV-
visible [73,76,79]. Fig. 5.12A depicts the valence band edge obtained
from XPS, leading to a slight shift to a higher potential value after P-
doping, i.e. the redox potential of the holes are 1.10 and 1.26 V for CN
and P-CN-4%, respectively. After considering the bandgap values, a
scheme of the bands' placement is depicted in Fig. 5.12B, where it is
stated the unfeasibility of formation of hydroxyl radical from the oxidation
of water, redox of the pair H,O/HO", +2.31 V [108]. On the contrary, the
formation of O, is favorable, redox O»/O,™, -0.33 V [109]. A comparison
between CN and P-CN-4% reveals that no substantial changes in the
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band’s alignment occur, so the better performance of P-CN-4% relies
on the higher migration of charges due to the presence of P defects that
minimize the recombination effect.
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Fig. 5.12 Determination of the valence band edge of CN and P-CN-4% by XPS (A) and bands
alignment proposal (B).

The products generated during the photocatalytic oxidation of
cinnamyl alcohol were identified by liquid chromatography coupled to
electrospray ionization under positive mode and mass spectrometry with
a quadrupole time-of-flight, LC-ESI(+)-QTOF, using the photocatalyst
with the best performance, i.e. P-CN-4%. Both, positive and negative
ionization modes were tested, restricting the study under positive mode
since cinnamyl alcohol and aldehyde were prone to it. Cinnamyl alcohol
is an allyl alcohol, whose ionization under positive mode led to the loss
of H20, [M-H,0]*=117.06054. The detected reaction byproducts and a
plausible degradation pathway is depicted in Fig. 5.13. The aerobic
oxidation of cinnamyl alcohol has been reported to occur spontaneously
under the presence of oxygen and daylight radiation, appreciating the
degradation after a long time though, i.e. 54 weeks [110]. Under these
circumstances, the oxidation of CA can take place on the allyl alcohol
group, leading to the formation of cinnamaldehyde (CD); alternatively,
triggering an epoxy ring if the oxidation attack goes through the
unsaturation of the allyl chain, generating the epoxy-cinnamy! alcohol
(epoxy-CA). Both routes have been observed during the photocatalytic
activation of P-CN-4%; nonetheless, the CD appeared in much more
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intensity in the extracted ion chromatograms if compared to epoxy-CA,
which suggests a great preference for the oxidation of the terminal
alcohol, preserving the double bond of the chain. Studies of
photocatalytic transformation of CA over TiO;-based catalysts have
concluded that the pathway route addresses the formation of CD and
benzaldehyde as the main degradation byproducts [111,112]. Other
catalytic oxidation systems involving the activation of hydrogen peroxide
over catalysts based on iron or palladium as active species have
described appreciable contribution of epoxide formation, either in the
cinnamyl alcohol or aldehyde formulas [113]. Under the action of P-CN-
4%, the further oxidation of CD led to the generation of cinnamic acid
(CC), which appeared in similar intensity levels as CD, which is
consistent with the other studies under the presence of oxygen [110—
112]. The subsequent oxidation of CC led to the formation of
phenylacetaldehyde [111], detected at long reaction times, i.e. 5 h.
Alternatively, a [M-H]*=167.0703 no reported previously was registered
in this work, which according to in silico oxidation prediction tools [114],
corresponds to hydroxylation of the allyl bond of cinnamic acid.
However, these two byproducts produced from CC appeared at an
intensity of one magnitude order below CC, which as the epoxy
derivatives led to mass errors in ppm higher than the major compounds.
No further oxidation to lower transformation products was detected,
being the release of CD and CC, the most appreciable products
detected in the photo-oxidation of CA.

3-hydroxy-3-phenylpropanoic

acid (0]
OH
cinnamaldehyde cinnamic OH
oH (CD) o acid (CD) /0 / [M+H]*=167.0694
/ (-8.4 ppm)
—_— / H —» / OH
[M+H]*=133.0654 [M+H]*=149.0660 \ H

(0.8 ppm) (-0.4 ppm) o}
OH ) [M+H]*=121.0632
—_—
o) o)

[M+H]*=149.0632
(19.5 ppm)

epoxy-cinnamyl
aldehyde (CD)

Fig. 5.13 Proposed degradation mechanism of cinnamyl alcohol over P-CN-4%.
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5.4. CONCLUSIONS

The incorporation of P into graphitic carbon nitride with sodium
polyphosphate in a two-step synthesis process has been successfully
carried out. The crystalline structure suggested that P was incorporated
in the external faces of the plates or the heptazine rings, attacking the
layered structure. The FTIR analysis pointed out the decrease of
vibration of the terminal -NHx groups and the appearance of a P-N bond
anchoring of phosphate groups to N atoms. This fact was further
confirmed by XPS analysis, deducing a plausible attack of phosphate to
C positions, leading to the formation of terminal phosphate groups linked
to N. The P is expected to be by C atoms in the graphitic structure at
two points, i.e. bay and corner carbon, as NMR analysis suggested.
Moreover, phosphate can also be linked to N atoms, i.e. at the edge or
building a bridge. Regarding the optical properties, an intensive
absorption enhancement in the UV and visible light regions was
observed after P doping, and the band gap was narrowed as the P
precursor amount was raised, from 2.7 (bare graphitic carbon) to 2.6 eV
(sample doped with 4%). The photoluminescence properties of the
doped samples showed a dramatic decrease in the PL peak. Doses over
4% of P were subjected to negligible PL response, providing evidence
of efficient separation of charges due to the presence of defects in the
structure after doping.

The P doping modified the photocatalytic activity of the oxidation
reaction of cinnamyl alcohol (CA) to cinnamaldehyde (CD). Although the
moadification with P improved the photocatalytic oxidation of CA, it was
only achieved at low P doping dosage, i.e. P-CN-2%, the selectivity to
CD in the presence of P was improved if compared to the bare CN in all
the cases, reaching a maximum of ~50% (P-CN-4%). The influence of
the solvent was also studied by carrying out tests on acetonitrile. The
presence of acetonitrile led to a rise of the selectivity to the detriment of
lower conversion of the alcohol. The bare CN sample led to almost
100% of selectivity in acetonitrile while the P-CN-4% sample only led to
80%. Finally, the relative influence of the reactive oxygen species
involved in the process of photocatalytic oxidation in water was studied.
The mechanism of oxidation of cinnamyl alcohol involves the
photogenerated holes by the formation of an intermediate organic
radical that could be further oxidized to the aldehyde by the holes or by
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the superoxide radicals, with a negligible contribution of the hydroxyl
radicals. The analysis of the transformation products provides evidence
of a preferential oxidation route of the alcohol group, triggering the
oxidation to cinnamaldehyde and subsequent release of cinnamic acid.
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Sulfonic grafted graphitic-like carbon nitride for the improved
photocatalytic production of benzaldehyde in water
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M. Alejandra Quintana, Rafael R. Solis, Gabriel Blazquez,
Monica Calero, Mario J. Mufhoz-Batista

Abstract

This work reports the modification of graphitic carbon nitride (CN)
through sulfonation (SCN) as an enhanced strategy for photocatalytic
activity during the oxidation of benzyl alcohol to benzaldehyde. CN was
prepared from melamine and functionalized with -SOsH groups using
different doses of chlorosulfonic acid. The textural, structural,
morphological, chemical, and optical properties of the prepared samples
were characterized by diverse techniques. The increase in the doping
dose produced, a decrease in surface area, a blue-shifted absorption
edge under irradiation, and a decrease in the recombination charges.
The -SOsH improved the kinetics of benzyl alcohol oxidation (BA) in
aqueous solution and raised the selectivity to benzaldehyde (BD). An
optimum dosage of precursor led to an SCN sample with the highest
removal rate and selectivity. This optimized sample was selected for the
study of the reactive oxidant species involved during the photocatalytic
process, suggesting that the species with the highest contribution during
BA oxidation was the superoxide radical, especially in terms of
selectivity for the aldehyde formation. This work examples the
modification of carbon nitride to enhance the production of an aldehyde
with interest in the industry under a sustainable scheme that involves
the transformation of light into chemical energy in water.

Keywords: photocatalysis, sulfonated carbon nitride, benzaldehyde
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6.1. INTRODUCTION

At the industrial scale, the synthesis of benzaldehyde has been
carried out from the hydrolysis of benzyl chloride or the oxidation of
toluene [1]. There are other technologically feasible routes already used
in the past, such as the oxidation of benzyl alcohol, the reduction of
benzoyl chloride, and the reaction of carbon monoxide and benzene.
However, their low rentability makes them no longer industrially useful.
Currently, the oxidation of toluene with air is the most popular process
worldwide. Nonetheless, high temperatures and pressures are required,
and low yields of aldehyde are produced due to the large formation of
by-products [2]. This is the main reason that aims at the research of
alternative processes that can overcome the current drawbacks of
benzyl alcohol oxidation [3].

The synthesis of benzaldehyde from the oxidation of precursors such
as benzyl alcohol by photocatalysis has acquired importance due to the
sustainability and green aspect of the technology. Among all the
photocatalysts used to date, in which TiO, outstands due to the high
activity, abundance, and low cost, graphitic carbon nitride has emerged
as a non-metallic semiconductor with a lower bandgap compared to
TiO,, i.e. 2.7 vs 3.2 eV [4]. Graphitic carbon nitride is a free-meal
semiconductor that displays interesting properties for photocatalytic
selective synthesis of organic compounds [5], concretely a high activity
for the oxidation of alcohols to aldehydes [6]. The photo-oxidation of
benzyl alcohols by carbon nitride with the competitive conversion of the
alcohol and high selectivity to the aldehyde relies on the use of organic
solvents (acetonitrile, trifluorotoluene), high temperatures (60-150°C)
and O, pressure up to 8 bar [7—9]. Diverse strategies are currently under
research to improve the activity of g-CsN4, promoting a competitive
activity under milder conditions of pressure and temperature without the
need to use toxic and expensive organic solvents [10]. For instance, by
raising the mesoporosity of g-CsN4 [11]. The doping with no metals such
as sulfur has provided evidence of improvements concerning bare g-
CsN4 in the photocatalytic production of H, or photocatalytic reduction of
COg, due to the madification of the optical and/or electrical properties
[12].
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The doping of CsN4 with sulfur has been carried out with diverse
precursors, thiourea the most popular [13—-15]. However, the amount of
sulfur cannot be controlled unless it is mixed with urea [16]. The amount
of S doping has been controlled in diverse synthesis methods
depending on the sulfur precursor used. For instance, trithiocyanuric
acid mixed with dicyandiamide at different ratios, followed by further
thermal treatment, led to control of the S amount inserted in the
polymeric structure [17]. Also sublimed sulfur mixed with C3Ns and
thermal treatment has been successfully used to dope the structure
[18,19]. Sulfonation is a functionalization strategy that confers
amphoteric properties to carbon nitride. The incorporation of -SO3zH
groups display Brgnsted acid sites to the already present Brgnsted base
of the terminal amine groups [20]. The presence of both acid and base
groups has been demonstrated interesting properties in certain
reactions. Sulfonated graphitic carbon was first reported as a high-active
and low-cost organo-sulfonated heterogeneous acid catalyst for the
synthesis of biodiesel in 2016 [21], enabling to conduct the reaction at
milder temperature conditions. The functionalization with sulfonic acid
has been also proven effective in certain organic synthesis routes such
as the Knoevenagel condensation [20]. Furthermore, this sulfonation
strategy has shown effectiveness in the conversion of biomass-derived
saccharides into 5-hydroxymethylfurfural, a precursor in the obtention of
biodiesel and other fuels [22]. Besides, the use of sulfonic groups in
carbon nitride has been tested in the catalytic synthesis of heterocycles
in molecules with added value in the pharmaceutical industry [23].
Although these works have greatly demonstrated the activity of the
material after sulfonation, they have been used as heterogeneous
catalysts at mild conditions, not taking advantage of the semiconductor
character of carbon nitride under a photocatalysis scheme. Few works
have tackled the sulfonation of graphitic carbon nitride for photocatalytic
purposes. Recently work has assessed the effect of the presence of the
sulfonic groups in carbon nitride using sulfamic acid as a precursor for
the photocatalytic production of H, [24]. The presence of sulfonic acid
groups has been claimed to create an inductive effect that enhances the
charge transfer dynamics and inhibits their recombination. The sulfonic
tailoring of g-CsN4 has been also tested for the photocatalytic reduction
of Cr (VI) [25], using sulfuric acid in a two-pot step synthesis. The
presence of sulfonic groups resulted in beneficial to the charge-
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separation ability triggering more charge carrier density. Similarly, the
modification with sulfanilic acid led to similar results when using the
sulfonic-modified material for the photocatalytic reduction of Cr (VI) [26],
as the presence of -SOsH groups raised the capacity for separating
photo-generated carriers and increased the transport efficiency,
supporting consequently the photocatalytic reaction.

This work reports a study of the benefits of sulfonic functionalization
of graphitic carbon nitride with application to selective organic synthesis
of benzyl alcohol to benzaldehyde in aqueous media, without the use of
any organic solvent. Different sulfonated dosages were tested aiming at
the optimization of the precursor incorporated. The textural, structural,
chemical, morphological, and optical properties of the sulfonated g-CsNa
(SCN) were analyzed by N2 physisorption, XRD, FTIR, XPS, elemental
analysis, STEM, DRS-UV-visible and photoluminescence. The
photocatalytic activity was tested for the selective oxidation of benzyl
alcohol to benzaldehyde under UVA (365 nm) irradiation. The SCN
samples displayed better activity and selectivity if compared to the bare
carbon nitride sample. The plausible mechanism of the photocatalytic
process was assessed with the optimum SCN sample, leading to a
similar contribution of superoxide radicals, hydroxyl radicals, and
photogenerated holes.

6.2. EXPERIMENTAL SECTION

6.2.1. Materials and catalyst preparation

All the reagents used were analytical grade and used as received.
Ultrapure water (18.2 MQ-cm) from a Direct-Q®-UV device (Millipore®)
was used for the preparation of all the solutions. The acetonitrile and
trifluoroacetic acid used for the chromatographic analysis was HPLC
grade.

The graphitic carbon nitride (g-CsN.), named CN, was prepared from
the polymerization of melamine [27]. Melamine (>99%) was submitted
to thermal treatment under static air at 500 °C for 1 h, with a heating rate
of 10 °C min. The resulting yellowish solid material was crushed in a
mortar.
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The sulfonated graphitic carbon nitride (g-S-CsN4), denoted as SCN
was prepared by adapting a previously reported recipe [21,22]. A
scheme of the synthesis process is depicted in Fig. 6.1. The sulfonic
acid groups were placed in the CN structure by using chlorosulfonic acid
(99%) as the sulfur precursor. Briefly, 2 g of CN was suspended in 20
mL of dichloromethane (99%) in a beaker under vigorous stirring. Then,
a certain volume of chlorosulfonic acid (x=0.5-15 mL) was dropwise
added to the above suspension and further stirred for 3 h until a
homogeneous paste was obtained. The resulting paste was washed
with 20 mL of methanol (99%) four times. The washed solid was
recovered by centrifugation and dried at 80 °C. The resulting light
yellowish powder was ground in a mortar.
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Fig. 6.1 Schematic representation of the synthesis of the sulfonated carbon nitride

6.2.2. Characterization of the catalysts

The crystalline properties of the samples were studied by X-Ray
Diffraction (XRD) in a Bruker D8 Discover instrument equipped with a
Pilatus 3R 100K-A detector, using Cu Ka radiation (1.5406 A). The
diffractograms were recorded within a 26 range of 5-65° at a rate of
0.034° mint. The freeware QualX® [28] was used to process the
diffractograms and obtain the crystallite size (Lcysta) @and the interlayer
spacing (diayer). The relation Leysia/diayer Was used as a rough
approximation of the number of layers estimation [29]. The structural
properties were further assessed by Fourier Transform InfraRed (FTIR)
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Spectroscopy in a device model Spectrum 65 from Perkin-Elmer
monitoring the absorbance within 550-4000 cm™. The textural properties
were studied by adsorption-desorption isotherms with N, at 77 K carried
out in a Sync 200 device from 3P Instruments®©. Firstly, samples were
outgassed under a vacuum at 150 °C for 12 h. The specific surface area
was calculated by the Brunauer-Emmett-Teller method (Sger), and the
total specific pore volume (V1) was obtained from the N, uptake at
p/po~0.99. The Barrett, Joyner, and Halenda method (BJH) was applied
to analyze the average (4V/A) and most frequent (dV/dD) mesopore
diameter. The morphology and elemental composition of the
nanoparticles were studied by Scanning Transmission Electron
Microscopy (STEM) in a Thermo Scientific™ Talos™ F200X (200 kV)
equipped with Energy Dispersive Spectroscopy (EDS). The elemental
composition was analyzed in a TrueSpec® Micro CHNS analyzer from
Leco instruments. The chemical environment in the surface was studied
by X-ray Photoelectron Spectroscopy (XPS), in a Kratos AXIS UltraDLD
device working with an X-ray source from Al Ka. The XPS spectra were
referenced to the Cls peak of adventitious carbon at 284.6 eV. The
software XPSpeak 4.1® was used for the deconvolution of the peaks,
considering a Shirley background correction. The optical properties
were evaluated through Diffuse Reflectance Spectroscopy (DRS) and
photoluminescence. The DRS-UV-visible spectra were acquired in a
Varian Cary 5E device equipped with a praying mantis accessory. The
absorbance and reflectance spectra were registered within 200-2000
nm. The reflectance was used to determine the Kubelka-Munk Function,
F(R«), and the bandgap was estimated from the Tauc plot method,
considering indirect electron transitions. The photoluminescence was
measured by fluorescence spectrometry in a Varian Cary Eclipse
fluorometer using 365 nm as the excitation wavelength.

6.2.3. Photocatalytic production of benzaldehyde

The photocatalytic activity of the prepared materials was tested in the
oxidative reaction of benzyl alcohol to benzaldehyde. The experiments
were conducted in a discontinuous annular photoreactor, already
described in the literature [30]. In this system the aqueous solution of
benzyl alcohol, initially at 0.5 mM, with the photocatalyst in the slurry
was continuously pumped from an auxiliary tank, kept at a constant
temperature of 20 °C with a cooling system, to the annular space of a
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cylindrical borosilicate glass reactor. In the center, two UVA lamps were
located (Sylvania® F11W T5 BL368 lamp, emitting at 365 nm, 9 W
each). Air was bubbled into the auxiliary tank to ensure dissolved Os.
Before the irradiation, an adsorption step of 30 min was carried out. The
temporal evolution of the concentration of benzyl alcohol (BA) and
benzaldehyde (BD) was monitored by extracting samples. The samples
were filtered (syringe filters, Millipore Millex-GV PVDF, 0.45 um) to
remove the photocatalyst.

The reactive oxidative species involved in the photocatalytic process
were tentatively assessed by the addition of chemical scavengers
[31,32]. The influence of superoxide radical was evaluated by replacing
the air bubbling with N, with the addition of p-benzoquinone (p-BZQ, 1
mM), or disodium 4,5-dihydroxybenzene-1,3-disulfonate (tiron, 1 mM).
The impact of hydroxyl radicals on the BA degradation was evaluated
with the addition of tert-butyl alcohol (TBA, 10 mM). The photo-
generated hole contribution was eliminated with the addition of oxalic
acid (10 mM).

The concentration of BA and BD was determined by High-Pressure
Liquid Chromatography (HPLC) in an Alliance €2695 HPLC device from
Waters™ coupled to a 2998 photodiode array with UV-visible detection.
The chromatographic analysis was carried out with a Zorbax Bonus-RP
column (4.6x150 mm, 5 ym). An isocratic method of acetonitrile (A) and
acidified water with 0.1% (vol.) of trifluoroacetic acid (B) was pumped at
a rate of 1 mL mint and A: B ratio of 30:70. The quantification was
conducted at 215 and 248 nm for the BA and BD, respectively. The limit
of detection (LOD) was 10.0 uM for BA and 2.2 uM for BD. The limit of
quantification (LOQ) was 33.0 uM for BA and 7.4 uM for BD.

The presence of short-chain organic acids as final oxidation products
was analyzed by HPLC using a CoreGel 87H3 column (7.8x300 mm)
under isocratic pumping of acidified water solution (4 mM H,SO.) at 1
mL min? and detection at 210 nm.

The pseudo-first order rate constant of BA abatement (ksa) was
calculated as a mere tool for comparison purposes. Moreover, the
temporal evolution of the selectivity to benzaldehyde (Ssp) was
determined and the average value in the reaction interval was calculated
as follows:
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The quantum efficiency (Qg) of BA degradation was determined
according to the IUPAC recommended procedure [33-35], which
defines the Qe as the proportion of the number of molecules reacting
(rea) with the number of photons that interact with the catalyst, i.e. the
photon absorption rate (e*") [36].

kpaCga, ( molm3s7? ) 6.2)
eV Einstein m~3 s—1 ’

where rgao is the initial reaction rate. The quantification of the photon
absorption rate (e*'), and the radiative transfer equation (RTE) was
completed taking the geometry of the used photoreactor into account
[30]. Previously, the estimation of the optical properties of the catalytic
suspensions was required. A detailed description of the mathematical
procedure for the estimation of the optical properties and photon rate
estimations is provided in previous works [30,37]. Fig. 6.2 illustrates the
variation of the Local Volumetric Rate of Photon Absorption (LVRPA)
with the radial and longitudinal coordinates of the annular space of the
photoreactor of the different samples.
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Fig. 6.2 Local volumetric rate of photon absorption (LVRPA, e*¥) of SCN samples.
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Using a similar procedure extensively described in previous
contributions [38], an analysis of the optical properties of the samples
under reaction conditions was carried out based on the spectral
absorption coefficient, the spectral scattering coefficient, and the
scattering phase [30,37]. The comparison between the aforementioned
optical coefficients of the samples reveals highly similar profiles, with the
most noticeable variations observed for the estimated absorption
coefficient of the sample SCN-15., which is in line with the results
obtained from UV-vis spectroscopy, which will be further discussed. The
modelling allows calculating the average volumetric rate of photon
absorption around 1.58x10® Einstein cm= s (£0.1x108) for samples
CN, SCN-1, SCN-5, SCN-7, and SCN-10, while the observable was
increased by a factor of 1.4 for the sample with the highest concentration
of S (SCN-15). Regarding the LVRPA geometric profiles, an expected
pattern according to the reactor geometry was obtained [30,37].
Maximum local values of photon absorption were obtained at the radial
coordinate (r = 0), associated with the nearest zone of the irradiation
source. Such values are progressively decreasing as the evaluated
point moves away from the illumination source. Axial coordinate (z)
describes a common edge effect usually reported for fluorescent lamps.
Nevertheless, considering that catalytic measurements are conducted
under vigorous and constant agitation, the quantum yields of the
samples were determined using the average value of the photon rate
throughout the entire reactor volume.

6.3. RESULTS AND DISCUSSION

6.3.1. Characterization of the sulfonated carbon
nitride

The changes in the crystalline structure during the sulfonation of
graphitic carbon nitride were assessed by the XRD technique. Fig. 6.3A
illustrates the changes in the diffractograms when raising the sulfonation
degree. The XRD pattern reported for graphitic carbon nitride includes
two well-defined peaks [39]. The most intensive regarding the (002)
plane is due to the aromatic interaction of r-1" electrons between layers
located at 27.4°. A second peak, much less intense, appears at 13.1°
corresponding to the (100), ascribed to the intralayer spacing of the tri-
s-triazine units. The bare CN samples also described a weak peak at
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low intensity centered at 17.5°, which can be understood as the plane
that appears as a consequence of the diffraction plane of the repeating
motifs of the s-triazine unit of the aromatic system [29,40,41]. The bare
CN sample, prepared from the polymerization of melamine, describes
the (002) and (100) planes with a good definition which provides
evidence of a successful formation of graphitic heptazine units. The
sulfonation of the surface of CN led to considerable changes in the XRD
patterns. The sulfonic group insertion creates surface defects that
generate lattice stress and decrease the crystallinity of the CN structure
[24]. At a low dose of sulfonation, the intensity of the (002) peak
decreases. The rise of the sulfonation degree promotes a gradual
decrease of the interlayer peak [20] as visible in SCN1 and SCN5
samples, which provides evidence of a chemical delamination effect due
to the chemical attack of chlorosulfonic acid [42—44]. When raising the
dose, the (002) peak was poorly defined, it appeared broadened and
shifted about 0.8° to a lower diffraction angle. This moving of the peak
to lower values provides evidence of a plausible agglomeration effect
[45]. Also, other peaks regarding S-based organic compounds appear
to detriment the pattern of the g-CsN, structure, suggesting considerable
destruction of the polymeric structure, as reported previously when
doping with high chlorosulfonic dosage [21]. Concerning the crystallite
size, an increase was registered at a high doping level, raising the size
from 5.77 nm in bare CN to 12-13 nm in the highest dosages. The
presence of functional groups may act as a platform to increase the
crystal size as reported in other functionalization strategies [46].

The structural changes due to the sulfonation of graphitic carbon
nitride were studied by FTIR, see Fig. 6.3B. CN displays a graphite-like
sp?-bonded structure with a very characteristic fingerprint in the FTIR
spectrum [47]. The insertion of sulfur generated considerable changes
in the FTIR spectra due to a change in the electronic environment after
sulfonation [48], especially appreciable at the highest chlorosulfonic acid
ratio. Either CN or SCN samples showed the presence of a wide band
within 3000-3500 cm™, which is ascribed mainly to the vibration of N-H
bonds in -NH; and -NH- terminal groups [49,50] and water molecules.
Additionally, the presence of sulfonic groups also may lead to the
contribution of this peak [23], which is slightly visible in the SCN with the
highest S proportion. There was no presence of a peak at 2360 cm? in
none of the samples, which provides evidence of a lack of terminal nitrile
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groups [51]. The peak at 801 cm™, completely defined in the CN sample,
appears as a consequence of out-of-plane vibration [50,52], and is
partially decreased as the CN is treated with a higher amount of
chlorosulfonic acid. Moreover, this peak is shifted to a lower wavelength
in the SCN samples, as reported in the literature and linked to the
presence of sulfonated groups [20,22]. The CN sample defines a group
of peaks within 900-1800 cm™ as a consequence of the vibration of the
bonds of the tri-s-triazine rings. The well-defined peaks located at 1620,
1530, and 1390 cm® are assigned to the aromatic C-N stretching
vibration [50,53]. Remarkably, the peak at 1620 cm™ defined in the
untreated CN increases to a high extent as the amount of chlorosulfonic
acid is raised. This fact can be attributable to the presence of C=0
groups due to an oxidation effect of chlorosulfonic acid [54]. By the same
token, the sulfur functionalization was also evidenced by the definition
of two new peaks in the SCN samples at ca. 1150 and 1069 cm™, being
the latest better defined, especially in the SCN-10 sample. The peak
resulting in C-S vibration that appears at 980 cm™ [55] was only slightly
observable in the SCN-10 sample. These two vibration peaks are
ascribed, respectively, to asymmetric and symmetric vibration of S=0 if
sulfonic groups [20,56,57]. The presence of a peak at roughly 1410 cm-
! has been reported in the literature due to SO vibration in the sulfonic
group; however, due to the overlapping with original CN bands, this peak
was not well observed [56]. Furthermore, the peaks that appear at 1310
and 1230 cm, which are ascribed to the respective stretching vibrations
of C-N-(C)-C or C-NH-C bonds [50], are also altered with the insertion
of sulfur in the structure, being almost erased at the highest
chlorosulfonic dosage. Finally, at low wavenumber, some bands appear
as a result of the presence of sulfonic groups. A peak located in 575 cm-
1is attributed to the bending vibration of -S=0 [25,44,58]. Furthermore,
a new peak emerged in the SCN samples with the highest S content,
located at 785 cm™ near the out-of-plane vibration of the triazine ring,
which is related to the C-N-S structure in the surface sulfamic acid
[25,44,58].
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Fig. 6.3 XRD diffractograms (A) and FTIR spectra (B) of SCN samples

The textural properties are summarized in Table 6.1 Crystal, textural,
and optical properties of the SCN samples The BET area of the
unmodified CN led to 9.1 m2 g*. The treatment with chlorosulfonic acid
led to a decrease in the surface area, i.e. the sample treated with the
highest acid dose displayed the lowest value, i.e. below 1 m? g1. The
results of XRD suggest a delamination effect; however, the formation of
ionic surface groups may promote the formation of electric interaction,
which entails a higher agglomeration of the graphitic sheets as reported
in the literature [21].
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Table 6.1 Crystal, textural, and optical properties of the SCN samples

sample o TR " e (em'a’) G ol (o
CN 577 3250 18 9.1 0.050 304 35 27
SCN-0.5 - - - 10.4 0.052 292 35 -
SCN-1 534 3252 16 92 0.046 299 26 29
SCN-1.5 - - - 9.0 0.043 267 31 -
SCN-2 - - - 6.4 0.032 379 26 -
SCN-5 1250 3177 39 47 0.017 224 31 28
SCN-7 13368 3171 42 2.1 0.009 215 35 28
SCN-10 1338 3177 42 09 0.004 241 35 28
SCN-15 1338 3.180 42 0.7 0.003 18.2 35 27

Lerystai: crystallite size obtained from (002) peak with Scherrer’s equation; duyer: interlayer
spacing obtained from (002) peak; n: number of layers; Sger: total specific surface area by
BET method; Vr: total pore volume; Daverage and Drrequent: average and most frequent pore
diameter by BJH method, respectively; Ess: bandgap by Tauc plot method.

The chemical composition of the samples was determined by
elemental analysis, leading to the proportion of N, C, H, and S. The ratio
N/C, shown in Table 6.2, C was kept after chlorosulfonic acid addition.
Pertaining to the amount of sulfur fixed during the synthesis process, it
seems that there is an optimum of S incorporation within samples SCN-
7 and SCN-10, a higher addition of chlorosulfonic acid may lead to
reaction due to its acid character and contribute to the destruction of the
structure rather than the grafting of terminal —SO3H.

Table 6.2 Elemental analysis of the SCN samples (wt. %)

Sample N C H S N/C

CN 60.8 35.1 1.8 - 1.73
SCN-5 424 2438 3.2 6.5 1.70
SCN-7 409 2238 3.1 9.1 1.79
SCN-10 39.3 23.9 3.2 9.1 1.64
SCN-15 43.6 24.9 3.0 5.5 1.75

The chemical composition of the SCN-7 surface was studied by the
XPS technique, see Fig. 6.4. The high-resolution XPS spectra in the Cis
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region defined the three typical peaks reported in g-CsNa structures [59],
i.e. the peaks in sp? N = C-N (288.6 eV), sp® C-C/C-N (285.8 eV), and
sp? C-C/C = C (284.5 eV) bonds [37,60]. Additionally, due to the
modification with S, an intermediate peak centered at 287.5 eV was
successfully included in the deconvolution, representative of C-S bonds
[55,61,62]. If the relative importance of each contribution is compared in
bare CN and sulfonated SCN-7, an important decrease of the sp? N-
C=N is depicted after modification with chlorosulfonic acid. The high
resolution of Nis spectra was deconvoluted in the contributions N-C=N
(N2C, 397.8¢eV), Cs—N (N3C, 399.3eV), and N-SOzH (400.3 eV) [58].
The contribution of —NHy bonds of terminal amine groups, found at ca.
401 eV [63] for CN was displaced to lower values, suggesting the
presence of N-SOs;H bonds. The high resolution of Ois in SCN-7
revealed the presence of mainly two contributions, i.e. 531.7 and 530.2
eV. The lowest value can be attributed to —SOsH groups while the
highest is linked to residual N=C-O/C=0/-OH groups [55]. The
unmodified sample, i.e. CN, displayed a much lower oxygen proportion
than the SCN-7, with a very different pattern, in which a deconvoluted
peak at 533.2 eV [64], attributable to C-O, was outlined as the major
contribution. The region of Sy, was deconvoluted in two contributions
located at 167.1 and 168.3 eV. The peaks defined over 168 eV are
sulfonate or sulfate species [65]. The deconvoluted peak centered at
168.3 eV, accounting for 40% of the whole S, peak, can be attributed
to sulfonic groups [66,67] appearing after the linkage to terminal —NHy
groups as N-SOsH [44,58,68]. The peak located at 167.1 eV, whose
contribution was 60% of all the Sy, peak, can be attributed to sulfoxide
bonds, C-S(=0)-C, whose XPS peaks are reported within 166-168 eV
[55,69,70]. This contribution is consistent with the C-S bond detected in
the C 1s spectrum. It should be noted that the carbons in the resulting
C-S(=0)-C group would still be aromatic. The presence of sulfoxide
suggests the doping of the S atom in the heptazine unit by the
replacement of N. As this exchange is not isoelectronic, the oxidation of
C-S-C moieties to a sulfoxide C-S(=0)-C is expected [55], keeping the
aromaticity of the ring. No peaks at ca. 164 eV of thiol -SH groups [66]
or sulfide C-S-C at ca. 161 eV [71] were observed. A quantification
analysis in SCN-7 led to a 7.03% (wt.) of S.
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Fig. 6.4 High-resolution XPS spectra of Cis, N1s, O1s, and Sz, of bare CN and SCN-7

Fig. 6.5 illustrates some of the selected STEM micrographs obtained
from some selected samples. The particles displayed irregular shapes
of thin plates of different sizes, but over 500 nm. The bare CN patrticles
displayed more opaqueness than the samples modified with
chlorosulfonic acid whose sheets seem to be more transparent to the
TEM images. Furthermore, the particles of those samples modified with
the acid, especially at high proportions, i.e. SCN-7 and SCN-10,
depicted certain breakage of the sheets leading to smaller fragments
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that appeared agglomerated in bigger formations. This evidence may
provide additional support to the effect of delamination already deduced
from XRD. The presence of sulfur was confirmed by EDS analysis in the
samples treated with the acid. As can be seen from the elemental
mapping, sulfur appears homogeneously in the particle, demonstrating
the successful sulfur insertion in the polymeric structure.
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Fig. 6.5 STEM micrographs of bare CN (A), SCN-2 (B), SCN-7 (C), SCN-10 (D), HAADF of
SCN-7 (E), and EDS mapping in SCN-7 of carbon (F), nitrogen (G), and sulfur (H).

The changes of sulfur incorporation onto the optical properties of CN
were analyzed by DRS-UV-visible spectrophotometry. The absorbance
spectra are depicted in Fig. 6.6A and the estimation of the bandgap
energy by the Tauc plot method is illustrated in Fig. 6.6B, values shown
in Table 6.1. The bare CN sample displayed a sharp decay of absorption
spectra within 400-500 nm. The sulfonated samples showed higher
absorption in the visible region, i.e. over 500 nm, than the bare graphitic
carbon nitride. Regarding the bandgap, the non-modified CN displayed
a bandgap value of approximately 2.7 eV, which means that the
photocatalyst can be photoexcited with radiation up to 459 nm. It has
been reported that if sulfur is incorporated in the aromatic heterocycles
of the carbon nitride structure, as the electronegativity of S is lower than
that of N, the extra valence electrons brought by S are donated to the
system, occupying a part of the conduction band, resulting in a decrease
in the band gap width of sulfur-doped carbon nitride [72]. However, this
was not the case for the sulfonated SCN samples. When S is
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incorporated in the terminal groups as -SOsH functional groups, as
carried out in this work, a blue-shift of the absorption edge takes place,
slightly enlarging the bandgap value 0.1-0.2 eV depending on the
chlorosulfonic doping dose, which means that the maximum wavelength
of excitation is 427-443 nm. This slight blue shift shown after sulfonation
of g-CsN4 has been reported as the result of the electron-withdrawing
ability of the -SOsH present on the surface [44]. The blue-shift of
absorbance spectra has been also reported in mesoporous and
exfoliated g-CsN4 samples [73,74], sulfur g-CsN4 prepared from thiourea
[75,76], sulfonated g-CsN4 [44], g-C3sN4 doped with elemental S using as
precursor H,S [77], or using ammonium sulfate [78] or thiourea followed
by post-treatment oxidation [79].
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Fig. 6.6 Absorption DRS-UV-visible spectra (A) and Tauc plot method for the bandgap
determination (B) of SCN samples.

The photoluminescence (PL) properties of a semiconductor are derived
from the emitted radiation after the recombination of photogenerated
charges. Therefore, the PL analysis can provide evidence about the
efficiency of charge carrier trapping, transfer, and separation. A high PL
signal is related to a high rate of charge carrier recombination; while a
low PL peak is ascribed to a high separation of charges [13]. As shown
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in Fig. 6.7 Photoluminescence spectra of SCN samples., the PL peak
registered at 460 nm for the bare CN can be ascribed to the
recombination of the hole-electron pair, being the wavelength value
consistent with the bandgap energy. The presence of sulfonic groups in
the polymeric tris-s-triazine structure of carbon nitride creates defects
that potentiate the charge separation after irradiation, decreasing
therefore the PL peak registered as the S precursor amount is increased
[14,18,19,80]. Concretely, it has been reported that the negative
inductive effect of sulfonic acid groups enhances the charge transfer
dynamics and effectively inhibits the recombination effect [24].
Moreover, it is observed that the absorption edges are shifted toward
longer wavelength values with the highest -SOzH dose. This blue shift
is in accordance with the slightly lower bandgap values stimulated by
the DRS-UV-visible spectra, as observed in other previous works [44].
Similar materials such as nitrogen and sulfur-doped quantum carbon
dots have been reported as strong blue shifts in the PL, with a maximum
peak located at 400-425 nm [81]. The maximum PL spectra of SCN were
located at 420-440 nm very close to the values of wavelength attributed
to their bandgap values.

PL intensity (a.u.)

350 400 450 500 550 600
A (nm)

Fig. 6.7 Photoluminescence spectra of SCN samples.
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6.3.2. Photocatalytic oxidation of benzyl alcohol to
benzaldehyde

The photocatalytic activity of the sulfur-modified samples was
assessed and applied to the selective oxidation of benzyl alcohol (BA)
to benzaldehyde (BD). Fig. 6.8A depicts the temporal evolution of the
normalized concentration of benzyl alcohol and the production of
benzaldehyde. A previous adsorption stage of 30 min was conducted,
with no appreciable adsorption of BA over the samples. The unmodified
CN displayed poor activity with a BA conversion at 3 h of Xga=14.6%
and low selectivity, i.e. Sgp=32.5%. It should be highlighted the mild
conditions and the aqueous media in which the reaction was tested.
Higher conversion and selectivity have been reported for graphitic
carbon nitride; however, the use of organic solvents, such as
acetonitrile, and extreme conditions of O pressure and temperature are
required [7,8]. The low conversion registered in water for CN as reported
in the literature, is roughly 10% at room temperature [10]. The
moadification of the graphitic carbon nitride structure with chlorosulfonic
acid gave an improvement in the oxidation of BA. Thus, as sulfur was
incorporated into the structure, the conversion of BA was enhanced,
improving the reaction rate and the conversion of BA, see Table 6.3.
Noteworthy, there is a gradual increase in the reaction rate until the
sample SCN-7, reaches a maximum, as depicted in Fig. 6.8B. The
increase of -SO3H groups considerably raised the activity reaching a
maximum to decrease with higher amounts. The presence of sulfonic
groups enhanced the separation of the photogenerated charges
according to the PL results, which may be attributed as the main reason
that explains the best photo-activity of the SCN samples compared to
the CN blank. Regarding the selectivity to the production of
benzaldehyde, the 32.5% performed by the pristine CN was improved,
displaying the SCN samples a selectivity within 40-55%, reaching a
maximum value with the SCN-7 sample. These results are competitive
compared to the reported in the literature if it is taken into account the
use of water instead of organic solvent as the reaction media [82].

An analysis of the short-chain organic acids in the solution after the
reaction suggested the formation of oxalic and acetic acid, which
provides evidence of the breakage of the aromatic ring, and the lack of
complete selectivity towards the aldehyde.
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The quantum yield of some selected samples at the beginning of the
reaction is provided in Table 6.3. This parameter entails the local volume
photon absorption rate (LVRPA, e*Y) and the photocatalytic activity,
quantifying the percentage of the irradiated photons that are
transformed into chemical energy, leading to the formation of the
aldehyde. Although the LVRPA values of the samples are within the
same order of magnitude, due to the different photocatalytic activity
achieved during the oxidation of BA to BD, the Qe values are in
accordance with the photocatalytic activity. As shown, the sample SCN-
7 shows the highest radiation uptake efficiency with Qg=0.124%,
followed closely by SCN-10, with Qe=0.117%, explaining, therefore, the
optimum doping dosage of sulfonic groups.
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Fig. 6.8 Photocatalytic production of benzaldehyde with SCN samples. Temporal
normalized concentration of benzyl alcohol and benzaldehyde (A), pseudo-first order rate
constant of benzyl alcohol abatement, ksa (B); and, average selectivity to benzaldehyde (C).
Experimental conditions: V=350 mL, T=20°C, Css,0= 0.5 mM; Ccar=0.5g L™".
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Table 6.3 Kinetic parameters of the photocatalytic production of benzaldehyde with SCN
samples

Feao-10° esv-108 o kga Xaa Sep

Sample Mmin') (Einsteinem®s) “E(*) ) at3n(w) (%)
CN 034 1620 0035  0.041 14.6 25
SCN-05 0.33 B } 0.040 196 38.9
SCN-1 0.60 1652 0061 0072 226 458
SCN-15 0.63 R ; 0.075 326 426
SCN-2 0.79 - ; 0.095 406 418
SCN-5 0.78 1588 0082 0094 295 517
SCN-7 1.14 1539 0.124 0137 53.0 636
SCN-10 1.09 1549 0117 0131 483 39.4
SCN-15 0.53 2219 0.039 _ 0.063 206 302

Comparison to similar graphitic carbon nitride-based materials
should be seized with caution due to the prevalence of many variables
in the process [83], such as light intensity, photoreactor configuration,
catalyst preparation, etc. Nonetheless, as diverse as they may be, the
comparison of the conversion and selectivity with other reported studies
in agueous solution, illustrated in Table 6.4, clearly states that the SCN-
7 photocatalyst displays quite competitive activity concerning the
conversion of BA and the selectivity of BD.

Table 6.4 Reported characteristics of photocatalytic oxidation of benzyl alcohol to
benzaldehyde in the literature and the results obtained in this present work under aqueous
conditions.

Radiation Initial BA Reaction

Material Source (mM) time (h) Xga (%) Sep(%) Ref.
g-CsNa (gngn?) 15 4 30 90  [84]
Ru-g-CsNs (ggoLEn?:- 15 4 73 72 ]
[GO- g-CaNs fiﬁ&fﬂ% 15 4 63 87  [83]
B-g-CaNs (Séjgﬁ‘m) 0.7 5 29 6 [37]
Ru-B-g-CaNs (SElSJE:Wr?m) 05 5 40 70 [63]
9-CsNe (3{%}; jn:\m} 05 > 1 32 s
9-CsNa-SOsH (Séjgﬁ‘m} 05 5 53 g4 Study

The mechanism of the photocatalytic performance over SCN-7 was
studied by chemical scavenger tests [32,85,86]. The relative influence
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of the reactive oxidant species was assessed by adding para-
benzoquinone (p-BZQ), tiron or replacing the air bubbling with N2 in the
case of superoxide radical; adding tert-butyl alcohol (TBA) for the
influence of hydroxyl radical; or in the presence of oxalic acid (OA) for
the evaluation of the importance of the photogenerated holes. The
results are illustrated in Fig. 6.9. The O~ is generated after the
reduction of dissolved O that is adsorbed onto the surface of the
photocatalyst by the photogenerated electrons after irradiation. The use
of p-BZQ is extensively used as a probe of O™ contribution [32] due to
the great activity of this substance towards O2"~ (Kp-za,02-- =1 x10° M s°
1 [87]). The ksa was considerably reduced in the presence of p-BZQ
compared to the blank test, i.e. from 0.136 to 0.048 min, which could
be interpreted as a strong impact of O, on the overall degradation
mechanism. The selectivity decreased to an extent, i.e. 64% to 43%.
These values may suggest a low contribution of O2""; however, the use
of p-BZQ should be taken with caution [88] since p-BZQ can also trap
HO" with even higher reactivity (Kp-sza,+o0-=6.6 x10° M™" s7" [89]) and be
photolyzed [90,91]. The photo-reduction of quinones such as p-BZQ in
agueous systems triggers the formation of HO® and semiquinone
radicals, contributing to a misinterpretation of the results [92]. Based on
these reasons, the use of alternative superoxide scavengers was
considered. Tiron has been reported in the literature for studies of cell
aging. The Kkinetics of tiron and O~ has been estimated as
Ktiron,02.-=5.0 x108 M~ 577 [93]. Although tiron also reacts with HO" ([94]),
it shows higher stability toward photolysis degradation. In the presence
of tiron, the oxidation of BA was considerably inhibited, leading to a
k=0.020 h1. Noteworthy, no formation of BD was registered. As tiron
scavenged the formation of superoxide radicals, and no BD was
registered, the slight decrease of BA may be attributable to other
oxidative pathways such as the opening ring, which was suggested by
the presence of small amounts of short-chain organic acids.
Alternatively, an inert gas bubbling such as N, was used as an
alternative to assess the real contribution of O,~ [82]. After the
replacement of dissolved O: by N, the depletion of BA described a
lower pseudo-first order rate constant, i.e. 0.071 min. Interestingly, the
selectivity of BD formation was also dramatically decreased to a poor
1%. These results suggest that the contribution of the superoxide seems
to display an important role, especially in terms of the selectivity of



Development of g-CsNs-based catalysts for their application in photo-reactions of
242 interest in the liquid phase

oxidation of the alcohol to the aldehyde, but as the BA oxidation was not
inhibited, additional routes should not be discharged. The contribution
of HO® was studied by the addition of TBA, with high reactivity, i.e.
second-order rate constant krsano- = 6.2 x 108 M s [95]. The addition
of TBA also denoted an impact in terms of inhibition since the rate
constant decreased to 0.047 min*, which represents only a third of the
blank test. Regarding selectivity, a value of Sgp=41% was monitored in
the presence of TBA, which is lower than the blank test, but the
formation of BD was not completely hindered. HO® affects the BA
degradation but not the selectivity of BD production. Finally, a test
adding OA was carried out [96] to assess the impact of photogenerated
holes. The oxalate anion is adsorbed in the surface of the photocatalysts
and oxidized by the photogenerated holes, releasing the formation of
CO; with the previous formation of the radical CO;™" [97]. The oxalate
anions can also react with HO’; however, the kinetics is slow enough to
discharge an important contribution of this reaction, koano. =1.5x 10’
M s [98]. According to Fig. 6.9, the presence of OA accelerated the
degradation of OA, increasing the kga value over 8 times. This fact
suggests the action of OA as a sacrificial agent of the photogenerated
holes [37]. The photocatalytic decomposition of oxalate may take place
with the transfer of electrons from this compound to the valence band of
the photocatalyst, generating more O2~ [92]. Also, the CO;” may be
involved in the accelerated degradation of BA. To summarize, in overall
terms, O, displayed a strong impact, especially in the selectivity of the
reaction in which its presence results in positive. The role of HO" affected
BA oxidation, but not to the selectivity as O, did.
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Fig. 6.9 Influence of radical scavengers on the photocatalytic production of benzaldehyde
with SCN-7 sample. Temporal normalized concentration of benzyl alcohol and
benzaldehyde (A pseudo-first order rate constant of benzyl alcohol abatement, ksa (B); and,
average selectivity to benzaldehyde (C). Experimental conditions: V= 350 mL, T=20°C,
Cgs,0= 0.5 mM; Ccar=0.5 g L"; Cscavenger= 1 mM (p-BQZ, tiron), 10 mM (TBA, OA).

6.4. CONCLUSIONS

The modification of carbon nitride with surface sulfonic groups results
in a positive strategy to improve the activity of bare g-CsN4. The action
of chlorosulfonic acid over g-CsN4 promotes the delamination of the
material, according to the decrease of the characteristic interlayer peak
of XRD of g-C3sN4. The N2 isotherms provided a decrease in the surface
area, promoted by the acid delamination and electrostatic interaction of
the functionalized sheets. The majority presence of -SOzH groups on
the surface was confirmed by FTIR and XPS analysis. XPS confirmed
the presence of -SO3H groups, attached to terminal N atoms. Moreover,
the formation of carbon sulfoxide, C—S(=0)-C is suggested. Regarding
the optical properties, a blue-shift behavior in the radiation absorption
was observed, also confirmed by a shift in the photoluminescence
spectra. The intensity of the photoluminescence peaks of sulfonated
samples was lower than the bare g-CsN4 sample, which indicates an
enhanced separation of the photo-generated charges, decreasing,
therefore, the recombination effect. The enhanced separation of
charges impacted positively on the photocatalytic activity of
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benzaldehyde oxidation in water solution, also affected by the
delamination effect which aids a better harvesting of light. An optimum
dose of -SO3H was observed for a higher benzaldehyde oxidation rate
and benzaldehyde selectivity. The mechanism of benzaldehyde
oxidation was studied by the use of chemical scavengers, concluding
that superoxide radical displayed an important contribution to de
oxidation of benzyl alcohol, higher than the action of hydroxyl radicals.
In terms of selectivity, the presence of superoxide results is essential to
aim the reaction to benzaldehyde formation.
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Abstract

The oxidation of alcohols to aldehydes is one of the most relevant
reactions in organic chemistry. The currently implemented methods
based on expensive noble metallic catalysts, toxic solvents, and high
temperature and pressure conditions have released the seek for softer
and cheaper alternatives such as photocatalysis. In this sense, graphitic
carbon nitride has been modified with sodium thiosulfate as a source of
S and Na* incorporation in the structure, aimed at enhancing the
photocatalytic performance on the photocatalytic oxidation of alcohols
to aldehydes, cinnamaldehyde, benzaldehyde, and vanillin in aqueous
solution. Three g-CsN4 samples synthesized from different precursors,
i.e. melamine, thiourea, and urea, were treated with sodium thiosulfate.
Urea led to the g-CsN4 with the highest mesoporosity (surface area, 69
m? g') and photocatalytic activity. The modification with 5% (wt.) of
Na>S:03 enhanced the pseudo-first order rate constant of cinnamyl
alcohol oxidation from 0.265 h™' (bare sample) to 0.792 h' (NazS,0s-
modified). The characterization of the material suggests a better charge
separation of the photogenerated charges after S and Na* incorporation
in the structure, minimizing the recombination rate of photogenerated
charges. The optimum photocatalyst, tested in aqueous solution, was
most selective in the production of benzaldehyde (selectivity, >100%) >
cinnamaldehyde (>23%) > vanilin (~5%). The selectivity was
considerably boosted under acetonitrile as the solvent medium, raising
the 23% recorded in water to 51% in pure acetonitrile. The degradation
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mechanism suggests a strong influence of the photogenerated holes
and the superoxide radical, the latter being more selective in the
oxidation of the alcohol.

Keywords: graphitic carbon nitride, thiosulfate, photocatalytic
oxidation, aldehydes, selectivity
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7.1. INTRODUCTION

The production of ketones, aldehydes, and carboxylic acids from the
oxidation of alcohols is one of the paramount reactions in industrial
organic chemistry [1,2]. Cinnamaldehyde has uncountable applications
in the food industry [3] and recently its pharmacological activity has been
valued [4,5]. Benzaldehyde is a raw material with ample applications in
the fields of medicine, chemical industry, printing, and dyeing [6]. Vanillin
has traditionally been used in the food industry as an additive due to its
flavor and antimicrobial activity [7]. In addition, the role played by vanillin
in the cosmetics and perfumes area is relevant [8]. Moreover, it has
been stated as an emerging intermediate in the synthesis of
pharmaceutical products [9] or even a therapeutic molecule [10].

The oxidation of aromatic alcohols to aldehydes has been
implemented using traditional oxidants such as ozone, peroxides, or
halides, or under catalytic scenarios considering metal oxides, noble
metals, and metal-free catalysts. Nevertheless, the required operation
conditions under high temperature and pressure raise the cost and
complexity. In this sense, photocatalysis emerges as a green novel
technology to promote certain synthetic pathways that selectively trigger
the formation of some added-value chemicals [11,12]. From all the
tested photocatalysts to date, TiO» stands out by far [13]. However,
some free-metals photocatalysts are acquiring relevance such as the
graphitic carbon nitride (g-CsN4) [14], an organocatalyst with
semiconductor properties featured by polymeric melon laminates with a
bandgap of 2.7 eV, i.e. photo-activation up to 460 nm [15]. g-CsNs is
prepared from the thermal polymerization of nitrogen-enriched
precursors. However, the resultant g-CsN4s may display excessive
aggregation of laminates that result in limited surface area, reactive
sites, and limited visible light harvesting, both negative for the
photocatalytic application [16]. This drawback can be alleviated by
selecting an adequate precursor [17]. The use of sodium thiosulfate as
a sulfur-containing precursor has been widely implemented in sulfur
doping of carbon-based materials. Sodium thiosulfate decomposes
under thermal treatment, triggering the release of sulfur species that
react with the carbon nitride structure [18]. Nonetheless, the use of
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thiosulfate in graphitic carbon nitride is quite limited. It has been used as
a sulfur precursor to generate the deposition of elemental sulfur
nanoparticles after modification with citric and ascorbic acid [19],
enlarging the radiation absorption in the visible region, and improving
the reduction of Cré* to Cr®*. In other work, the carbon nitride has been
modified under an aqueous solution of Na>S»03, aimed at creating some
nitrogen vacancies and acting as potential reactive sites. Hence, the
presence of these irregularities in the structure modulates the formation
of HO' in the photocatalytic degradation of fluoroquinolones [20].

Based on the lack of information on the use of thiosulfate as a
plausible modifier of g-CsNs, this work aims to study this strategy for the
enhancement of the photocatalytic properties of g-CsN4 oriented to
enhance the photocatalytic transformation of alcohols to aldehydes in
aqueous solution. The influence of three different g-CsN4 precursors, i.e.
melamine, thiourea, and urea, has been selected to prepare the bare g-
CsN4 formula. In a second step, a Na S,03 modification of the g-CaN4
samples obtained has been studied, urea being the most convenient
and the one that largest boosted the kinetics of the oxidation of cinnamyl
alcohol after thiosulfate modification. The ratio thiosulfate: g-CsN4 has
been explored in the range of 1-10%, with an optimum value centered
at 5%. The optimum sample was also tested in acetonitrile and water
with other alcohols such as benzyl alcohol and vanillyl alcohol.

7.2. EXPERIMENTAL SECTION

7.2.1. Materials and synthesis of S-modified g-CsN4

All the chemicals were acquired from Merck®, analytical grade at
least, and were used as received. For chromatographic analysis,
acetonitrile of HPLC grade was used. The solutions were made with
ultrapure water from a Direct-Q®-UV purification system (18.2 MQ cm,
Millipore®).

The synthesis of graphitic carbon nitride (CN) was conducted by
thermal polymerization of different precursors (>99%), i.e. melamine,
urea, and thiourea, by setting a certain amount in a covered ceramic
crucible at 550 °C (heating rate, 10 °C min™") for 2 h. The resulting
materials were labeled as CNx where ‘x’ stands for the precursor used,
i.e. melamine (CNm), urea (CNu), and thiourea (CNt). The sulfur-
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modification of these carbon nitride materials (SCNx) was carried out in
a second stage, as depicted in Fig. 7.1. Then, NaxS203 (1-10% wt. to
the CN amount) was mixed with the CNx and ground in a mortar. The
resulting mixture was then thermally treated under N, atmosphere (100
mL min~") at 550 °C (heating rate, 10 °C min~") for 2 h. The obtained
solid was crushed and labeled as SCNx-y% where ‘y’ stands for the S
doping percentage (wt.%).

Melamine (m) Calcination

Urea (u) (2h, 550°C, air) ,%2
Thiourea (t) — (‘_ :

S

o . 2 e

Addition of thiosulfate
(Na,5,04)

CNx

53y =
\ (% 3 ‘X' il = =
'{kx“gv _/‘ ‘ ) ;j);;)éy-:z,sNZ]

SCNx-y%

Il
'1\ L

grinding
X: precursor
y: Na,$,0; % (wt.)

Fig. 7.1 Synthesis process of the thiosulfate-modified g-C3N4 samples.

7.2.2. Characterization of the S-modified g-C3sN4
samples

The thermal behavior of the precursors during the polymerization to
g-C3N4 was analyzed using a thermobalance STA 6000 from Perkin
Elmer®. The sample was heated from room temperature to 850 ° C
(heating rate, 20 °C min™") under N flow (20 mL min™").

The crystal properties were analyzed by X-ray diffraction (XRD). The
diffractometer used was a Bruker D8 Discover, coupled to a Pilatus 3R
100 K-A detector, working with Cu Ka radiation (1.5406 A). The
diffractograms were registered in the 26 range of 5-65° (monitoring rate,
0.034° min™"). The crystallite size (Lcystal) and the interlayer spacing
(diayer) Were calculated with the help of the freeware QualX® to process
the data [21]. The relation Lcysta/diayer Was considered as a tentative
approach to quantify the number of layers [22]. The structural properties
were further evaluated by Fourier Transform InfraRed (FTIR)
Spectroscopy, conducted in a Perkin Elmer FTIR device, model
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Spectrum 65. The FTIR spectra were recorded in the interval 550—4000
cm™'. Adsorption-desorption isotherms with N2 at 77 K were conducted
to assess the textural properties. The samples were firstly degassed
under vacuum at 110 °C, in a prep J4 station from 3P Instruments®©.
Next, the isotherms were obtained in a Sync 200 physisorption device
of 3P Instruments©. The total specific surface area was obtained by the
standardized Brunauer-Emmett-Teller method (Sget), and the N uptake
at p/po ~ 0.99 was referenced for calculating the total specific pore
volume (V7).

The elemental composition was determined in a Flash 2000 device
of CHNS analyzer from ThermoScientific™. The surface chemical
environment was assessed by X-ray Photoelectron Spectroscopy
(XPS). The device used was a Kratos AXIS UltraDLD, operating with an
X-ray source from Al Ka. The recorded spectra were referenced to the
C1s peak of adventitious carbon at 284.6 eV. The data was processed
with the aid of the software XPSpeak 4.1®, and a Shirley background
correction was applied as background.

The morphological properties were examined through Scan
Transmission Electron Microscopy (STEM) in a Thermo Fisher Scientific
TALOS F200X G2device (20-200kV) equipped with High-Angle Annular
Dark Field (HAADF) detection and Electron Disperse X-Ray (EDX)
analysis (Brucker X-flash 6T-30).

The optical properties were evaluated by the Diffuse Reflectance
Spectroscopy (DRS) and photoluminescence (PL) techniques. For the
DRS-UV-visible analysis, a Varian Cary 5E spectrophotometer was
used. The absorbance and reflectance spectra were monitored at 200—
2000 nm. From the reflectance signal, the function Kubelka-Munk
Function, F(R~) was calculated, and the bandgap was estimated by the
Tauc plot method, applying indirect electron transitions. The PL spectra
were monitored in a Varian Cary Eclipse fluorimeter, setting an excitation
wavelength of 365 nm.

7.2.3. Photocatalytic production of aldehydes

The photocatalytic behavior of the prepared samples was assessed
in the selective oxidation of cinnamyl alcohol (CA) to cinnamaldehyde
(CD). However, other selected alcohols such as benzyl alcohol (BA) and
vanillin alcohol (VA) were also oxidized to their respective aldehydes
(BD, benzaldehyde; VD, vanillin). The photocatalytic experiments were
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conducted in a jacketed cylindrical photoreactor, in whose center two
UVA (365 nm, 9 W each) lamps were placed. The lamps were placed in
the central space of the photoreactor. The reacting slurry solution
(catalyst dose, 0.5 g L") was pumped through the annular space. The
temperature was controlled at 20 °C with the help of an auxiliary tank
containing the alcohol solution (1 mM), which was pumped to the
annular space of the photoreactor. Specific details of the setup’s scheme
and dimensions can be checked in previous works [23,24]. To ensure
the presence of dissolved O,, air was supplied in the auxiliary tank.
Before starting the photocatalytic assay, an adsorption period was
conducted in the darkness to ensure the adsorption equilibrium. Next,
the lamps were switched on, and samples were withdrawn and filtered
(Millex PVDF, 0.45 pym) before analysis.

The influence of the oxidative species was evaluated by adding
chemical scavengers that suppress certain reactive routes during the
oxidation of the alcohol to the aldehyde [25,26]. The role played by the
superoxide radical was tentatively analyzed by exchanging air with N2
bubbling, or the presence of specific inhibitors such as p-benzoquinone
(1 mM) or disodium 4,5-dihydroxybenzene-1,3-disulfonate (tiron, 1 mM).
The addition of tert-butyl alcohol (TBA, 10 mM) was considered to
remove the action of the hydroxyl radicals. Additionally, the formation of
hydroxyl radicals was detected by an indirect probe method based on
the presence of 2-hydroxy-terephthalic acid (2-HO-TPA) [27,28]. The
non-fluorescent terephthalic acid (TPA) displays a strong ability to trap
HO, leading to the formation of the fluorescent 2-HO-TPA. A test in the
presence of TPA (1 mM) was carried out to potentially probe or
discharge the formation of HO'. The presence of 2-HO-TPA was
analyzed in a Varian Cary fluorescence spectrometer. The excitation
wavelength for 2-HO-TPA analysis was set at 315 nm and the emission
spectra were recorded at 360-600 nm, defining a maximum peak at
roughly 420 nm. The 2-HO-TPA concentration was determined from the
peak area with standard solutions in the range 0.5-5puM. From the
calibration curve, a value of 0.21 yM was calculated for the limit of
detection. Finally, the action of the photo-generated holes was
scavenged with oxalic acid (1 mM) or ethylenediaminetetraacetic acid
(EDTA, 1 mM).

High-Pressure Liquid Chromatography (HPLC) technique was used
for quantifying the concentration of the alcohols and the aldehydes. The
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HPLC device was an Alliance 2695 HPLC from Waters™, with a 2998
photodiode array detector. A Zorbas Bonus-RP column (5pum,
4.6 x150 mm) was used. The pumped mobile phase (1 mL min™') was a
mixture of 40% (v/v) acetonitrile and 60% (v/v) ultrapure water acidified
with 0.1% (v/v) of trifluoroacetic acid. The wavelength selected for
quantification was 240 nm for CA, 331 nm for CD, 215 nm for BA, 248
nm for BD, 280 nm for VA, and 248 nm for VD.

The temporal reduction of the alcohol concentration was adjusted to
a pseudo-first order kinetics. Hence, the calculated pseudo-first order
rate constant (k) was compared among the photocatalytic tests. The
selectivity of the aldehyde’s formation was calculated from the aldehyde
and alcohol temporal profiles, and an average value (S) was estimated
for comparison purposes.

7.3. RESULTS
7.3.1.  Characterization of the S-modified g-C3N4
samples

The thermal behavior of the three selected precursors during their
polymerization was evaluated with thermogravimetric analysis under an
N2 atmosphere. The TGA profiles are depicted in Fig. 7.2The Nz
pyrolysis of melamine depicts a large mass loss between 300-400 °C.
Firstly, a rapid deamination of melamine takes place and condensates
into melem (2,5,8-triamino-tri-s-triazine) and other polymeric derivatives
[29]. Over 500 °C, melem is transformed into g-CsN4 accompanied by a
gradual further weight loss as depicted in the TGA of melamine. The
TGA profile obtained in the case of thiourea can be divided into three
stages. It has been stated that thiourea isomerizes to NH4SCN in the
range 140-180 °C [30], being the proportion thiourea: NH4sSCN roughly
1:3 [31]. Next, the first largest mass loss takes place (76-78%). In this
step the mix of thiourea and NH4sSCN undergoes pyrolysis reactions,
leaving the formation of guanidinium thiocyanate and the release of H2S
and NH2CN [31]. Next, the guanidinium thiocyanate decomposes into
melamine and melem at 260-300 °C releasing NHs and CS; [32]. Finally,
from 350 to 450 °C, the decomposition of g-CsN4 is deduced [33]. The
TGA plot shows three steps for the case of urea. The first loss,
appreciated at 160-250 °C, is attributed to vaporization and
decomposition into ammonia, cyanic acid, and CO; [34]. These gases
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then react with urea to produce biuret [35]. The second major loss,
starting at 230-360 °C, is linked to the degradation of biuret to produce
cyanuric acid and ammelide [36], one of the precursors of the tri-s-
heptazine aromatic rings of g-CsN4. The final mass loss takes place
gradually between 360-450 °C. In this stage, residual cyanuric acid and
ammelide continue their decomposition to produce ammeline, which
triggers melamine formation. The formation of stable tri-s-triazine rings
and their polymerization takes place at over 390 °C, leading to the
formation of the g-C3sN4 [37]. The final structure of g-CsNa4 is determined
mainly by the reaction produced above 350 °C. The heating rate has
been stated as crucial for developing porous structures. Thus, a high
heating rate (15 °C min’') has been demonstrated to scaffold a porous
structure, with a high surface area, a complete g-CsN4 skeleton, and
more amino groups [37], as is the case of the TGA curves of Fig.
7.2(heating rate, 20°C min™"). Temperatures higher than 700 °C promote
the complete degradation of the polymeric material. Based on the results
achieved by the TGA analysis of the three precursors, it can be
concluded that the formation of the g-C3sN4 occurs by the rearrangement
of melamine into melon units, even when using precursors such as
thiourea and urea. Temperatures over 500 °C provide optimal conditions
for defining the g-CsN4 structure, albeit inferior to 700 °C. For this
reason, a standard value of 550 °C was set as the temperature for
synthesizing the CNx samples. Also, from the results achieved in the
TGA, it is appreciated that the production yield was CNt > CNm > CNu.

100
90
80 -
70 -
60
50 ¢

urea melamine

mass (%)

40 F
30 F
20 £

10 F

0 b T

0 100 200 300 400 500 600 700 800
temperature (°C)

thiourea

Fig. 7.2 Thermogravimetric analysis of the g-CsN4 precursors under N2 atmosphere.
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The XRD technique was conducted to assess the crystallinity of the
prepared g-CsN4 with the three g-CsN4 precursors and their following
modification with thiosulfate. Fig. 7.3A illustrates the diffractograms of
the CNx before and after modification with 5% Na>S;0s. The samples
displayed the typical feather of g-CsN4 with two peaks attributed to the
graphite structure and the tri-s-triazine units [38]. The most intense peak
at approx. 27.4° appears from the piling aromatic units, being the result
of the (002) crystal face, interplanar distance of the conjugated units of
roughly 0.325 nm. The second peak, much less intense, is the result of
the ordered tri-s-triazine units in the sheets. This peak was categorized
as the (001) diffraction plane, attributed to the intraplanar distance. In
this case, the precursor nature influenced the location of this peak, and
therefore the d-value, being in the case of CNm 0.68 nm (13.1°), CNt
0.66 nm (13.4°), and CNu 0.68 nm (13.0°). This distance was, in all the
cases, smaller than expected in the ftri-s-triazine unit, reported as
0.73 nm [39]. This variation can be explained based on a small curvature
in the planar structure. The modification with Na>SOj3 contributed to the
decrease of the crystalline peaks, especially the (002) stacking layer.
Also, additional peaks were defined. Although an attempt to identify the
nature of these peaks was conducted no clear components were found.
The most intense peak, i.e. (002), was selected for the crystal size
calculation, and the number of layers was calculated [22], see Table 7.1.
The results suggest that the Na>S203; modification led to a decrease in
the crystal size, except for the CNt. The sample CNt led to the lowest
number of layers, i.e. 19. The CN prepared with melamine described
roughly 29 layers and urea led to 24. After treatment with Na>S-03, there
was a stable decrease with the concentration defined as 19 layers in the
case of CNu. Additionally, peaks at low intensity were registered.
Although an attempt to identify the nature of these peaks was
conducted, no clear components were found. These peaks are
hypothesized to appear as the consequence of Na presence in the
structure, as corroborated by XPS. However, the complexity of their
interaction with the polymeric structure did not provide any match to the
known registered inorganic compounds in the XRD database even in
the sample with the best definition of these peaks, i.e. SCNu-10%. This
lack of coincidence evidences the complexity of the interaction of the
impurities with the structure, discharging any simpler known Na-related
inorganic compound. The doping of g-C3sN4 with Na* has been reported
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to be combined with the in-plane N atoms in an ionic bond [40], which
increases the electron density of the planar CN, with potential boosted
separation of the charge carriers upon irradiation [40,41]. The available
works dealing with Na-modification with NaOH did not report any
appearance of impurities as here with the sample SCNu-10%, probably
due to the low concentration of Na if compared to this sample (10%)
[42,43].
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Fig. 7.3 XRD diffractograms (A) and FTIR spectra (B) of the CNx and SCNx-y% samples.

The structural properties of the g-CsN4 skeleton were evaluated by
FTIR analysis. The FTIR fingerprints of the CN materials are depicted in
Fig. 7.3B and the corresponding modified counterparts with Na>S,0s.
The three CN samples described the typical fingerprint of this graphite-
like sp?-bonded structure [44]. A broad peak placed 3000-3400 cm™, is
mainly attributed to N-H vibration in the terminal -NH> and -NH- [45,46].
Remarkably, the presence of terminal nitrile groups was discharged
since there was a complete lack of any peak centered on 2360 cm™' [47].
All the samples described an intensive peak located at 800 cm™,
described due to the vibration among the planes [46,48]. The presence
of tri-s-triazine rings describes a particular fingerprint in the range 900-
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1800 cm™'. The most important are those located at 1620, 1530, and
1390 cm™', described by the stretching vibration of the C-N rings [46,49].
The three precursors led to very similar FTIR spectra. CNu and CNt
described the highest contribution of the terminal -NHz/-NH- groups. In
contrast, melamine described the highest peak at 800 cm™, e.g. the out-
of-plane interaction, consistent with the highest peak related to the
interplanar layers in the XRD diffractogram. The modification with
Na2S203 implied a certain loss in the definition of the peaks, especially
impacted on SCNm-5%. Interestingly, as the dose of Na>S203 increased
in SCNu, concretely over 3%, a peak centered at 2160 cm™' augmented
its intensity. This peak can be attributed to a thiocyanate (S-C=N) or
isothiocyanate (S=C=N) stretching, evidence of sulfur incorporation in
the structure by replacing N positions [50,51]. This peak was not
registered in the SCNm-5% and SCNt-5%. The sample prepared from
urea denoted sensitivity for a better reaction with Na>S,0O3; than the

others.
Table 7.1 Crystal, textural, and optical properties of the CNx and SCNx-y% samples.

Sample Lerystal (nmM) n layers Seer (m?g') Vr(cm®g™') Eegc (eV)
CNm 8.5 29 12.5 0.061 2.60
SCNm-5% 7.8 24 12.8 0.061 2.60
CNt 6.3 19 18.9 0.097 2.64
SCNt-5% 6.3 19 16.7 0.079 2.66
CNu 7.7 24 69.5 0.318 2.85
SCNu-1% 7.6 23 69.5 0.288 2.85
SCNu-3% 7.0 22 66.9 0.284 2.85
SCNu-5% 6.8 21 64.4 0.214 2.75
SCNu-10% 6.2 19 40.0 0.177 2.80

Physisorption analysis was conducted to analyze the textural
properties of the samples. Fig. 7.4 illustrates the N> adsorption-
desorption isotherms. All the isotherms can be interpreted, according to
the IUPAC classification, with Type II, characteristic of nonporous
materials with a large contribution of macropores. The knee is not quite
sharp, as it appears at low N, uptake in all the samples. This means a
significant overlapping of the monolayer, promoting the multilayer
formation [52]. Furthermore, the hysteresis loop, attributable to Type H3
according to IUPAC’s classification, is commonly observed in
aggregated plate-like particles, such as the case of graphitic carbon
nitride materials, but also if the pore distribution is predominantly made
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of macropores which are not filled with pore condensate [52]. The
precursor influenced the BET area of the resulting carbon nitride, being
CNm (12.5 m?2 g') < CNt (18.9 m? g') < CNu (69.5 m? g™). The total
pore volume describes a similar trend. The modification with thiosulfate
implied a decrease in the area, as shown in Table 7.1. Generally, carbon
nitride prepared displays low surface area [22], unless a physical or
chemical modification is carried out to boost the porosity [53,54].
Regarding the nature of the precursor, the presence of heteroatoms,
such as oxygen and sulfur like the respective cases of urea and
thiourea, favored the formation of noticeable porosity because of the
released volatiles, i.e. CO2 and CS,, during the thermal rearrangement
of melon units into heptazine units. For this reason, thiourea [55] and
urea [56] lead to less crystalline and more porous carbon nitrides. The
modification with thiosulfate of the CNm and CNt samples barely defined
any substantial change in the surface area when modified at a dose of
5%. However, in the samples prepared with urea, a slight decrease is
appreciated at low thiosulfate dosages (1-5%), until a considerable area
decrease was registered at the highest dose (10%), i.e. 69.5 m? g’
(CNu) versus 40.0 m? g'' (SCNu-5%). This considerable decrease may
be attributed to a smoothing effect after the reaction on the surface
and/or an agglomeration effect during the second thermal treatment.
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Fig. 7.4 N: adsorption-desorption isotherms at 77 K of the CNx and SCNx-y% samples
prepared from melamine (A), thiourea (B), and urea (C).

The composition at the bulk was analyzed by elemental analysis and
at the surface level by XPS analysis, see results in Table 7.2. A detailed
analysis of the high-resolution spectra of the CNx and SCNx-5%



Development of g-CsNs-based catalysts for their application in photo-reactions of
270 interest in the liquid phase

samples is depicted in Fig. 7.5. The C1s peak is frequently deconvoluted
in sp? N=C-N (287.9 eV), sp® C-C/C-N (285.2 eV), and sp? C-C/C=C
(284.4 eV) contributions [57]. These three contributions were described
in all the CNx samples, and an extra contribution in 289-290 eV was
observed in the CNm and CNt, probably because of carboxyl, lactone,
and ester groups [58]. The modification with thiosulfate did not
substantially alter the C+s deconvolution pattern, with a slight increase
of the sp? C-C/C=C by the loss of sp® C-C/C-N. Also, the peak centered
at 289-290 eV of oxygenated groups (carboxyl, lactone, and ester)
disappeared after treatment probably due to the reducing character of
Na;S:0s. The Nis region was deconvoluted as the result of three
contributions related to N-C=N (N2C, 398.4 eV), Cs—N (N3C, 399.9 eV),
and terminal N-Hy (401.0 eV) bonds [57,59-61]. The three precursors
led to CN materials with the N—C=N outstands. In CNm, the terminal N—
Hy follows in importance to the sp? nitrogen, while the CNt the sp® N is
the second in importance. The sample CNu displayed a good
equilibrium between sp3-N and terminal N-Hx. The modification with
thiosulfate assisted in the equilibration of these minor contributions.
Regarding the region of Sy, the thiosulfate samples displayed two
contributions, one located at 162-164 eV that could be attributed to C-
S-C environment [62], and the other placed at 168 eV that can be
attributed to C-SO»- binding [63,64]. The samples SCNm-5% and
SCNu-5% displayed more contribution of the C-SO,- than the C-S-C
group, while thiourea as precursor had more preference for the C-S-C
bonds. According to the surface quantification by XPS, the S content
was the highest in the sample SCNu-5%, e.g. 2.4%. The thiosulfate
modification with the other two precursors led to barely half of the S
content. If these results are compared to the elemental analysis, see
Table 7.2, it is appreciated that the three SCNx-5% samples led to a
similar S content of 2.1-2.6%. The sample SCNu-5% displayed a
uniform distribution of S among all the samples where the SCNm-5%
and SCNt-5% have the sulfur concentrated in the core rather than on
the surface compared to the bulk composition by elemental analysis.
The presence of Na* cation was confirmed, as depicted in the Nais
spectrum of Fig. 7.5. A peak centered at 1070.5 eV evidences the
presence of Na* [43], as reported in previous works focused on
incorporating Na* and N defects in the graphitic carbon nitride structure
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[65]. The quantified amount of Na in the SCNx-5% samples, available in
Table 7.2, varied from 0.3 to 1.6% depending on the precursor used.
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Fig. 7.5 High-resolution XPS spectra of Cis (left), Nis (middle), Sz (top-right), and Nais
(bottom-right) of the CNx and SCNx-y% samples.

Table 7.2 Surface composition by XPS and elemental analysis of the CNx and SCNx-y%
samples.

Elemental analysis (wt.%) XPS (wt.%)
Sample C N H S C N O S Na VBgxes(eV)
CNm 352 639 19 - 425 546 29 - - 2.1
SCNm-5% 328 589 17 24 427 515 45 1.0 03 2.0
CNt 349 628 2.0 - 40 564 26 - - 2.0
SCNt-5% 342 576 1.8 21 429 500 51 13 07 2.0
CNu 299 532 1.8 - 428 540 32 - - 2.0
SCNu-5% 315 555 15 26 423 485 52 24 16 2.2

The morphology of CNu and SCNu-5%, the precursor and
thiosulfate-modified with the best photocatalytic active, was examined
by the TEM microscopy, leading to the micrographs summarized in Fig.
7.6 The CNu imaging was characterized by the presence of randomly
curved films. These films appeared as wrinkled clusters of over 1 um,
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creating cavities as observed in Fig. 7.6A1, supporting the textural
mesoporosity deduced from Nz isotherms. The use of urea is expected
to develop a porous material due to the release of CO. during its
polymerization, providing porous structures composed of pressed
sheets with irregular roughness [66—69]. The treatment with thiosulfate
led to particles of smaller size, up to roughly 500 nm in which the
roughness is considerably softened. The presence of sulfur and sodium
in the SCNu-5% was confirmed by EDS mapping although the intensity
at which detected was low, due to the low concentration as the
quantification by XPS suggested.

Fig. 7.6 TEM pictures of CNu (A and B) and SCNu-5% (C and D). HAADF and element
mapping of CNu (E and F) and SCNu-5% (G and H).

The DRS-UV-visible characterization was conducted to evaluate the
optical properties. The absorption spectra are portrayed in Fig. 7.7A,
and the bandgap calculation (Table 7.1) is depicted in Fig. 7.7B. All the
CN photocatalysts performed a strong absorption ability in the visible
range, the result of the -1 * electronic transition of the conjugated
planes. The lowest absorption of CNu may be the result of the presence
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of less condensed melem or melon oligomers, a fact corroborated by
the lower crystalline structure in this case [70]. This effect impacted the
bandgap of the three precursors, i.e. CNm (2.60 eV) ~ CNt (2.66 eV) <
CNu (2.85 eV). Poor crystallinity of g-CsN4 has been reported to promote
an enlargement of the 1r-11 * piling distance, which embraces a wider
bandgap and more charge recombination [71], both detrimental for a
photocatalytic application. The modification of thiosulfate enlarged the
harvesting of radiation in the visible range; therefore, decreasing the
bandgap values, which was more appreciable in the case of the largest
bandgap CN, i.e. CNu.
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Fig. 7.7 DRS-UV-visible spectra (A) and Tauc’s plot for the bandgap estimation (B) of the
CNx and SCNx-5% samples.

7.3.2. Photocatalytic activity in the production of

aldehydes

The photocatalytic production of aldehydes with the different graphitic
carbon nitride prepared from the different precursors’ formulas was first
evaluated with the oxidation of cinnamyl alcohol (CA) to
cinnamaldehyde (CD). Fig. 7.8 depicts the time course of the CA
concentration and the related pseudo-first order rate constant (kca). As
illustrated, CA was not photolyzed under the source of irradiation used,
i.e. UVA of 365 nm. The different precursors lead to g-CsN4 with different
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efficiency in the oxidation of CA. The melamine was the least active g-
C3N4, kca=0.086 h'. The CNt and CNu improved the results achieved
with melamine, leading to similar activity, kca=0.241+0.019 h™" for CNt
and kca=0.265+0.004 h™' for CNu. The photocatalytic oxidation reactions
are triggered on the surface of the semiconductor after irradiation. Both
textural and optical properties define the activity of the material. The
optical properties of CNm, CNt, and CNu in terms of bandgap or
photoluminescence response (see Fig. 7.8C) cannot solely explain why
CNu is the most photoactive. In this case, it seems that the surface area,
much higher in the CNu sample, is the key factor.
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Fig. 7.8 Photocatalytic oxidation of cinnamyl alcohol with CNx and SCNx-5% samples. (A)
Temporal evolution of the normalized concentration of CA. (B) Pseudo-first order rate
constant of CA abatement. (C) Photoluminescence spectra of CNx and SCNx-5% samples.
Experimental conditions: UVA radiation; V=350 mL; Cca= 1 mM; Coatayyst= 0.5 g7, T=20 °C.

The modification with thiosulfate of the CNx samples led to different
behavior depending on the precursor. Regarding melamine, the
photocatalytic activity of CNm-5% was improved concerning the bare
CNm, although the increase in the kca was limited, from 0.086+0.003 to
0.224+0.005 h™'. In the case of thiourea, the modification with thiosulfate
led to a detrimental effect, negatively affecting the oxidation kinetics of
CA, 0.241+0.019 to 0.136+0.003 h'. The modification with 5% of
NasS;03 did not substantially change the surface area of the CNx
samples. Therefore, the differences in photocatalytic activity may rely on
the optical properties. According to the photoluminescence of the
samples, see Fig. 7.8C, the PL peak of thiourea was increased after the
thiosulfate treatment, leading to a poorer separation of charges. The
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analysis by photoluminescence has been linked to the electronic
behavior of a semiconductor after irradiation. Hence, after excitation, the
electron-hole pair recombination leads to the emission of a photon of
energy equal to the bandgap energy. Therefore, a low-intensity PL peak
can be associated with a lower recombination effect, undesirable for
efficient radiation harvesting [72]. The incorporation of sulfur and Na*
contributed to imperfections that minimized the electronic recombination
after excitation [40,42,43], leading to enhanced photocatalytic activity.
The photocatalytic activity described by CNt and SCNt-5% is under the
response registered by PL. The CNu modification, i.e. SCNu-5%, led to
the best improvement compared to the rest of the used precursors. In
this case, the kca was remarkably augmented from 0.26510.004 to
0.792+0.044 h', which means 3 times folded. The PL intensity of the
SCNu-5% was considerably lower than the counterpart CNu; therefore,
the modification with thiourea improved the charge separation rate,
minimizing the recombination effect that positively impacts the activity
performance. As the modification of CNu led to the best result, the
proportion of thiourea was assessed for this sample.

Fig. 7.9 depicts the effect of the thiosulfate ratio during the
modification of CNu. As illustrated, it is observed that the proportion of
thiosulfate reaches an optimum value for the kinetics of CA oxidation,
located at 5%. The kca values matched the behavior of the PL peak,
being the activity inverse to the intensity of the emission peak, CNu-5%
(0.79240.044 h') > CNu-10% (0.682+0.044 h') > CNu-3%
(0.615+0.040 h'*) > CNu-1% (0.341+£0.012 h"') > CNu (0.265+0.004 h*").
Therefore, the modification with thiosulfate could be ascribed to the
minimization of the recombination effect by the definition of
imperfections on the surface, despite the case of SCNu-10% in which a
decrease of the surface area, and therefore the active reacting sites
were observed.
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Fig. 7.9 Photocatalytic oxidation of cinnamyl alcohol with SCNu-y% samples. (A) Temporal
evolution of the normalized concentration of CA. (B) Pseudo-first order rate constant of CA
abatement. (C) Photoluminescence spectra of SCNu-y% samples. Experimental
conditions: UVA radiation; V=350 mL; Cca= 1 mM; Ccatayst= 0.5 g7, T=20 °C.

Based on the greater photocatalytic performance during CA
oxidation, the sample SCNu-5% was selected for further study. Fig. 7.10
portrays the average selectivity during the 5 h of CA oxidation to CD.
The selectivity of the SCNu-5% sample was ~20% whereas the non-
modified CNu achieved 13%. More interestingly, not only did the nature
of the solvent impact kinetics but also the selectivity. In the presence of
acetonitrile (ACN), the sample SCNu-5% led to a reduction of the kca to
0.140+0.007 h™'. However, selectivity was boosted to 51% in the
presence of acetonitrile. The use of a water-ACN mixture at 50:50
described intermediate kca and selectivity values. In the presence of
water, cinnamyl alcohol displays great reactivity. The aldehyde formation
passes through a hydration step to form a geminal diol in the presence
of water, which then dehydrogenates to trigger the corresponding acid,
making the transient aldehyde formed undetected in the reaction
medium [1]. In the specific case of cinnamaldehyde, the hydration and
further oxidation to form cinnamic acid have been reported as important
[1]. This fact explains why the selectivity of CA decays in the presence
of water if compared to organic solvents such as acetonitrile or toluene
[73]. Moreover, the presence of organic solvent also promotes a higher
solubility of O» if compared to water [74]. The lack of water and the
higher dissolved O, may lead to a better generation of superoxide
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radicals and photogenerated holes, positively impacting the selectivity
to the aldehyde [23].

The effectiveness of the SCNu-5% sample in water was also tested in
the oxidation of other aromatic alcohols, such as benzyl and vanillyl
alcohol, generating their respective aldehydes. Fig. 7.10C depicts the
time course of each alcohol and its aldehyde. In the case of benzyl alcohol
(BA), it is observed that the reactivity is lower than the observed for
cinnamyl alcohol, kca=0.792+0.044 vs ksa=0.23610.007 h-'. Nonetheless,
the oxidation was exclusively oriented to the production of benzaldehyde,
leading to a selectivity of 100%. In the case of the oxidation of vanillyl
alcohol (VA), it was not the case. This alcohol was the least reactive to
the SCNu-5% sample, kya=0.088+0.003 h', with a poor selectivity to
vanillin (VD), only 5%.
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Fig. 7.10 Temporal evolution of CA and CD (empty symbols) during the photocatalytic
oxidation with SCNu-5% in water, acetonitrile (ACN), and 50:50 mixtures (A). Pseudo-first
order rate constant of CA oxidation and average selectivity to CD (B). Temporal evolution of
benzyl alcohol, vanillyl alcohol, and their respective aldehydes (empty symbols) during the
photocatalytic oxidation with SCNu-5% in water (C). Pseudo-first order rate constant of
benzyl and vanillyl alcohol oxidation and their average selectivity to their respective
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aldehydes (D). Experimental conditions: UVA radiation; V=350mL; Cacono=1 mM;
Ccatalyst= 0.5 g_7, T=20 °C.

The impact of the different Reactive Oxidative Species (ROS)
involved in the oxidation of cinnamyl alcohol has been elucidated by
adding to the reaction medium different chemical scavengers that inhibit
certain species associated with a higher affinity towards them [75-
77].Fig. 7.11A shows the temporal evolution of CA concentration in the
presence of inhibitors. The influence of superoxide radical (O2"),
generated after adsorbed O, is reduced by the photogenerated
electrons of the conduction band was evaluated by exchanging the air
bubbling with N2, with the addition of chemical scavengers such as p-
benzoquinone (p-BZQ) or tiron [23,78]. In the presence of N», the kca
was reduced, as illustrated in Fig. 7.11B, which proves the importance
of Oz~ in the overall oxidative mechanism. However, the absence of O,
may contribute to a higher recombination effect since the
photogenerated electrons are not consumed. A test with p-BZQ was
conducted. The kinetics was considerably decelerated, i.e. kca was 30%
of the blank test. Although this fact would mean considerable
participation of O,", the results must be interpreted with caution due to
the complex chemistry of p-BZQ which may lead to alternative side-
chain reactions [76], such as reaction with HO°, formation of
semiquinone radicals [25], or photolysis that produces extra O™ [79] or
'0, [80]. For this reason, tiron was also assessed as an alternative
scavenger [76]. In the presence of tiron, the kca value was not
substantially altered as observed with p-BZQ.

The role played by the HO® was evaluated in the presence of tert-
butyl alcohol (TBA), due to its high affinity [81]. In the test with TBA, the
CA oxidation kinetic was barely altered; therefore, the influence of HO*
must be discharged. To further confirm the lack of HO", a probe test of
2-hydroxy-terephthalic acid (2-HO-TPA) from the reaction of terephthalic
acid (TPA) with HO" was conducted [27]. According to the considerable
signal-to-noise ratio of the fluorescent spectra registered for 2-HO-TPA
with the temporal evolution (Fig. 7.11C), the amount of 2-HO-TPA could
be predicted as negligible. The quantification led to the temporal profile
of 2-HO-TPA depicted in Fig. 7.11D, whose values were all below the
limit of detection of the method, stimulated as 0.21 yM, a value much



CHAPTER 7. PAPER FIVE. Thiosulfate-tailored graphitic carbon nitride from different
precursors for enhancing the photocatalytic production of aldehydes. 9

lower than the detected in photocatalytic processes with a predominant
role of the HO' route [28,82].

The plausible contribution of the photogenerated holes to the
oxidative mechanism was assessed by two traditional hole-scavengers,
the oxalate anion [83] and ethylenediaminetetraacetic acid (EDTA)
[83,84]. The addition of oxalate anion decelerated the kinetics of CA
oxidation while EDTA kept it like the blank test. Interestingly, selectivity
was raised in both cases, which may be proof of a more selective
oxidation process in the absence of the photogenerated holes. It should
be considered that the presence of these substances positively
contributes to the kinetics of the process in some cases since it favors
the insertion of extra photogenerated electrons to the conduction band
as the holes are consumed. The faster and greater removal in the
presence of EDTA compared to oxalate has been confirmed as superior
due to the hole consumption by EDTA [83]. Therefore, it seems that the
presence of holes contributes to the degradation process, negatively
affecting the selectivity of the process if compared to the superoxide
radical. Finally, the contribution of single oxygen was evaluated by
adding L-histidine (L-H) to the aqueous medium [26]. Nonetheless, the
addition of L-H did not modify the kinetics of the process.
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Fig. 7.11 Photocatalytic oxidation of cinnamyl alcohol (CA) to cinnamaldehyde (CD). The
pseudo-first order rate constant of CA abatement with SCNu-5% in the presence of
chemical scavengers (A) and the CA conversion at 5 h and average selectivity to CD (B).
Photoluminescence spectra of 2-OH-TPA (C) and the temporal evolution of the
concentration of 2-OH-TPA (D) during the photocatalytic transformation of TPA with SCNu-
5%. Experimental conditions: UVA radiation; V=350mL; Ccao=1mM; CSCNu-
5%= 0.5 g L™"; Cscavenger="1 mM; Creao=1mM; T=20 °C.

A plausible mechanism of photo-activation with the band alignment
for CNu and SCN-5% is proposed in Fig. 7.12. The valence band energy
level was tentatively estimated from the energy edge of XPS (VBxps) at
low energy values, see Fig. 7.12A. The Fermi level is above the
estimated VBxes value [85,86]. Furthermore, the band edge positions of
the valence band (Evg) can be calculated as follows [87,88]:

EVB = AE - Evac + WS (71)

where AE stands for the difference between the Er level and the VB
maximum value, E.ac is the energy of free electrons in the hydrogen
scale (4.5eV), and Ws means the work function. The work function Ws
can be considered 4.0 eV for g-CsN4 materials [89].

Table 7.2 shows all the XPS edge values for the CNx and SCNx-5%
samples. All the CNx materials display very similar energy edges in their
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XPS spectra, around +2.0 eV, i.e. their Evg is +1.5 eV. However,
concerning the values of the SCNx-5%, it was only the sample prepared
with urea the precursor that performed an enlargement of the value,
concretely the XPS valence band was +2.2 eV, i.e. the Evg = +1.70 eV.
This shifted value after thiosulfate medication implies a higher oxidative
potential of the holes of the modified photocatalyst. From the estimated
Evs, the conduction band energy (Ecs) was determined by subtracting
the bandgap energy from the Evg, leading to Ece =-1.35 eV for CNu and
Ecs=-1.05 eV for SCNu-5%. The value obtained in this work for CNu is
within the range of values reported in the literature [90]. A scheme of
the band’s alignment is portrayed in Fig. 7.12B. for CNu and SCNu-5%.
According to this band placement, it is stated the unfeasibility of the
formation of HO", since the redox of the pair H,O/HO" is +2.31V [91].
Conversely, the production of the O»~ is favored, with redox potential
02/027, -0.33V [92]. The contrast of the band's energy before and after
modification with thiosulfate led to an increase in the redox potential of
the photogenerated holes. This fact and the enhanced migration of
charges from the photoluminescence emission spectra can be attributed
as the main reasons for the boosted photocatalytic activity difference
after thiosulfate modification.

A @CEDUQ SCNu-5% B

— CNu 7 175v /%
— SCNu-5% " -1.55V

— A
0 | £
5 z
& ® >
= 1 20 2 S B
@ > = > 0,/0
5 = o o (-0.33V)
k= = o
1 2
o
o
< v v
N ULV \__+1.20v
42 H,0/HO" (+2.31 V)

Binding energy (eV)

Fig. 7.12 Determination of the valence band edge of CNu and SCNu-5% by XPS (A) and their
band's alignment proposal (B).

The sample with the optimum activity, i.e. SCNu-5%, was submitted
to sequential recycling and reusing tests to examine the material's
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stability. Fig. 7.13A depicts the cinnamyl alcohol evolution during four
consecutive experiments in water and Fig. 7.13B illustrates the pseudo-
first order rate constant calculated from each one. As illustrated, no
significant loss of activity was observed. The time-course curves were
completely overlapped among them, with an insignificant deviation at
the beginning of the assay. The alcohol conversion over 180 min was
the same in all the runs. Besides, the pseudo-first order rate constant
was kept stable with a minimal decrease, i.e. 0.792 h™" (1% run), 0.763
h™" (2" run), 0.693 h™' (3™ run), and 0.677 h™' (4™ run), which evidences
the great stability of the material. The material recovered from the last
run was characterized by FTIR. As shown in Fig. 7.13C, the
characteristic absorbance footprint of the material was maintained,
discharging structural changes after its use.
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Fig. 7.13 Stability tests of SCNu-5% sample. (A) Time-course of the CA normalized
concentration. (B) Pseudo-first order rate constant of CA abatement. (C) FTIR spectra
before and after use. Experimental conditions: UVA radiation; V=350 mL; Cca=1 mM;
Ccatalyst= 0.5 g", T=20 °C.
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7.4. CONCLUSIONS

Photocatalytic reactions provide a new platform for synthesizing
added-value organic compounds such as aldehydes from the oxidation
of their alcohols. Hence, the reaction of alcohol oxidation under ambient
temperature and pressure conditions, water as a solvent instead of the
traditional expensive and toxic organic solvents, and a metal-free
cheaper catalyst such as graphitic carbon nitride has been examined.

The nature of the nitrogen carbonaceous precursor strongly impacts
the crystalline and textural properties of graphitic carbon nitride
formulas, leading to the use of melamine for a more crystalline and less
porous g-CsN4, due to the important gases released during the pyrolysis
process of thiourea and, especially urea, which leaves imperfections in
the structure. In the case of thiourea, and remarkably urea, the
synthesized g-CsNs was less crystalline and more porous. This aspect
is essential in photocatalytic performance, with the g-CsN4 prepared with
thiourea and urea being the most active. The oxidation rate constant of
cinnamyl alcohol was 0.086+0.003 h' for the material prepared with
melamine, 0.241+0.019 h™' with thiourea, and 0.265+0.004 h" with urea
(initial alcohol concentration, 1 mM). The modification with sodium
thiosulfate incorporated enhanced the photocatalytic activity, in the g-
CsN4 prepared from melamine and urea, being the latter considerable,
i.e. the pseudo-first order rate constant of cinnamyl alcohol oxidation
kca=0.792+0.044 h''. This improvement was ascribed to the better
separation of charges and reduction of the recombination effect as
suggested by the photoluminescence characterization, originated by the
creation of imperfections on the carbon nitride base, raising the oxygen
content and incorporating S as thiocyanate/isothiocyanate, C-S-C, and
C-S0O; bonds. The selectivity to cinnamyl alcohol of the thiosulfate
sample prepared with urea was enhanced from 13% (bare g-CsNa) to
23% in aqueous solution. This value was further boosted by replacing
the aqueous media with acetonitrile, increasing it to 51%. This sample
demonstrated higher effectiveness in oxidizing benzyl alcohol to
benzaldehyde, i.e. 100% selectivity. The study of the mechanism of the
reacting species involved in the process suggested the importance of
superoxide radicals and holes, the former being more selective. The
hydroxyl radical impact was negligible due to insufficient energy for the
oxidation of water molecules.
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CHAPTER 8. CONCLUSIONS

In this doctoral thesis, the effective preparation of graphite carbon
nitride catalysts doped with heteroatoms B, Ru, P, and S has been
achieved. Catalytic systems were designed from different precursors
and dopant proportions. These materials were obtained through simple
synthesis methods such as impregnation and carbonization, notable for
reducing the use of complex equipment, toxic substances, energy
consumption, and waste generation.

The synthesized materials promoted the selective oxidation of
alcohols for the production of industrially relevant aldehydes.
Additionally, an environmentally friendly reaction system was
established, as the use of solvents or chemical intermediates was
reduced in all cases, air was used as the oxidizing agent, which in turn
favored the generation of some reactive species useful in the oxidation
process, and ambient pressure and temperature conditions were
employed. After conducting the catalytic evaluation, it was determined
that the materials were effective, and generally, the effect of the dopant
agent boosted the attainment of better oxidation kinetics, selectivity, and
conversion compared to the non-modified catalyst.

Through complete characterization of the materials, a significant
improvement in the catalytic properties was observed. Furthermore,
various characterization techniques provided evidence and a better
understanding of the obtained results during the catalytic evaluation.
This tool was demonstrated to be essential in precisely selecting the
optimal catalyst in each catalytic series. Moreover, studying the matter-
light interaction allowed for an in-depth understanding of the interaction
between the light source and the system, enabling precise
determination of the number of photons effectively interacting to produce
an electron-hole pair, fundamental species in the studied reaction

Boron doping was carried out using two different precursors,
elemental boron and sodium borohydride, both showing better
photocatalytic activity compared to the catalytic base. In this series of
catalysts, g-CsNs modified with NaBHs (NaBCN) was designated the
optimal catalyst, achieving a selectivity of 36%, compared to 12% in the
absence of boron, and obtaining a maximum quantum efficiency of
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0.15%. Additionally, the catalytic properties of NaBCN were improved
significantly, presenting a bandgap of 2.28 eV, which allows the sample
to be activated with lower energy radiation. This sample also showed a
lower photoluminescence peak intensity, indicating lower recombination
of photogenerated charges, resulting in better selectivity. NaBCN also
proved to be a stable catalyst after use, maintaining the original structure
of graphite carbon nitride, representing a significant advantage in terms
of catalyst reuse, and aligning with green chemistry principles.

The study of boron doping and ruthenium nanoparticle deposition
was conducted by varying the proportion of ruthenium. Catalytic activity
results revealed that, although the NaBCN-4Ru catalyst achieved higher
oxidation kinetics, its selectivity was significantly lower. Therefore, the
NaBCN-1Ru catalyst was selected as optimal in terms of selectivity.
Furthermore, NaBCN-1Ru enhanced its reaction kinetics and selectivity
by approximately five and two times, respectively, compared to the
catalytic support. It was also determined that the predominant reactive
oxidizing species during the reaction were photogenerated holes,
followed by the superoxide radical, allowing for highly selective product
formation. Finally, it was observed that the average photo-absorption
rate values were quite similar, so the quantum efficiency would be
defined by the initial reaction rate, with NaBCN-1Ru being the sample
with the third-best quantum efficiency.

Graphite carbon nitride doping with different proportions of P was
successfully performed. Using these materials for the oxidation of
cinnamyl alcohol (CA) to cinnamaldehyde (CD) showed an improvement
in catalytic activity, especially with low doping percentages,
demonstrated by the increase in oxidation kinetics and conversion.
Selective synthesis of CD was achieved, reaching selectivity of up to
49% in the optimal sample P-CN-4%, compared to 10% in g-CsNa.
Characterization results determined that phosphorus incorporation
occurred in the internal positions of the tris-triazine rings, where partial
substitution of C atoms by P atoms took place. This was confirmed
through the determination of the number of layers and the *C NMR
spectrum, indicating that P doping promoted the reduction of bay sites,
suggesting the exchange of C atoms for P atoms in the internal positions
of the tris-triazine rings.
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Furthermore, the modification of graphite carbon nitride through
sulfonation proved to be an efficient strategy to improve benzaldehyde
production. It was found that both the oxidation kinetics and selectivity
improved in the materials as the degree of sulfonation increased,
reaching its maximum value in the optimal sample (60%); beyond this
point, these values tend to decrease. The selectivity of the optimum
sample was possibly improved due to its ability to separate
photogenerated charges, as evidenced by photoluminescence peaks.
Additionally, superoxide radicals, which are the main species acting
during the reaction, contribute to better selectivity due to their moderate
oxidative potential, helping to control possible over-oxidation and the
generation of undesired by-products. The optimal sample achieved the
highest radiation absorption efficiency, reaching a quantum efficiency of
0.124%. Diverse characterization techniques revealed that the insertion
of the sulfonic group creates surface defects that generate lattice strain,
chemical delamination, and a decrease in surface area due to the attack
of chlorosulfonic acid.

On the other hand, the nature of the carbon nitride precursor has
great relevance within the catalytic activity for the generation of
aldehydes. From melamine, a more crystalline but less porous material
was obtained. On the contrary, when using thiourea and urea as
precursors, it was shown that the resulting material was less crystalline
but more porous, which favored better reaction rates caused by the
creation of more active sites, especially in the case of urea. The
modification of the urea-derived g-CsNs (S-CNu) with different
proportions of sodium thiosulfate improved the reaction kinetics, optical
properties, absorption in the visible light range and reduced the charge
recombination effect, with the S-CNu5% sample being chosen as the
optimal one. The study of the reaction mechanism suggests that both
superoxide radicals and photogenerated holes are the species that
actively intervene during the oxidation of alcohols, leading to more
selective reactions.

Upon completing the activities established at the beginning of the
research, catalytic systems with improved properties have been
obtained, particularly useful in the aldehyde synthesis process.
Additionally, this work aims to foster greater interest in this research
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field, hoping that these advances can eventually be implemented at an
industrial level in the future.



