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RESUMO

Contaminantes emergentes (ECs) sdo substancias naturais ou sintéticas € microrganismos
que apresentam potenciais problemas a satde humana e ao equilibrio ambiental.
Compostos farmacéuticos e genes de resisténcia a antibioticos sao ECs tipicos encontrados
em diferentes matrizes do ambiente. A tecnologia de fotocatdlise ¢ uma abordagem
assertiva e viavel para degradar e inativar esses poluentes quimicos de risco bioldgico por
meio de um método verde e seguro. Como material fotocatalisador, o 6xido de zinco (ZnO)
¢ um candidato robusto com uma atividade fotocatalitica atraente e notavel em comparagao
a materiais tradicionais. Apesar disso, suas aplicacdes fotocataliticas em condi¢des
ambientes sao limitadas a baixa absor¢ao de luz visivel. Estratégias como a dopagem sao
direcionadas para modificar e adaptar a estrutura do ZnO, de modo a melhorar a resposta
da fotocatalise em luz visivel e criar arquiteturas que potencializem as suas propriedades
de superficie. Esta pesquisa visa, entdo, desenvolver uma abordagem de uma etapa para
sintetizar e dopar 6xido de zinco pelo método de combustdo em solucdo, onde nitrato de
zinco hexahidratado e sacarose atuam como oxidante e combustivel, respectivamente. E a
ureia, como fonte combustivel e dopante de nitrogénio. Cinco amostras foram preparadas
em diferentes razdes molares de ureia-sacarose, nas fra¢des de 0%, 25%, 50%, 75% e 100%
de ureia. As reagdes ocorreram em um forno Mufla pré-aquecido a 500 °C durante 10
minutos, adicionados a uma etapa de calcinagao de 20 minutos. A influéncia da razdo molar
ureia-sacarose nas propriedades fisico-quimicas e na atividade fotocatalitica sob luz visivel
do ZnO dopado com nitrogénio foram investigadas. As amostras foram caracterizadas por
difracdo de raios — X (DRX), microscopia eletronica de varredura (MEV), espalhamento
dindmico de luz (DLS), adsor¢do-dessorcao de nitrogénio (BET/BJH), espectroscopia de
fotoelétrons de raios — X (XPS), andlise elementar (CHN(S)) e espectroscopia UV/visivel.
A remoc¢do fotocatalitica do poluente hidrocloridrato de tetraciclina (TC — HCI) foi
simulada em luz visivel com o uso de uma ldmpada fluorescente (15 W, A > 420 nm) para
avaliar o desempenho dos fotocatalisadores N — ZnO. Os resultados deste trabalho revelam
a viabilidade da produgdo de o6xido de zinco nanométrico funcionalizado com nitrogénio
através do método de combustdo em solugdo. Na razdo molar ureia-sacarose, supoe-se que
a sacarose controla os parametros de tamanho, enquanto a ureia atua como fonte dopante e
altera a cinética da reacdo em teores mais elevados. Os materiais possuem a estrutura
cristalina wurtzita do ZnO sem a presenca de fases adicionais apds o fendmeno de
dopagem. Os fotocatalisadores a base de ZnO tém tamanhos de particulas que variam de
78 a 820 nm por DLS e 4reas de superficie de até 26 m?/g. O band gap é reduzido de
3.11 eV para até 1.65 eV, atribuido ao efeito do nitrogénio e das vacéancias de oxigénio
desenvolvidas na reacao de combustdo. Na razao molar de 50% ureia-sacarose, maximiza-
se a remocgao fotocatalitica do poluente TC — HCI para cerca de 75% , em 60 minutos de
irradiagdo de luz, o que representa uma melhoria de eficiéncia de 40% e uma taxa de
remog¢ao 1.86 vezes mais rapida do que o ZnO nao-dopado. A estrutura mesoporosa do
material em sinergia com a propriedade fotocatalitica também ¢ estudada e demonstra uma
degradacao fotocatalitica proxima a 100% da TC — HCI, apos 120 minutos, propondo um
novo material adsorvente-fotocatalitico.

Palavras-chaves: oOxido de zinco N-dopado; sintese por combustdo de solucdo;
fotocatalise; luz visivel.



RESUMO EXPANDIDO

Introducio

O ser humano de maneira inerente a sua condi¢ao modifica o ambiente. As agdes antropicas
evoluiram ¢ alcangaram uma tendéncia acelerada de crescimento econdmico ¢ de
urbanizagdo. Consequéncia destas multiplas transformacgdes, ha o reconhecido peso de
acdes negativas que pode ser exemplificado no surgimento de uma nova geragdo de
poluentes, conhecidos como contaminantes emergentes. Processos de oxidagao avangada,
os quais incluem a fotocatalise, tem ganhado especial interesse pela eficiéncia em energia,
simplicidade e capacidade de degradar substancias de alto potencial toxico, através de um
processo limpo e seguro. Dentre os materiais fotocataliticos, o 6xido de zinco (ZnO) possui
notavel e comprovada acao de degradacao fotocatalitica, competitiva a outros materiais
tradicionais. Dado o exposto, 0s avancos nas pesquisas direcionam-se para a obten¢ao em
escala nanométrica e funcionalizada do ZnO, de modo a modificar a sua estrutura eletronica
e a quimica de defeitos de superficie, em beneficio a sua propriedade de fotocatalise sob
condi¢gdes ambientes. Entdo, destaca-se a importancia do conhecimento em técnicas de
sintese e processamento deste material, conectados com as propriedades a serem
alcangadas. Uma nova perspectiva para este cenario reside na rota por sintese de combustao
de solugdo, a qual permite a obtencdo de 6xido de zinco de maneira versatil, economica,
eficiente e com potencial aplicacdo em areas de remediacdo ambiental e energia.

Objetivos

O objetivo principal deste trabalho concentra-se em desenvolver nanoparticulas de 6xido
de zinco (ZnO) funcionalizadas através de processo de dopagem com nitrogénio e aplica-
las em processos de fotocatalise de contaminantes emergentes sob luz visivel. De maneira
especifica, objetiva-se: (I) avaliar o potencial da rota simultanea de sintese e dopagem pelo
método de combustao de solugdo para a producao das nanoparticulas N-dopadas de 6xido
de zinco; (II) determinar a influéncia do teor de ureia como fonte de nitrogénio nas
propriedades fisico-quimicas dos materiais; (II1) quantificar a performance fotocatalica dos
materiais de ZnO N-dopados em luz visivel e correlacionar com as propriedades fisico-
quimicas destes materiais; € (IV) elucidar o fendmeno que ocorre durante o periodo de
escuro, prévio a irradia¢do de luz nos ensaios de fotocatalise.

Metodologia

A sintese base por combustdo de solu¢do do ZnO ndo-dopado compreende a mistura de
3.569 g (12 mmol) de nitrato de zinco hexahidratado, como fonte oxidante, e 1.2 g
(3.5 mmol) de sacarose, como combustivel, que sdo misturados a 3 ml de agua destilada
até a completa dissolucdo dos sélidos. A solugdo resultante € levada a um forno Mufla pré-
aquecido a 500 °C, onde a reagdo de combustdo ocorre de maneira rapida. Apods cerca de
10 minutos, tem-se uma estrutura porosa, a qual ¢ quebrada para expor o carbono residual
e remové-lo na forma de CO2, mantendo-se o material a 500 °C por 20 minutos. O material
resultante ¢ um po6 de aspecto fino e branco, caracteristico de 6xido de zinco. Com base
neste protocolo, a metodologia de dopagem adotada reside na capacidade intrinseca da
sintese por combustdo de solugdo (SCS) em modificar as propriedades finais do material,
através da influéncia dos percursores combustiveis utilizados. Nesta etapa, o método SCS
transforma-se em uma estratégia de dopagem in situ do 6xido de zinco, através da
modifica¢ao da razao molar ureia-sacarose, onde a ureia atua como combustivel e fonte de
nitrogénio dopante. O método de uma etapa de sintese e dopagem compreende uma escala
de cinco porcentagens molares de ureia (0% (ZnO UO0), 25% (ZnO U25), 50% (ZnO U50),
75% (ZnO U75) e 100% (ZnO U100)), calculadas com base na quantidade molar de



sacarose. A influéncia da ureia como fonte dopante nos materiais a base de ZnO foi
avaliada quanto a estrutura cristalina, parametros de rede e tamanho de cristalito por
difracdo de raios — X (DRX), morfologia e tamanho de particula por microscopia eletronica
de varredura (MEV) e espalhamento dindmico da luz (DLS), propriedades texturais (area
de superficie, tamanho e volume de poros) por ensaios de adsor¢ao-dessor¢ao de nitrogénio
(N2), composicao quimica e estados de oxidagcdo na superficie por espectroscopia de
fotoelétrons excitados por raios — X (XPS) e andlise elementar (CHN(S)), absor¢do de luz
e estrutura eletronica do band gap por espectroscopia UV/visivel. O desempenho dos
materiais ZnO N-dopados como fotocatalisadores em luz visivel foi testado em ensaios de
bancada para degradacao do composto farmaco hidrocloridrato de tetraciclina (TC — HCI),
como modelo de contaminante emergente, sob irradiagdo de uma lampada fluorescente
(15W, A > 420 nm) por 60 minutos.

Resultados e discussoes

A sintese e dopagem simultdnea de materiais de 6xido de zinco pelo método de combustao
de solu¢do resulta em um rendimento de, aproximadamente, uma grama de material para
cada formulacdo estudada, em até 30 minutos. As caracterizagdes por DRX asseguram a
formagao de 6xido de zinco na estrutura hexagonal da wurtzita e ap6s a funcionalizagao
por nitrogénio, nenhuma impureza ou fase adicional ¢ observada. Na estrutura cristalina, o
efeito do aumento do teor de ureia na razao molar ureia-sacarose possui dois efeitos: (I) os
parametros de rede “a” e “c” diminuem de 3.2531(2) — 3.2460(0) A e 5.214(0) — 5.2026(9)
A, respectivamente, dada as condi¢des mais vigorosas da reacdo de combustio que levam
a contra¢ao da célula unitaria; e (II), o tamanho de cristalito dos materiais aumenta de
36 nm para 86 nm, devido ao efeito de coalescimento induzido pelo aumento da
temperatura das reagdes. Com base nas micrografias de MEV, alcangou-se 6xido de zinco
nanoparticulado de morfologia predominantemente esférica. Entretanto, para altas
concentragdes de ureia (ZnO U100), a morfologia tende a ser alterada para formatos
piramidais na escala submicrométrica. Por DLS, o didmetro hidrodindmico das particulas
foi mensurado na faixa de 78 a 820 nm, corroborando os resultados de tamanho de cristalito
e o crescimento exponencial dos materiais ZnO N-dopados. Em sequéncia, as propriedades
texturais foram designadas em termos da area de superficie, em um méaximo de 25.93 m?/g
para ZnO U50 e um minimo de 4.47 m?/g, na ZnO U100. Os resultados de tamanho e
volume de poros indicam a natureza mesoporosa das amostras e seguem a tendéncia da
area de superficie, com perfil mais compacto nos materiais com maior teor de nitrogénio.
Andlises de composicdo quimica e estados de oxidagao por XPS, revelaram conteudos de
até 0.64 at.% de nitrogénio e a mudanca do ambiente em torno da estrutura do ZnO apds o
fendmeno de dopagem. A sintese e dopagem simultdnea por combustdo de solucdo
intensifica o nimero de vacancias de oxigénio (Vo), induz a formagao de ligagdes N — Zn,
com o nitrogénio de forma substitucional e de ligagdes como N — H e N — O, dada a
adsor¢ao de nitrogénio na superficie do ZnO, pela decomposicao da ureia. Em linha com
estes resultados, a absorbancia das amostras de ZnO 0% a 100% ureia foi descolada para
maiores comprimentos de onda (A > 400 nm), que correspondem a regido do espectro
visivel. A maior absorbancia desencadeia a diminui¢cdo do band gap de valores de 3.11 eV
para até 1.65 eV, pela formagado de estados intermedidrios na estrutura eletronica do ZnO.
Os resultados até aqui descritos representam as caracteristicas fisico-quimicas dos
materiais de ZnO dopados com nitrogénio pela rota de sintese de combustdo de solucao. O
desempenho fotocatalitico na degradagdo do composto hidrocloridrato de tetraciclina
(TC — HCI) revelou-se ndo-linear com o aumento do teor de ureia de 0% a 100% no ZnO.
Para o ZnO ndo-dopado (ZnO UO0), a eficiéncia fotocatalica ¢ de 53.62% a uma taxa de
12.17x1073 min™'. Para a condi¢do de N — ZnO U50, ha um ganho de eficiéncia proximo a



40%, que representa uma degradacdo de 75% da TC — HCI, apo6s 60 minutos e uma reagao
1.86 vezes mais rapida que a ZnO U0. No entanto, o continuo aumento de ureia representa
um decréscimo de até 64% na eficiéncia da amostra ZnO U100 com uma degradacgdo de
TC — HCI de apenas 19.17%, por exemplo, devido a menor area de superficie e nimero de
sitios ativos disponiveis. Por fim, ensaios adicionais, demonstraram a sinergia entre a
capacidade de adsor¢do pela estrutura mesoporosa e a atividade fotocatalitica para
impulsionar a remocao do hidrocloridrato de tetraciclina. Como modelo, a combinagao dos
dois fendmenos pela amostra ZnO U50 desencadeou uma degradacdo de 97.76% de
TC — HCI, ap6s 120 minutos.

Consideracoes finais

Questdes acerca de contaminantes emergentes que ameacam a seguranca em nivel de saude
publica e ecossistemas do ambiente sao desafios crescentes na busca pelo desenvolvimento
de materiais, técnicas e processos para supera-las. O o6xido de zinco ¢ um material
fotocatalisador e a sua crescente aplicabilidade em fendmenos de fotocatalise reside, em
sua maioria, nos avancos desenvolvidos e alcangados pela nanotecnologia e pela Ciéncia e
Engenharia de Materiais. Neste estudo, provou-se que o método de combustio de solugdo
¢ apto para simultaneamente sintetizar ¢ funcionalizar nanoparticulas de 6xido de zinco
através da dopagem com nitrogénio. Os resultados alcancados demonstraram a forte
dependéncia das propriedades fisico-quimicas e, consequentemente, do desempenho
fotocatalitico com a relagdo molar ureia-sacarose. Altos teores de ureia promovem o
crescimento exponencial do tamanho de cristalito e do tamanho de particula, diminuem a
area de superficie e o volume de poros, além de reduzir excessivamente o band gap dos
materiais. Em contrapartida, relagcdes balanceadas entre sacarose e ureia, promovem 0s
melhores resultados em termos de propriedade do material e desempenho fotocatalitico.
Tal consideragdo reforca o ponto-chave do conhecimento relacionado ao processamento
do material na aplicacdo desejada. Para finalizar, o desenvolvimento deste trabalho abre as
portas para a continuagdo do tema que abrange pontos, tais como:

e Avaliar o potencial da sintese e dopagem de uma etapa por combustio de
solugdo sem a etapa de calcinacdo para remogao do carbono residual;

e Investigar o efeito da reagdo de combustdo de solucao sob atmosfera controlada
no nivel de dopagem do material semicondutor e suas respectivas
caracteristicas;

e Avaliar experimentalmente o mecanismo fotocatalitico e a geracdo de espécies
reativas de oxigénio (ROS) durante a remog¢ao do poluente modelo.



ABSTRACT

Emerging contaminants (ECs) are natural or synthetic substances and microorganisms that
pose potential issues to human health and environmental equilibrium. Pharmaceutical
compounds and antibiotic-resistance genes are typical ECs found in different natural
matrices. Photocatalysis technology is an assertive and feasible approach to degrading and
inactivating chemical and biohazard pollutants through a green and safe method. As a
photocatalyst material, zinc oxide (ZnO) is a robust candidate with an attractive and
remarkable photocatalytic activity compared to traditional materials. Despite it, its
photocatalysis applications under room conditions are limited to low visible light
absorption. Strategies such as doping are assigned for modifying and tailoring the ZnO
structure to enhance the photocatalytic response in visible light and create architectures
that potentialize its surface properties. Therefore, this research aims to develop a one-step
approach to synthesize and dope zinc oxide nanoparticles by the solution combustion
method with zinc nitrate hexahydrate and sucrose as the oxidizer and the fuel, respectively.
While urea acts as a fuel and nitrogen source. Five samples were prepared to vary the urea-
to-sucrose molar ratio in fractions of 0%, 25%, 50%, 75%, and 100% of urea. The reactions
took place in a pre-heated Muffle furnace at 500 °C for 10 minutes, added to a calcination
step of 20 minutes. The influence of the urea-to-sucrose molar ratio on the physicochemical
properties and photocatalytic activity under visible light of the nitrogen-doped ZnO was
investigated. The samples were characterized through X-ray diffraction (XRD), scanning
electron microscopy (SEM), dynamic light scattering (DLS), nitrogen adsorption-
desorption (BET/BJH), X-ray photoelectron spectroscopy (XPS), elementary analysis
(CHN(S)), and UV/visible spectroscopy. Photocatalytic removal of the pollutant
tetracycline hydrochloride (TC — HCl) was performed under a fluorescent lamp (15 W,
A > 420 nm) to evaluate the performance of the N — ZnO photocatalysts under visible light.
The results in this work reveal the feasibility of producing zinc oxide at the nanoscale
modified with nitrogen doping through the solution combustion method in a great yield at
a short time scale. In the urea-to-sucrose molar ratio, sucrose is supposed to control the size
parameters, while the urea acts as the dopant source and changes the kinetics of the reaction
at higher contents. The materials have on the whole the wurtzite crystal structure of the
ZnO without any other phase due to the nitrogen doping. The ZnO-based photocatalysts
have particle sizes ranging from 78 to 820 nm by DLS and surface areas up to 26 m?/g. The
band gap is narrowed from 3.11 eV to 1.65 eV, assigned to the nitrogen doping and oxygen
vacancies developed in the combustion reaction. A balanced content of the fuel reactants,
namely the 50% urea-to-sucrose molar ratio, maximizes the photocatalytic abatement of
the TC — HCI to around 75% for 60 minutes of irradiation, which means an efficiency
improvement of 40% and a removal rate 1.86 faster than the ZnO undoped. The
mesoporous structure of the material in synergy with the photocatalytic property was also
investigated and shows a photocatalytic abatement of almost 100% of TC — HCI, after 120
minutes, proposing a novel adsorption-photocatalytic material.

Keywords: N-doped zinc oxide; solution combustion synthesis; photocatalysis; visible
light active.
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1. INTRODUCTION

Society is meeting a time of immense challenges to sustainable development.
Global health threats, more frequent and intense natural disasters, natural resource
depletion, and adverse impacts of environmental degradation, including land degradation,
freshwater scarcity, and loss of biodiversity, add to and exacerbate the list of challenges
that humanity face. The 2030 Agenda from United Nations Organization for sustainable
development recognizes the need to decisively threat posed by environmental degradation
through the environmentally sound management and safe use of chemicals, the reduction
and recycling of waste, and more efficient use of water and energy (Nations, 2015).

Emerging contaminants have been addressed as one of the main concerns for water
quality around the world. The absence of laws on the surveillance in drinkwater and the
low removal along the traditional treatments for these chemicals poses potential
environmental and health risks. Besides, their isolated or combined adverse effects for
recent or prolonged use are still not well-known or quantified (Polianciuc et al., 2020;
Wilkinson, Boxall e Kolpin, 2019). In Brazil, recent data from a deep study about emerging
contaminants revealed the detection of 87 pharmaceutical drugs and personal care products,
58 pesticides, 8 hormones, 2 illicit drugs, caffeine, and bisphenol-A in distinct matrices,
i.e., wastewater, groundwater, seawater, rainwater, surface water, drinking water, and
hospital effluent in the last decade (2011 —2021) (Marson et al., 2022). However, this is a
time for immense opportunity and significant progress to fight against many of these issues.

Advanced oxidation processes (AOPs) as an efficient and reliable alternative to
degrade emerging contaminants in aqueous matrices. Heterogeneous photocatalysis has
been widely explored as an AOP, in which the photocatalyst material is activated by a light
source and creates redox reactions with the pollutants (Dewil et al., 2017; Malato et al.,
2009). In terms of photocatalytic materials, zinc oxide as a multifunctional material has its
own merits and demerits over the other ones (Hernandez-Alonso ef al., 2009). Appropriate
strategies have been developed to turn the ZnO able to capture sunlight or visible light
radiation to directly activate the photocatalytic system and overcome its only UV-
absorption ability and the barely 6% of UV light that solar light offers out of its whole
spectrum (Kumar e Koteswara Rao, 2015; Majumder et al., 2020).

In this era, where the words “sustainability”, “green”, “environmental benefits”,
“energy saving”, and “renewable” are the most pronounced ones, it is aware of the fact that

the benefit starts already from the preparation of materials, where the Materials Science
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and Engineering become active (Deganello e Tyagi, 2018; Sheldon, 2017). In this
perspective, environmental and energy issues do not concern only the applications of
materials, but also the synthesis and processing of the materials themselves. “Efficiency”
is another word that is strongly associated with the other ones. Efficiency is highly required
for successful synthesis and materials processing. Efficiency is high for a maximum yield
with minimum energy, time, and waste. From another point of view, efficiency is high if
the scientist knows well the process and its maximum potentialities and possibilities to
positively aid the environment, society, and economy, as well mentioned by F. Deganello
and A.K. Tyagib (Deganello e Tyagi, 2018).

Nanoarchitectonics strategies to construct functional materials from fundamental
units can be a useful way for the science of photocatalytic materials with promoted
efficiencies. In this approach, functional materials systems are produced from the
nanoscale through combinations and selections of various unit processes, such as atoms
and molecules manipulations (Ariga et al., 2016). Compared to macro and micro materials,
nanoarchitecture has a dominant behavior of atoms on the surface of the particles over
those insides of them, which ultimately alters the catalytic activity of the material since
photocatalysis is a surface-driven reaction (Ariga ef al., 2015).

Zinc oxide (ZnO) as a semiconductor metal oxide is an eminent candidate for
photocatalysis. The nanoarchitecture would provide an extra degree of freedom in the
development of novel ZnO-based photocatalysts by the rational design of the availability
of the adsorption sites and tuning the extension of excitation wavelength (Mbenga et al.,
2022). However, the synthesis of ZnO nanostructures on a large scale through physical and
chemical techniques could be limited to the difficulty of controlling the surface properties
of the bulky materials. Additionally, non-environmentally friendly chemicals and high-
temperature procedures for the oxide make its processing not suitable and attractive
(Gonzalez-Cortes e Zhang, 2022).

Therefore, this work provides a new perspective on the concept to obtain
simultaneously zinc oxide (ZnO) materials at the nanoscale and nitrogen-doped to perform
visible light photocatalysis. It describes a one-step synthesis and doping by solution
combustion method by tailoring the urea-to-sucrose molar ratio in a mixture with zinc
nitrate hexahydrate to achieve ZnO and N-doped ZnO. The technique is a relatively new
manufacturing and green route from an energy-efficient point of view that adopts low-
costly starting materials and saves energy and time, by producing about one gram of

material in a matter of minutes. ZnO nitrogen-doped with around 120 nm, a great surface
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area of up to 26 m*/g, mesoporosity, and a good optical band gap of 2.89 eV has a first-rate
performance of up to 75% photocatalytic degradation efficiency of the tetracycline
hydrochloride (TC — HCl), as one of the most concerning emerging contaminants, under
60 minutes of visible light. The developed physiochemical features on the ZnO-based
materials through solution combustion also enable synergy between the adsorption-
photocatalysis phenomenon that outperforms an almost complete TC — HCI degradation.

Furthermore, the Appendix of this work brings a brief context and work restrictions
of the other processing route developed in this research to functionalize the zinc oxide for
photocatalysis applications. This route relies on the plasma-assisted doping of the materials
and has been built as a new possibility to explore the solid knowledge of plasma technology
that the Materials Laboratory has on it. In summary, this Master’s thesis has addressed new
approaches and strategies that possess high potential and versatility on materials for

environmental and energy purposes.
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2. OBJECTIVES
2.1. MAIN OBJECTIVE

The main goal of this work is to develop zinc oxide (ZnO) nanoparticles
functionalized through nitrogen doping and apply them in the photocatalysis processes of

emerging contaminants under visible light irradiation.

2.2. SPECIFICS OBJECTIVES

e To evaluate the potential of the one-step approach of synthesis and doping by
solution combustion method to produce the N-doped zinc oxide nanoparticles;

e To determine the influence of the wurea-to-sucrose molar ratio on the
physicochemical properties of the ZnO-based materials;

e To quantify the performance of the N — ZnO materials as photocatalysts under
visible light;

e To correlate the properties of the ZnO functionalized nanoparticles with their
photocatalytic performance;

e To elucidate the phenomenon that happens in the dark step before the light

irradiation on the photocatalysis essays.
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3. LITERATURE REVIEW
3.1. ENVIRONMENTAL BACKGROUND

Water is our planet’s most crucial natural resource, essential for all living
organisms. Earth’s freshwater corresponds to only 2.5% of the entire water that covers the
Earth’s surface. And, a rare amount of only 0.002% might be considered humanly
accessible. The rarity of this resource is further intensified through the increasing demand
related to the natural changes assigned by the development of consumption linked to human
needs and activities (Alrumman, El-kott e Keshk, 2016). With rapid development,
industries and technologies have grown and expanded much of the world. Behalf of it,
Earth’s freshwater is more and more polluted with different chemicals and contaminants
that exhibit potent cumulative harmful effects (Baaloud; ef al., 2021; Boyd, 2019).

The United States Geological Survey defines emerging contaminants as “‘chemical
of synthetic or natural origin, or any pathogenic microorganism that is not monitored in
the environment, normally present in low to traces quantities, but with the potential to
cause an adverse or lethal problem on ecological and human health systems” (Gomes et
al., 2022). Pharmaceuticals are one of the major contaminant groups of emerging concern,
such as antibiotics drugs. Most of these substances are poorly absorbed, with 40 to 90%
being eliminated and reaching the environment in their active form (Polianciuc et al.,
2020). The global usage of antibiotics as therapeutic and prophylactic medicines, nutrient
supplements in humans, livestock, and agricultural health management has resulted in the
widespread occurrence of these highly stable compounds in natural aquatic habitats, as
mixtures at various concentrations from a few ng/L up to a high ug/L (Figure 1) (Baaloud;
et al.,2021; Starling, Amorim e Ledo, 2019).

Studies from the Society of Environmental Toxicology and Chemistry collected
water samples from different rivers all over the world. 65% of them contained traces of at
least one of the 14 main organic molecules, which belongs to commonly used antibiotics.
They are prone to bioaccumulate and persist in the aquatic media, which induces risks
associated with genotoxicity and endocrine disruption (Valério et al., 2020; Wilkinson,
Boxall e Kolpin, 2019). Apart from it, the immoderate use of antibiotics is the key driving
force behind the occurrence and dissemination of antibiotic resistance (Xue ef al., 2021).
Antibiotic-resistant bacteria (ARBs) and antibiotic-resistance genes (ARGs) should be

considered emerging contaminants since infectious diseases treatable with antibiotics can
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become untreatable and fatal by the year 2050 (Dadgostar, 2019). It is projected that these
resistances will be responsible for approximately 10 million deaths worldwide in the
upcoming 30 years, which has been identified as one of the largest threats to global health
in the 21st century (Ghazali, Shaikh e Ahammad, 2022). The presence of ARBs and ARGs
in the aquatic environment happens since the hazardous contaminants exert selective
pressure on resistant strains and promote antimicrobial resistance, resulting in an aqueous

habitat as a source for ARGs (Xue et al., 2021).

Figure 1 — Sources of antibiotics and their effects on the environment, as emerging contaminants.
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Tetracyclines (TCs) are the second main group of antibiotics produced and
consumed worldwide. Besides their use in humans, tetracyclines are applied in agricultural
practices as antibiotics to suppress the growth of bacteria, in both plants and animals
(Borghi e Palma, 2014). The broad-spectrum family of tetracycline is stable and difficult
to oxidize in the environment, which makes it a very persistent compound with a half-life
of up to 180 days. The tetracyclines are not just present in the aquatic environment but also
in soils and air (Ahmad, Zhu e Sun, 2021). Tetracycline’s basic structural element is a
tetracyclic ring system with various hydroxyl, methyl, keto, and di-methyl-amino
functional groups, as drawn in Figure 2.

The environmental fate of the antibiotics like tetracycline has emerged as a research
topic in the previous and present decades to address the issue of the serious threat caused
by them. The removal of emerging pollutants in decontamination systems, both by
physical-chemical process and conventional biological pathways, reached a high level of
maturity that consist of their inability to eliminate many of these contaminants (Ahmad,

Zhu e Sun, 2021). In light of'it, it calls for the development of innovative clean technologies
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and process designs to degrade these complex substances. The new advances have been
born to fulfill a gap between maximum treatability and efficiency, greater robustness, and
low cost, without generating additional stress to the environment or risk to human health

(Dewil et al., 2017; Malato et al., 2009).

Figure 2 — Basic structure of the tetracycline compound.
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3.2. PHOTOCATALYSIS

Advanced oxidation processes (AOPs) have gained attractive interest since they
proved to be an efficient technology instead of conventional approaches. AOPs are cost-
effective as the process on its own is energy-saving, simple, and possesses high catalytic
activity with no selectivity for organic and inorganic pollutant compounds (Oluwole e
Olatunj, 2022). The AQOP relies on the in situ generations of highly reactive free radicals,
known as reactive oxygen species (ROS), which means superoxide (O;") and hydroxyl
(OH") radicals (Huang, Dong e Tang, 1993). These species demonstrate the ability to
degrade biologically toxic materials, pesticides, petroleum components, and mineralize
recalcitrant pollutants into harmless compounds or non-toxic final products. Besides, the
present oxidative method reveals remarkable biocidal activity, by causing oxidative stress
in target microorganisms, that ultimately leads them to a state of irreversible inactivation
(Baaloudj et al., 2021; Dewil et al., 2017; Fagan et al., 2016).

In the context of heterogeneous systems of the AOPs, one can cite photocatalysis
as an attractive mechanism to be explored. Heterogeneous photocatalysis has been
described since 1970, from the development of photoelectrochemical cells to produce fuels
through the conversion of solar energy. In 1983, one of the first studies related to
decontamination by photocatalytic reactions was reported to degrade the trichloroethylene
compound (Fujishima e Honda, 1972; Pruden e Ollis, 1983). Over the last two decades,
many pieces of research that accomplish and witnessed the rapid growth of photocatalysis
as a single green and safe method to treat water from the two most toxic types of pollutants:
antibiotics and microbial biological hazards (Baaloudj et al., 2021; Makropoulou,

Panagiotopoulou e Venieri, 2018; Rizzo et al., 2014; Valério et al., 2020).
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The phenomena associated with photocatalysis find their theoretical basis in the
concepts of band theory in solid semiconductor materials. Semiconductor materials hold
an electronic structure built by a valence band (VB) and a conduction band (CB). The space
between them is called the band gap energy (Eg) (Marquesa, Stumbob e Canela, 2017).
When the material absorbs light photons with energy “hv” greater than or equal to its band
gap, it culminates in an electron () excited from the valence band to the conduction band,
with a simultaneous hole (h") left in the CB. Therefore, from this phenomenon, an
electron/hole (e7/h") pair is produced. The photogenerated electron/hole pair is the driving
force to activate the semiconductor material to establish the highly reactive oxygen species
(ROS) (Hoffmann et al., 1995).

The electron (e7) reacts with the oxygen (O2) adsorbed on the semiconductor surface
to promote the O>" radicals. While the trapped hole (h"), when in touch with water and
moisture transforms them into hydroxyl radical (OH"). These sites are the primary
oxidizing agents, which behave as extremely powerful oxidants of organic pollutants. They
evolve a chain reaction that can destroy progressively the bonds of stable and unreactive
molecules to intermediates and further degrade into CO2 and H>O (Baaloudj ef al., 2021;
Fujishima, Rao e Tryk, 2000; Nogueira e Jardim, 1998). Moreover, these specimens
damage microorganisms without the aid of chemical oxidants, attacking and disrupting the
cell wall membrane. Through them, the pathogens become inactive or dead, with denatured
proteins that result in end-products (Pigeot-Rémy et al., 2011). Figure 3 illustrates the
semiconductor material coupled with the photocatalysis mechanisms based on the above-
mentioned system for ROS generation.

More recent studies have ascribed the photocatalytic mechanism not only to
hydroxyl and superoxide specimens but also, to other oxygen-derived radical species. The
radicals merge with the trapped electrons and produce hydroperoxyl radical (HO2") and
hydrogen peroxide (H202) (Fan e Yates, 1996; Liu, M. et al., 2020). At last, the
photocatalysis efficiency depends on the competition between the process in which the
electron is removed from the semiconductor surface, called excitation, and when the
electron returns to the valence band and releases heat. This is known as recombination, the
competitive phenomenon with photocatalysis (Nogueira e Jardim, 1998). The following
Equations 1 — 7 describe this entire explanation and reactions of the photocatalysis steps

from the electron/hole pair to the effective degradation.
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Figure 3 — Mechanisms of the organic and microbial photocatalytic removals through a semiconductor
material
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Therefore, the main inherent features of photocatalysis which support the process
in the treatment of anthropic effluents to accomplish the world’s challenges and the future
desires of environmental remediation with less cost and more minor damage dwell on: (I)
the reactions run at room temperature and the whole oxygen comes from the atmosphere;
(IT) the oxidation of the substances may be complete; (III) the semiconductor material is
cheap, reusable and embeddable in different types of inert matrices; and (IV) the light
source for the photoexcitation of the material may be obtained from sunlight, as a

renewable energy source (Malato et al., 2009).
3.3. PHOTOCATALYTIC MATERIALS

According to the International Union of Pure and Applied Chemistry (IUPAC), a
photocatalyst is a “material that absorbs light to bring it to a higher energy level and
provides this energy to a reacting substance to make a chemical reaction occur”
(McNaught, Wilkinson e Jenkins, 1997). The applicability of a material as a photocatalyst
is intrinsically connected with the character of its properties, such as light absorption range,

electronic band structure, surface area, particle size, and morphology. In the field of



28

Materials Science and Engineering, multidisciplinary research areas have been focusing on
the design and development of advanced photocatalytic materials, based on approaches
that bring together nanotechnology, surface engineering, and heterostructure between
materials to sustain and comply with the concerns of the photocatalytic applications.

With the broad term of a photocatalyst defined, so far more than 190 different
materials have been assayed as suitable photocatalysts. These materials may be gathered
in standard photocatalytic semiconductors, such as TiO2, ZnO, SiC, WO3, CdS e CuOa,
emerging photoelectronic materials, which means nanoscale plasmonic metal particles
(e.g. Ag, Au, Al, and Bi), quantum dots, which include carbon-based materials and 2D
photocatalytic materials (g-C3Ns and MoS,), that when coupled with the first category
build photocatalytic composite materials or heterojunctions (Yang e Wang, 2018). Up to
now, titanium dioxide (TiO2) is the most researched photocatalytic material with around
four times more published papers than the other ones. Nonetheless, studies devoted to other
materials, namely zinc oxide (ZnO) have been growing in attention (Fresno ef al., 2014;
Majumder ef al., 2020).

As an alternative to the gold standard TiO> photocatalyst, zinc oxide (ZnO) is in the
spotlight of many research efforts with stupendous benefits, such as low cost and high
quantum efficiency, as well as the photocatalyzed reactions performed better in neutral pH
behavior, which is an added merit over its competitor (Kumar e Koteswara Rao, 2015).
Another point of interest to zinc oxide as a photocatalyst is assigned to its potential features
compared to other mature solutions in the market, namely silver (Ag). The many dangers
around Ag are suppressed by zinc oxide (ZnO) low toxicity levels, biodegradability,
friendly-environmentally use, and low-cost synthesis routes for large-scale and proven
action of photodegradation of pollutants (Chang et al., 2020; Kolodziejczak-Radzimska e
Jesionowski, 2014). Moreover, the activity of zinc oxide can be expanded in the absence
of light, known as the dark catalysis phenomenon. In the dark, the ZnO has exhibited high
antimicrobial activity, given the presence of surface defects and high surface area that
allows a greater attachment and contact of the pollutant in the material (Lakshmi Prasanna

e Vijayaraghavan, 2015).
3.3.1. Zinc oxide

In Materials Science, zinc oxide (ZnO) is classified as group II-IV semiconductor
oxide, whose covalence is on the border between the ionic and covalent semiconductors.

ZnO crystallizes in the hexagonal crystal structure of wurtzite (space group P6smc,
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a=3.25A, ¢ =520 A), as shown in Figure 4. ZnO has an n-type conductivity, which
comprises a direct band gap of 3.2 eV and large binding energy of 60 meV (Kotodziejczak-
Radzimska e Jesionowski, 2014). The ZnO properties comprehend high mechanical-
thermal stability, high photosensitivity, a high driving force to induce redox reactions, non-
toxicity, ease of crystallization, and natural abundance (Morkog e Ozgiir, 2008). Those
specific physicochemical, optoelectronic, and magnetic properties of ZnO stimulate its
applications in such fields: light-emitting diodes, solar cells, gas sensors, luminescent
materials, pigments, UV shielding materials, surface acoustic wave filters, biomedical
materials, antifungals, and piezoelectric generators (Kotodziejczak-Radzimska e
Jesionowski, 2014; Ozgiir et al., 2005; Wang, 2008). Without a doubt, ZnO is a

multifunctional material.

Figure 4 — ZnO wurtzite crystal structure: (a) side view and (b) top view.
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Source: Adapted from (Samadi ef al., 2016).

As a photocatalyst, extensive work on the ZnO has been attempted and applied in
environmental and renewable energy fields, as illustrated in Figure 5 (a). Based on the
Scopus database, from January/2000 to June/2022, around 14.000 scientific papers had
been published about zinc oxide performance in photocatalysis (Figure 5 (b)). Those
researches are focused to investigate the different synthesis methods, chemical
composition, morphology, size, specific surface area, porosity, and crystalline phase on the
photocatalytic activity of ZnO. One of the points to explain this exponential growth of
ZnO-photocatalyzed processes arises from the technological development anchored in the
nanoscale science to achieve high-surface-to-volume semiconductor nanoparticles and
other exceptional physicochemical characteristics, making the ZnO a leader against other
materials (Ahmed et al., 2014; Bhirud et al., 2012; Lii et al., 2021; Ren et al., 2017; Samadi
et al.,2016; Synnott et al., 2013).
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Figure 5 — (a) Applications of the ZnO as a photocatalyst material in the environment and energy fields. (b)
The number of publications of ZnO as photocatalyst from 2000 to 2022, in the Scopus database for
keywords "photocataly*" and "zinc oxide" or "ZnO".
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In recent times, researchers are remarkably interested in the development of green
technicalities to synthesize zinc oxide nanoparticles, as compared to conventional ceramic
processes, since the photocatalytic activity of ZnO is apt to be initiated when the particles
are in the nanoscopic size range (1 — 100 nm) rather than in the macroscopic or bulk size
(Islam et al., 2019). Sol-gel, hydro/solvothermal, laser ablation, and microwave-assisted
synthesis are some of the commonly employed methods (Kolodziejczak-Radzimska e
Jesionowski, 2014; Sudha et al., 2020). However, sometimes these methods require
expensive and hazardous substrates, rigorous conditions, and sophisticated techniques.
Solution combustion synthesis (SCS), in comparison, is one of the simplest, safest, and
most versatile synthesis methods as well is highly energy-efficient, and has strong potential
for the large-scale production of nanomaterials in a short time (Wen e Wu, 2014).

The combustion process comprises a self-sustained exothermic reaction among the
oxidizing agents, commonly a metal nitrate source, and, the reducing organic molecules,
as fuels (Deganello e Tyagi, 2018). SCS comes from propellant chemistry, although it
employs a faster procedure at milder temperatures (300 — 500 °C) than the base techniques
(Jain, Adiga e Pai Verneker, 1981). The combustion mixture reacts in a matter of seconds
and due to the higher exothermicity, nanocrystalline oxide powders result as the main
product. The combustion releases heat and several gases, such as CO2, N», and water vapor,
by burning the organic fuels. Thus, the as-combusted powders have foamy and spongy
structures, great phase purity, higher surface area, and narrow particle size distribution,
whose these features are strictly connected with the chosen synthesis parameters (Li ef al.,
2015; Novitskaya et al., 2021). Despite the advantages, some disadvantages can be found,

such as powder agglomeration, inhomogeneity, and the possible production of hazardous
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gases, like NOx and CO, derived from incomplete combustion of the reactants (Deganello
e Tyagi, 2018).

Several works have been devoted to enhancing the photocatalytic degradation
efficiency of some pollutants through the ZnO-based nanomaterials produced by solution
combustion synthesis, as pointed out in Table 1. The metal precursor to ZnO is mostly a
zinc nitrate, single or hexahydrate, incorporated with a wide variety of different fuels,
where each one governs unique features. The highly porous structure obtained affords a
particular adsorption environment between the pollutant molecules and the catalyst
particles, which is crucial for photocatalytic abatement by ZnO (Potti e Srivastava, 2012).
Besides, the defective morphological sites (oxygen vacancies) together with the smaller
particle size and higher surface area of the ZnO in SCS, produce relatively separable
photogenerated charge carriers (electrons/holes), which thereafter gives rise to a higher
density of hydroxyl radical, previously described as a ROS and one of the most active
oxidative species involved in the photodegradation of environmentally hazardous materials
(Section 3.2). These photocatalytic properties in the ZnO catalysts achieved in the SCS
emphasize a superior performance over the bulk and commercial ZnO (Essawy et al., 2020;

Gowthambabu et al., 2021).
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Table 1 — Overview of some reports of the zinc oxide synthesis through the solution combustion method and their photocatalytic application.

Temperature Diameter

Light

Time Photocatalytic

Oxidizer/fuel in SCS Pollutant Ref
idizerfiuetin ((®)) (nm) orutan source (min) efficiency (%) clerence
Methyl orange = UV-B 30 100
Zn(NO3)2.6H,O
500 35 Methylene blue  UV-B 30 100 (Islam et al., 2019)
/sucrose
Methyl orange =~ Sunlight 30 100
Zn(NOs3)2.6H20/oxalic _ _
) 400 - 450 — Orange G UV-A 180 70 — 100 (Potti e Srivastava, 2012)
acid/dextrose
(Lutukurthi, Dutta e
Zn(NO3)2.6H2O/urea 500 — Orange G UV-B 180 83 —99%
Behara, 2020)

Zn(NO3)2.6H2O/citric (Shkir, Hamdy e AlFaify,

) 500 20 -50 Methyl green UV-A 40 85-100

acid 2019)
Zn(NO3)2.6H20O/pomeg ' _
425 12-17 Flumequine Sunlight 90 97.6 (Essawy et al., 2020)
ranate
Zn(NO3)2.6H20/ 500 45 Rhodamine B UV-B 75 93.2 (Gowthambabu et al.,
lemon juice Rhodamine B Sunlight 75 98.5 2021)
Zn(NO3),/CTAB/
. 250 — Methylene blue UV-B 90 64 (Vahdat Vasei et al., 2019)
glycine

Zn(NO3),/CTAB/citric )

y 250 35-50 Methylene blue UV-B 90 99 (Vahdat Vasei et al., 2019)

aci

Source: Author (2022).
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Despite the outstanding performance obtained in the ZnO SCS-produced and even
in nanometric size, ZnO-based photocatalysis suffers from some drawbacks: (I) ZnO is
excited only in wavelengths below the ultraviolet range (UV) and does not harvest the
visible light portion of the solar spectrum; (II) the fast recombination rate of the charge
carries (e/h" pair), consequently, slows down the degradation reaction rate; and (IIT) the
susceptibility to corrosion under the UV light (Samadi et al., 2016). These drawbacks
hinder most of the practical applications of ZnO once the solar spectrum is composed only
of'a small fraction at around 7% of the UV range, while the visible light portion corresponds
to a huge amount of 46%, limiting the energy harvesting efficiency (Liu, J. et al., 2020).

The use of visible light to induce the photocatalytic phenomena has been increasing
in interest to manage the environmental and energy crisis once this light source is
characterized as an abundant, clean, and renewable energy source (Garazhian et al., 2020).
So, to overcome the above-mentioned issues, research is growing rapidly to modify the
surface-electronic structure of ZnO, largely due to the change in the ZnO defect chemistry
to afford and benefit the visible light response and its photocatalysis property under

ambient conditions (Kumar e Koteswara Rao, 2015; Qi et al., 2017).
3.4. MODIFICATION STRATEGIES: DOPING

Tailoring the intrinsic defects, surface functionalization with organic compounds,
doping with foreign ions (metallic or non-metallic), noble metal deposition,
heterostructuring with other semiconductors, and modifications with carbon
nanostructures: a wide framework of successful strategies to tune and improve the stability
and the photoactivity of ZnO nanostructured photocatalysts under visible light (400 <A <
700 nm), to accelerate the electron transfer process, to promote the electron-hole
separation, and to lower the thermodynamic barrier (Kowalska, Wei e Janczarek, 2018;
Samadi et al., 2016; Singh, Kumar e Singh, 2019).

The doping phenomenon has been recognized as one of the most feasible strategies.
In the sense of the concept, doping is the intentional introduction of a heteroatom in a
material, which aims to modulate its properties. The doping in ZnO initially changes the
coordination environment of the host ions in the lattice through a turn in the chemical nature
of the solid. Further, it modifies the electronic band structure via the introduction of
localized electronic energy levels within the band gap states. The former alters the pristine
defect structure, and consequently, affects the mobility of the charge carriers. Whereas, the

latter effect enables more efficient control of the incident photons and momentarily traps
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the photogenerated charge carriers, positively affecting the photocatalytic pathways
(Kowalska, Wei e Janczarek, 2018; Kumar e Koteswara Rao, 2015; Samadi ef al., 2016).
Non-metal doping of ZnO that lies on substitute the oxygen atoms has been intensively
investigated. A non-metal may easily replace lattice oxygen sites of ZnO or occupy an
interstitial site (Khataee et al., 2014). Carbon, sulfur, boron, and nitrogen are common non-

metallic dopants (Yu, Zhang e Peng, 2016).
3.4.1. Nitrogen doping

Nitrogen doping is widely used as a dopant to modify the electronic structure of
II — IV semiconductors, such as zinc oxide. Nitrogen has an ionic radius (rn*" = 1.46 A)
close to the oxygen (ro>” = 1.38 A), higher solubility in the ZnO, lower energy to form
oxygen vacancies, and a similar hybridization of N 2p and O 2p states (Kumari, Sahai e
Goswami, 2015). According to the literature, this hybridization builds a new valence band
state which drives band gap narrowing, due to the elevate of the upper edge of the valence
band. (Yu et al., 2013). Hence, Figure 6 exhibits a drawn comparison between the
electronic structure of the ZnO undoped and nitrogen-doped.

Some studies suggest that the nitrogen substitutional doping into the ZnO does not
behave alone to modify the electronic structure. Nitrogen as a dopant can induce oxygen
vacancies at the grain boundaries — triggering the activity in longer wavelengths (Lu, Russo
e Feng, 2011). The N-doped in a piece of these vacancies operates to hinder the reoxidation
or recombination of the electron/hole pair (Ihara ef al., 2003). Carrying with it, the nitrogen
can occupy the octahedral or tetrahedral interstitial positions. In the more stable octahedral
spaces, nitrogen inserts itself in the crystal lattice between an oxygen atom and two
adjacents atoms of zinc, which culminates in an N — O bond with an energy state up to 1.4

eV upper of the ZnO valence band (Gallino ef al., 2010).

Figure 6 — Comparativeness of the electronic structure of the ZnO undoped and doped with nitrogen.
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Nitrogen source and doping processing play a pivotal role in improving the
photocatalytic property of zinc oxide. Depending on them, different degrees of extending
the absorption range and properties may be observed in photocatalysis. Macias-Sanchez
reported N — ZnO doped with urea by sol-gel method with varying the [N]/[Zn] ratios. For
the authors, at 3 wt.% N-ZnO, the photocatalyst has a decrease in its band gap (Eg) by
0.19 eV and provides total photocatalytic mineralization of 2,4-D and picloram herbicides,
which means a 3.8 times higher efficiency than pure ZnO (Macias-Sanchez et al., 2015).
Contrary, when using direct ammonia gas, a higher temperature is required for N-doping
ZnO of high-crystallinity materials, undesirably converting the substitutional nitrogen to
molecular nitrogen, which limits the doping effect and reduces the specific surface area,
resulting in a negative impact on the photocatalytic degradation (Yu et al., 2013).

Another nitrogen source is nitrogen gas (N2). At lower pressure plasmas, the
molecular nitrogen breaks on atomic nitrogen (N), and this atom is accelerated to be
incorporated in the ZnO, having a high nitrogen content. Zinc oxide nanoparticles doped
with N2 in an RF-plasma system revealed 100% of photocatalytic degradation of 2-
chlorophenol after 180 minutes under solar light (Salah et al., 2016). Also, nitrogen doping
in a DC-plasma of ZnO has antibacterial properties against E. coli through ROS generation
in visible light (Lin, Liao e Hung, 2005).

3.4.2. Doping by solution combustion synthesis

As underlined in topic 3.3.1, solution combustion synthesis (SCS) has found
tremendous success in the literature to produce zinc oxide, in the form of a highly
crystalline, thin, porous, and nanoscaled material — crucial features of targeting
photocatalytic applications. The attractiveness and advantages of this synthesis route
remain in its intrinsic ability to be an in-situ strategy to modify the chemistry of the
semiconductor oxide by simply adapting the composition of the metal ion and fuel
precursor. In other words, the full power of the material doping occurs simultaneously with
the self-sustained combustion solution synthesis reaction (Deganello e Tyagi, 2018;
Rajeshwar e Tacconi, De, 2009).

The technical base of the solution combustion arises from the thermodynamic
concepts and the chemistry of the propellant theory, as already mentioned. The mechanism
of the reaction is complex and still under study. Fuel-to-oxidizer ratio (¢) mainly controls
the kinetics of the combustion and the final features of the materials synthesized by SCS.

Besides, the influence of different fuels distinguishes them concerning the amount of gases
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released during combustion, as well as the temperature of the flame ignition (Deganello e
Tyagi, 2018; Novitskaya et al., 2021). However, the temperature to initiate the reaction is
enough to allow the doping elements to be incorporated into the crystal lattice (Wen e Wu,
2014). Glycine, citric acid, carbohydrazide, and urea are typical fuels employed in SCS.
Adopting these fuels, nitrogen or carbon doping is expected since the aforementioned
elements are part of them (Li et al., 2015).

As a fuel, urea (CH4N20) is simultaneously a good nitrogen dopant source. Urea
holds on its structure two amino groups (— NH») located at both ends of the chemical
structure. During the combustion process, it decomposes to generate in situ ammonia (NH3)
as a nitrogen origin and assures a reducing atmosphere (Toniolo ef al., 2007). Urea easily
acts as a complexing agent for metal ions from the metal nitrate (oxidizer), which explains
why it is a more reactive fuel to trigger more vigorous combustion reactions (Deshpande,
Mukasyan e Varma, 2004). The stoichiometric equilibrium combustion reaction between
zinc nitrate and urea to generate the zinc oxide is written in the following Equation 8, where
¢ = 1 means a stoichiometric state in which the atmospheric oxygen is not needed for the
complete oxidation of the fuel (Wen e Wu, 2014).

5¢+3

5 10
Zn(N0s), + @CHyN,0 + 5(¢ — 1)0; = Zn0 + 2= Ny )y + 2 9CO; ) +— @H,0() 8)

K. Sivaranjani and C.S. Gopinath explained the doping of titanium dioxide towards
the use of urea as a part of the first ongoing studies on N-doping in metal oxides by solution
combustion methods (Sivaranjani e Gopinath, 2011). Oxo-titanium nanoclusters (TixOy,
x/y > 1) grow with the presence of defects under the ammonia atmosphere, from the urea
molecule. As an electron donor, NH; easily interacts with the defect-rich clusters, which
culminates in the incorporation of the N element into the TiO; lattice to develop TiO2xNx
materials. According to the authors, urea-assisted doping in solution combustion builds
materials that have aspects like visible light absorption, mesoporosity, smaller particle size
with high crystallinity, and high surface area to achieve a faster dye photocatalytic
degradation under direct sunlight.

A similar concept has been adopted to obtain ZnO1.xNx or N — ZnO materials. For
M. Mapa and C.S. Gopinath, doped zinc oxide is produced by the solution combustion
method at 500 °C under different degrees of the urea/zinc nitrate molar ratio. Since the
material can form oxygen vacancy on the heating induced by the reaction, the large amount
of vacancies grants the higher nitrogen loading on the ZnO structure, with bulk

concentrations of up to 15 at.%. The authors recognized the visible light absorption
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extended up to 650 nm for ZnO;xNx that highlighting the employment of the material as a
visible-light photocatalyst (Mapa e Gopinath, 2009).

In the work of I.M. Silva and co-authors, they developed a simple, fast, and easy
strategy for N:ZnO synthesis by modifying the base precursor of Zn salts and citric acid
with urea, as an N-source molecule. The characterizations of the as-prepared N:ZnO
nanoparticles proved that doping affects neither the particle morphology nor the crystal
structure. Instead, it largely changes the photoactivity mechanism for Rhodamine-B
degradation, with an optimum content of 2 wt.% N for visible activity, even though the
nanoparticle band gap was not modified. Under visible light illumination, the radical O,H’
and holes (h") participated together in the dye degradation by the doped samples, against
only the OH" radical action on the undoped one. The results enhance the essential
comprehension of the photocatalytic activity of the semiconductor doping processes (Silva
etal., 2016).

Another example of ZnO-assisted doping with urea lies in the work of H. Sudrajat
and S. Babel. They introduced a combustion reaction between zinc acetate dihydrate and
urea in a 1:2 molar ratio at 500 °C for preparing N-doped ZnO (Sudrajat e Babel, 2017).
According to the authors, the N dopants do not combine to create N> molecules and remain
in the N-ZnO structure as substitutional or interstitial sites. The N-doping narrows the band
gap from 3.15 eV to 1.7 eV, with a visible light response due to the mid-gap in the electron
transition and the presence of oxygen defects, which acts as electron traps. The paper
ensures that the improved absorption coupled with a higher surface area of the material
extended the carrier lifetime and boosts the long-term application of the catalyst for
effective degradation of organic pollutants, such as methylene blue, under visible light
photocatalysis.

Although the chemistry of a solution combustion synthesis with urea is well proven
to be a good and efficient nitrogen doping source, highlighting the above-cited results of
N-doped ZnO, urea changes the thermodynamics of the reaction. When using urea as a
fuel, the reaction varies from a mild state with only a smoldering effect to a vigorous
burning reaction, which produces an intense flame of higher temperature (Jain, Adiga e Pai
Verneker, 1981; Novitskaya et al., 2021). In this case, nitrogen-based fuels could favor
materials with larger crystallites and particle size, and a greater tendency to aggregation,
due to the large energy to nucleate and grow the primary particles (Lazarov et al., 2017).
Therefore, this Master’s thesis goes with a clear aim to develop a one-step synthesis and

doping through the different fuel ratios of sucrose and urea to find out an equilibrium
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between the band gap narrowing and the available surface area, which together grants an

optimized photocatalysis of recalcitrant pollutants under visible light.
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4. MATERIALS AND METHODS

The present research is divided into three main steps: (I) the development of the
ZnO functionalization through a one-step synthesis and doping by solution combustion
method; (I) a comprehensive characterization of the ZnO-based materials SCS-produced,
and (III) the evaluation of the visible-light-driven photocatalytic activity of the ZnO/N-
ZnO materials doping by SCS. In this section, all the materials and methods inside the
scope of the work are cited and detailed described. This Master’s research has been held in
the Materials Laboratory (LabMat), in the Mechanical Engineering Department of the
Federal University of Santa Catarina (EMC/UFSC) with support of associated laboratories
from the Physics Department (FSC/UFSC) and Department of Chemical Engineering and
Food Engineering (EQA/UFSC).

4.1. MATERIALS

All the materials employed to develop this work are shown in Table 2.

Table 2 — Features of the reactants used and their respective role.

Molecular Molecular

Material formula weight (g/mol) Reaction role = Manufacturer
Zinc nitrate .. Neon
hexahydrate Zn(NO3)2-6H2O 297.49 Oxidizer Comercial

Sucrose C12H11022 342.3 Fuel Neon‘

Comercial
Urea CH:N>0 60.06 _ Fueland Neon
nitrogen source Comercial

Source: Author (2022).

Zinc nitrate hexahydrate, sucrose, and urea are the main precursors of the zinc oxide
nanoparticles produced by the combustion method in this research. The zinc nitrate
hexahydrate comprises the source of the metal cations, namely the Zn ions. The nitrate
anions (NO3)™ in its formula are oxidants and have strong activity in the redox reaction
when combustion occurs. Beyond the oxidizing power, this nitrate being hydrated may
offer lower decomposition temperature and good solubility in water (Zhang et al., 2012).
Sucrose, as the primary fuel, is an eco-friendly and cheap fuel. The sucrose molecule has a
noticeably high reducing power and creates an environment around the metal cation, which
may govern the oxidation state and modulates the morphology and textural properties
(Tummino et al., 2020). Urea is also one of the most common fuels used in SCS, due to its

good availability, high exothermicity, as well as its high coordination ability toward
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nitrates. But more than fuel, urea is a proper dopant as the nitrogen driving source for the
one-step synthesis and doping of the zinc oxide nanoparticles, in this study. Moreover, the

choice of urea is highly supported in all that has been mentioned in Section 3.4.
4.2. ONE-STEP SYNTHESIS AND DOPING OF ZINC OXIDE

This study synthesizes zinc oxide-based nanoparticles through solution combustion
synthesis (SCS) adapting the method reported by Islam et al. (Islam ez al., 2019). The basic
steps for the undoped ZnO for a yield of around one gram are as follows. 3.569 g (12 mmol)
of zinc nitrate hexahydrate and 1.2 g (3.5 mmol) of sucrose are complexed with 3 ml of
distilled water in a ceramic beaker until the complete dissolution of the solid parts. For this
amount of oxidizer and fuel, the fuel-to-oxidizer ratio (¢) is calculated by Equation 9. In
propellant chemistry, the valency in this ratio is based on each element that composes the
reactants. The total oxidizing valence from the metal cation (zinc nitrate hexahydrate,
Zn(NO3)2:6H20) is equal to 10. While the reducing valences of the fuels are — 48 and — 6
for sucrose (C12H11022) and urea (CH4N20), respectively (Novitskaya et al., 2021). As an
example, the reducing valence of urea is calculated from Equation 10 — 14, based on the
method reported in the cited reference (Lopez, McKittrick e Shea, 1997). With the molar
amounts and the valencies described, in this work, the fuel-to-oxidizer ratio should be equal

to 1.4026, corresponding to a fuel-rich mixture (¢ > 1).

Y.(moles of elements in chemical formula of fuel).(valency)

- Y.(moles of elements in chemical formula of oxidizer).(valency) ©)

e The total oxidizing valence of urea
C=1x(—4) = —4 (10)
H=4x(-1)= —4 (1)
N=2x(0)=0 (12)
0=1x(2)=2 (13)
Total = —6 (14)

The mixture of the reactants is placed in a Muffle furnace pre-heated at 500 °C,
which turns into a uniform viscous paste and, starts to decompose and releases a huge
amount of gas. The overall reaction of the combustion is very fast and undergoes in

seconds. The combustion blows the melted viscous paste and causes it to swell to form a
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porous foam. This foam is reached due to the decomposition of zinc nitrate salt to produce
the zinc oxide nanoparticles. A standard time for these steps is fixed in 10 minutes.
Meanwhile, sucrose is partially carbonized through dehydration and polymerization during
the reaction. Due to it, the foam-like material might have residual carbon embedded in the
structure. The foam is broken by a spatula to expose this carbon, while kept at 500 °C in
the Muffle furnace. So, the carbon in the powder is combusted away as carbon dioxide
(CO»). Afterward 20 minutes, the nano-ZnO could be cooled down to room temperature
and ground in a mortar with a pestle, resulting in a thin white powder of nano-ZnO. The

scheme of Figure 7 illustrates the above-mentioned stages to obtain the zinc oxide by SCS.

Figure 7 — Scheme of the solution combustion synthesis steps for zinc oxide nanoparticles.

Muffle ( X Broken with
furnance W a spatula
500 °C e 500 °C Lid
10 min 20 min \ /
air i air \".‘ /
Zn(NO3),.6H,0 + Combustion ZnO porous foam + ZnO ground in a ZnoO
reaction residual carbon mortar with pestle N - ZnO
Cy2Hz04q +
CO(NH), | —— Nitrogen source

Source: Author (2022).
With the base ZnO synthesis described, the present work starts to explain the

proposed doping strategy of ZnO with nitrogen, which relies on the approach of
simultaneous synthesis and doping by the solution combustion method. As referred to in
the review (Section 3.4.2), the SCS method allows an in situ functionalization of the final
product by choosing different fuels in the starting reactants. This one-step approach
emphasizes the versatility of the SCS and its advantages, which favors the growth of new
SCS variants for advanced technological solutions. The present method comprises the
incorporation of urea as a fuel and nitrogen source to the previously mentioned reactants,
1.e., Zn-nitrate and sucrose, to functionalize and obtain the nitrogen-doped ZnO (N — ZnO),
as highlighted in red in Figure 7.

In this work, to maintain the stoichiometric, the fuel-to-oxidizer ratio is kept
constant at 1.4026 (Equation 9), together with the quantity of zinc nitrate hexahydrate. The
planned method is anchored in the modification of the molar ratio between sucrose and
urea, as the fuels. In this system, sucrose helps to control the particle size, while urea acts
as the doping signatory. The changes applied to the amount of sucrose/urea used might
influence the concentration of nitrogen doping in ZnO. Consequently, promoting different
morphologies, sizes, electronic, textural, and chemical states properties, which ultimately

drive the photocatalytic properties of the materials.
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The method comprises a scale of five molar percentages of urea, calculated base on
the molar amount of sucrose as described in Table 3 and named the urea-to-sucrose molar
ratio. This scale starts with 0% of urea, which corresponds to the undoped zinc oxide (ZnO
UO0). The doping increment with urea follows a step of 25%, so, ranging in 25% (ZnO U25),
50% (ZnO U50), 75% (ZnO U75), and 100% (ZnO U100). At the ZnO U100, urea will be
the only fuel in the reaction. To the best of our knowledge, the sucrose-urea-based
combustion method has not been reported yet for ZnO nitrogen-doped with visible light
photocatalysis of emerging contaminants. The SCS synthesis and doping were done in

quadruplicate to assure the reproducibility of the method.

Table 3 — Urea-to-sucrose molar variation to the one-step synthesis and doping of nano-zinc oxide by SCS.

Urea-to-sucrose molar Zn0O Zn0O ZnO ZnO Zn0O
ratio U0 U25 Us0 u7s U100
% urea molar 0 25 50 75 100
Sucrose in mmols 3.5 3.4 3.1 2.5 0
Urea in mmols 0 1.1 3.1 7.6 28
Zn-nitrate in mmols 12 12 12 12 12
Fuel-to-oxidizer ratio 1.4026 1.4026 1.4026 1.4026 1.4026

Source: Author (2022).
4.3. CHARACTERIZATION TECHNIQUES

The next subsections will detail and specify the material characterization techniques
applied to give a deep understanding of the features and properties accomplished in the

ZnO materials by one-step synthesis and doping by solution combustion method.
4.3.1. X-ray diffraction (XRD)

X-ray diffraction (XRD) has been used to ensure the crystalline structure of the zinc
oxide after the SCS synthesis. For doping, the technique measures the distortions in the
materials, since the lattice parameters could be modified by nitrogen doping (Kumari, Sahai
e Goswami, 2015). The X-ray diffractograms were acquired with a Rigaku MiniFlex600
diffractometer (Cu Ko / A = 1.5406 A). The angular range is 5° < 20 < 90° with a step size
of 0.1° and a scan rate of 10°.min"!. The data treatment is supplied through the X Pert
HighScore Plus software and supported by the Inorganic Crystal Structure Database

(ICSD) database. The lattice parameters and the crystallite size were executed and
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calculated by the Rietveld refinement in the Maud software v2.933 (2022) with
Crystallography Open Database (COD). The quality of the refinements was quantified by
the control parameter x> simultaneously calculated in the refinement, which is a compliance

statistical test.
4.3.2. Scanning electron microscopy (SEM)

The morphology and size of the zinc oxide nanoparticles undoped and doped were
captured by scanning electron microscopy (SEM), on a VEGA3 LM TESCAN microscope.
This equipment has been coupled with it an energy-dispersive X-ray spectroscopy probe
(EDX), for qualitative chemical analysis. The micrographs were acquired at 25 kV, 6 of
beam intensity, and a work distance of 5 mm, at magnifications ranging from 50.000x to
150.000x. For this technique, the zinc oxide nanopowders were prepared on silicon stubs

and covered with gold.

4.3.3. Particle size distribution

The ZnO synthesis and doping reactions may affect the particle size of the materials.
To understand it, particle size distributions by hydrodynamic diameter were performed in
a Malvern Zetasizer Nanosizer (from 0.3 nm to 10 um) equipment, based on the dynamic
light scattering (DLS) at 173°. The measurements are guided by ISO 22412:2017, related
to the particle size analysis. For it, the samples were prepared from the removal of an
aliquot of a mother suspension of the solid materials in deionized water with pH-controlled

by sodium ammonium hydroxide (NH+«OH).
4.3.4. N2 adsorption-desorption (BET/BJH)

To get a discernment of the role of the one-step SCS of the ZnO/nitrogenated ZnO
on the textural properties, N2> adsorption-desorption analyses were performed, which are
relevant properties for photocatalysis reactions. The analysis is based on the Brunauer-
Emmet-Teller (BET) method, where it is possible to determine the surface area of the
materials. While, pore volume and pore size distribution are estimated by
Barrett—Joyner—Halenda (BJH) method. For it, N isotherms were obtained at 77 K in a
Quantachrome Instrument Autosorb. All the samples were tested with pure nitrogen

(99.999%) after a degassing step at 80 °C for 24 hours.



44

4.3.5. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is employed in this work to identify the
elements that exist in the first few nanometers from the surface of the doped materials, as
well as their chemical state, highlighting the presence of nitrogen. This detection was
carried out on a ThermoScientific K-alpha with a monochromatic Al Ka X-ray source and
an energy step size of 0.025 eV. A Cls level of 284.8 eV was used as an internal standard.

The software CasaXPS was used to calculate the elementary composition.
4.3.6. CHN (S) elemental analysis

CHN (S) elemental analysis is a technique capable to determine the amounts of
carbon (C), hydrogen (H), and nitrogen (N) in a material. The CNH (S) allows a more
comprehensive view of the chemical composition given its volume of interaction
throughout the bulk of the material. The presence of these elements in the studied samples
is intrinsically connected with the single-step synthesis and doping by solution combustion
method. In this measurement, a CHNS-O equipment model Fisions — EA1108 was used.

Cystine and benzoic acid were employed as the solvents.
4.3.7. Ultraviolet-visible spectroscopy (UV/vis)

The ultraviolet-visible spectroscopy is essential to photocatalytic materials. Here, it
is used to measure the optical properties related to the light absorbance phenomenon in the
visible range by the studied materials. Absorbance measurements were made in a
PerkinElmer Lambda 750 spectrophotometer, in a wavelength range from 190 to 900 nm.
Solid-state samples in the form of pellets were made with potassium bromide (KBr), as the
substrate and control reference. 100 mg of KBr for 10 mg of each as-synthesized ZnO-

based material are blending and pressed at 9 MPa.

4.4. PHOTOCATALYSIS ESSAYS

The photocatalytic activity and performance of the ZnO-based materials under
visible light were evaluated by degrading the tetracycline hydrochloride (TC — HCI)
pharmaceutical compound (C22H24N20g.HCI, 480.9 g/mol, MedQuimica), as the pollutant
model. Tetracycline, as well indicate in Section 3.1, is an emerging contaminant that
imposes a severe threat to humans and the environment because it severely disturbs the

ecological equilibrium due to the poor degradation and development of bacterial resistance
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(Ahmad, Zhu e Sun, 2021). Likewise, to support the tetracycline as the model pollutant,
many studies on photocatalysis are well-established with organic dye pollutants, especially
those devoted to ZnO, as previously exemplified in Table 1. But these molecules have a
quite widespread concern around them with the potential to provide biased conclusions. By
the dyeing approach, sensitization of the dye is a confounding factor, in the photocatalytic
assessment. In the irradiated media, the degradation could be either by photocatalysis — the
genuine effect to study and highlight — or by a dye-sensitized, the abatement by photolysis
and both (Barbero ¢ Vione, 2016; Yan et al., 2006). To sum up, the photocatalysis of dye
pollutants might generate inconclusive data. So, acquiring fundamental knowledge on
photocatalysis of promising new materials, designs, and strategies to move forward in the
future calls for a reliable methodology, to bring this technology from the laboratory to
industry.

The experiments were conducted on a closed photocatalytic box reactor equipped
with a visible light source, by means of a fluorescent lamp (15 W, A >420 nm), as illustrated
in Figure 8 (a). 10 ppm of TC — HCl and 0.5 g/L of each catalyst were homogeneously
dispersed in the aqueous media with the aid of a sonicator (Misonix S4000-010) and
without pH adjustment. Before light illumination, the suspension is kept in the dark for 20
minutes with magnetic stirring at 500 rpm to establish the adsorption-desorption

equilibrium between the ZnO catalysts and the pollutant.

Figure 8 — (a) Setup of the photocatalytic box reactor for the photocatalysis essays. (b) Absorbance spectra
of the tetracycline hydrochloride (TC — HCI) as a model pollutant.
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Source: Author (2022), based on (Ahmad, Zhu e Sun, 2021; Zanchettin ef al., 2021).

The catalyst is irradiated under the fluorescent lamp in the box reactor while
continuing in the suspension with the same magnetic stirrer. At a regular interval of 20
minutes, an aliquot of 5 ml of the samples was withdrawn and filtered through a PTFE
0.45 pm syringe filter Filtrilo® and centrifugated at 4000 rpm (K14-4000 KASVI) for 15
minutes. The abatement of the pollutant was measured using a UV-visible

spectrophotometer (HITACHI, U1700). According to the Beer-Lambert law, the relative
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concentration (C/Co) of the tetracycline hydrochloride was determined by the relative
absorbance (A/Ao) based on the absorbance spectra at 357 nm, which is the characteristic
absorption peak of TC — HCI (Figure 8 (b)). Ao and A are the absorbances of the
tetracycline solution at the starting time (to) of the photocatalytic essay and at each time
“t”, respectively. The essays were made in quadruplicate to assure the reproducibility of

the process and its performance.
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5. RESULTS AND DISCUSSIONS

In this Section, the results obtained through the experimental protocol described in
Section 4 will be reported and discussed. The results are organized in a sequence that first
describes the physicochemical features and properties of the ZnO-based materials
developed by one-step synthesis and doping by solution combustion method in different
urea-to-sucrose molar ratios, and correlates them with the experimental parameters and
what is already found in the literature. And next, a line-up that explores the potential of the
materials under visible-light photocatalysis and the deployments to understand the
behavior of the materials’ performance to degrade the tetracycline hydrochloride as a

model emerging contaminant.

5.1. CRYSTALLINE STRUCTURE

X-ray diffraction patterns of the as-synthesized ZnO and N-doped ZnO with
varying urea-to-sucrose molar ratios in the solution combustion synthesis and doping are
depicted in Figure 9 (a). All the diffractograms have sharp peaks at 20 = 31.70°, 34.35°,
36.19°,47.48°, 56.54°, 62.80°, 66.32°, 67.89°, and 69.04°, which are assigned to the (100),
(002),(101),(102), (110), (103), (200), (112), and (201) lattice planes of ZnO, respectively.
These features correspond to the hexagonal wurtzite structure of zinc oxide, which matches
the standard ICSD pattern no. 31052 (crystallographic space group P63mc). This indicates
that the zinc oxide was produced directly from the self-propagating and exothermic
combustion reaction. After it, neither secondary phases nor peaks of impurities are
observed in any of the patterns, which assures the transformation of the solution into a
crystalline material with a degree of compositional homogeneity.

Given the doping phenomenon, it is well established that lattice distortions should
be induced in the crystal structure, e.g. vacancies, interstitials, substitutions, and local
structure transformations (Kumari, Sahai e Goswami, 2015). As a doping signature, a slight
shift toward higher 20 angles of the XRD peak positions occurs in this work. And to
represent it, the prominent (101) peak of the ZnO-based material, located at around 36.19°,
was analyzed by an enlarged view of this peak as brings Figure 9 (b). The shift in this peak
position is up to 0.146° and is more perceived in higher urea-doped ZnO materials, from
Zn0O U50 to ZnO U100, as evident through the dashed line.

This displacement can be attributed to the partial replacement of the oxygen by

nitrogen into the crystalline structure of the zinc oxide, as an effect of the difference in the
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size of the ionic radius of oxygen and nitrogen (ro> = 1.38 A and rv* = 1.46 A) (Kumari,
Sahai e Goswami, 2015). Together with the shift in the (101) peak position, the peak is also
broadened and may appear that the nitrogen also affects the crystallite size since this
correlates with the observed broadening (Yu ef al., 2013). Based on these aforesaid
qualitative inferences, these are the first indications of the effect of the urea-to-sucrose

molar ratio in the ZnO materials and, consequently, a sign of N-doping into the ZnO lattice.

Figure 9 — (a) XRD patterns of ZnO nitrogen-doped with urea by SCS. (b) Shifts in peak position and
broadening through the enlarged view of the (101) peak from ZnO U0 to U100.
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To get a deep understanding of the effects of nitrogen in the ZnO lattice,
quantitative measurements were performed on the lattice constants @ and ¢, and the
crystallite size. The detailed structural studies were carried out by Rietveld refinement in
Maud software and the values are shown in Table 4. The refined lattice parameters are
found to agree with the reported values in the COD standard (CIF no. 2300112) since low
values for y* were found. And, it may be concluded that the crystal parameters obtained in
this work are sufficiently close to the real ones.

Through the Rietveld analysis in Table 4, there is a decrease in both lattice
parameters a and c. For a, it hands from 3.2531(2) A to 3.2460(0) A, while the ¢ parameter
goes from 5.2141(0) A to 5.2026(9) A, which indicates a global contraction of the unit cell
of the materials well illustrated in Figure 10 (a). Compared to the undoped one (ZnO UO0),
in the N-doped samples with urea (ZnO U25 to ZnO U100), the shrinkage enhances as the
urea-to-sucrose molar ratio enhances in the SCS solution and reaches the maximum point,

for this work, at 100% of urea. In the sense of the ionic size of the oxygen and nitrogen
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earlier mentioned, it could be expected that the doping phenomena expands the ZnO lattice

instead of contracts since nitrogen is a slightly bigger element than oxygen.

Table 4 — Lattice parameters and crystallite size of the SCS-synthesized and doped ZnO calculated by

Rietveld refinement.
Sample Lattice parameter (A) Crystallite size ,
X
d
code p . (nm)

ZnOU0  3.2531(2) £0.00025 5.2141(0)+0.00011  36.84+0.40 3.5574
ZnOU25  3.2522(9) £0.00029  5.2126(0) £0.00037  38.37+0.28  3.5150
ZnOU50  3.2499(6) + 0.00033  5.2088(9) +0.00085  40.65+0.43  3.1453
ZnOU75  3.2495(6) +0.00044  5.2076(7) £0.00012  48.19+0.45  3.6502
ZnO U100  3.2460(0) + 0.00049  5.2026(9) +0.00049  86.41 £0.11  3.3255

Source: Author (2022).

Figure 10 — Graphs of the Rietveld refinement for (a) lattice parameters and (b) crystallite size.
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H. Sutanto et al. when preparing ZnO N-doped using urea in the spray coating
technique verified that the N-doping generated a positive strain in the materials and causes
the ZnO lattice to become larger (Sutanto ef al., 2017). In another example, R. Kumari and
co-authors, adopted a chemical precipitation route with ammonium acetate to functionalize
ZnO nanoparticles that led to lattice constants up to a = 3.2795 A and ¢ =5.240 A,
attributed to internal tensile strain in a movement of expansion (Kumari, Sahai e Goswami,
2015). However, here, the ZnO lattice contraction explains itself as follows. With more
urea in the reaction medium from ZnO U25 to ZnO U100, the reducing power of the fuel
and the amount of thermally generate gases along the one-step synthesis and doping by
SCS intensifies and gets the reaction to be more vigorous (Rajeshwar e Tacconi, De, 2009).
This enables two simultaneous effects: (I) under the combustion conditions, significant

oxygen deficiencies are yielded; and (I) more nitrogen atoms are supplied to be dope in
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the ZnO (Mapa e Gopinath, 2009; Nair et al., 2017). In this work, it is supposed that the
rate of losing oxygen atoms is greater than the insert of the nitrogen atoms. And due to it,
the respective lattice is enabled to contract, once the structure does not saturate enough
with nitrogen to expand.

Similar behavior in the lattice parameters was reported in works that produce ZnO
through solution combustion synthesis by applying urea as the fuel for applications as
photocatalysts and photoanodes. In M. Mapa and C.S. Gopinath's research, they achieved
a lattice parameter ¢ = 5.1784 A and based the aforementioned result on the well-known
mechanism of oxygen vacancies to introduce nitrogen into the ZnO lattice (Mapa e
Gopinath, 2009). A. Lucilha et al. in its turn achieved a = 3.2498 A and ¢ = 5.2051 A,
values closer to the ZnO U75 sample (Lucilha et al., 2014). The higher contractive strains
are often observed in nanocrystalline materials due to the displacement of the unit cells
from their normal positions. This underlines the presence of lattice vacancies, which are
greatly crucial in exploring the merits of ZnO photocatalysis in which these defects at an
appropriate amount on the surface of the material improve its properties (Essawy et al.,
2020; Potti e Srivastava, 2012).

Another important feature of Table 4, the crystallite size ranges from around 36 to
86 nm in the samples synthesized and doped by SCS. All the ZnO powders were found to
be nanocrystalline powders, however, exponential growth is noticed the higher the urea
molar ratio provided (Figure 10 (b)). In the urea-concentrated samples (ZnO U75 and ZnO
U100), the solution swells and burns rapidly from room temperature to ignition temperature
in the pre-heated Muffle furnace. The higher heating rates improve the rate of
decomposition of the precursors and offer a significant release of heat in the system,
thereby, speeding up the rate of crystal growth (Lutukurthi, Dutta e Behara, 2020;
Novitskaya et al., 2021). So, the final powders, especially ZnO U100 with particles of a
primary size of 86 nm are bigger on a scale of twice the size of ZnO U50.

In ZnO U25 and ZnO US50, the higher percentage of sucrose instead of urea in the
sucrose-urea fuel mixtures controls the combustion kinetics and promotes slower reactions
(Tarrag6, Malfatti e Sousa, de, 2015). As it goes, the in situ temperature in the flame
ignition is lower than in urea-rich systems, and relatively few crystals grow for a large size.
So, compared to ZnO U0 on a pure sucrose fuel, slightly larger crystal sizes in ZnO U25
and U50 are obtained, which means around 36, 38, and 40 nm, respectively. All that has

been discussed in this XRD section is essential and gives a primary assessment of the



51

nitrogen doping from the urea-to-sucrose molar ratio as an optimizable variable in the one-

step approach of ZnO synthesis and doping by solution combustion synthesis.

5.2. MORPHOLOGY AND PARTICLE SIZE

In SEM micrographs, the influence on the synthesized and modified ZnO by SCS
from various urea-to-sucrose molar ratios is retracted in Figure 11 (a) — (e). Detailed
analyses of the morphology, dispersity and further particle size are delivered. Figure 11 (a)
belongs to undoped ZnO U0, produced with the fuel of pure sucrose. It is feasible to see
that the particles are nanoparticles in the range of 50 nm with a predominantly spherical
shape. The SEM images in Figure 11 (b) and (c) are assigned to ZnO U25 and ZnO US50,
respectively, where the nanoparticles are kept near a cylindrical shape in nature. In these
free and lowest urea ratios in the sucrose-based fuel mixture, the particles assemble dense
networks of weak aggregates with poor separation between them. And in most cases, it is
hard to establish where the boundary of one particle finishes and starts the other one. In the
nanoscale, the ZnO powder-like morphology lies down to aggregate, due to polarity,
electrostatic attraction, and higher surface energy of the nanoparticles (Islam et al., 2019).

In Figure 11 (d), related to ZnO U735, it is likely to see a sintering effect from the
fusion of the particles. As the flame temperature enhances at a 75%-urea molar ratio, the
elementary crystallites coalesced into each other due to the higher heat that drives the
particle coarsening (Novitskaya et al., 2021). At the micrograph of ZnO U75, even with
the sintering necks and the formed larger particles, the thermodynamic effect is not
significant enough to transform the morphology and the particle size from nanometer to
micrometer. Oppositely to all the other samples, the morphology of complete urea fuel,
namely ZnO U100, is entirely different, with corresponding morphology changes
transitioning from spherical to pyramidal or hexagonal structures (Figure 11 (e)). In the
SCS phenomenon, the competition between the heat of the reaction with the amount of the
released gases is the main reason for the observed morphology change (Cao et al., 2015).
The highly aggregated particles from Figure 11 (e) well agree with the previous exponential
growth to larger crystallite sizes (Figure 10 (b)). This can be attributed to the upper flame
temperature reached in ZnO U100 among the studied samples by solution combustion
synthesis. The extra energy from a 100% urea-based fuel benefits from a swift rise in the
temperature in a narrow timeframe, which leads to crystal and grain growth through
enhanced surface diffusion paths and renders the products to display similar behavior to

sintering in a structure of submicrometer particles (Tarrago, Malfatti e Sousa, de, 2015).
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In the materials characterization, each technique has its advantages and limitations.
In this view to contributing to the SEM analysis, once Figure 11 is quite not able to
determine the particle size, the present work chooses the principle of dynamic light
scattering (DLS) to measure the studied nanoparticles, from ZnO U0 to ZnO U100. DLS
is one of the most reliable methods to quantify the particle sizes of powders materials.
Hence, it may provide a more direct measurement that allows a correlation with the real
size of the nanoparticles, as represented by Figure 12. But before Figure 12 description, it
is worth mentioning that the measured diameter is the hydrodynamic diameter and refers
to ZnO-based particles combined with the layer of the water droplets on their surfaces, due
to the interactions with the aqueous solvent.

Figure 12 assesses the representative particle size distributions with an average size
(dso) in number, coupled with an inset of the SEM micrograph from each sample. The
average particle size increases proportionally, in the same way, pointed out by the previous
analyses. Overall, during the solution combustion synthesis and doping of the ZnO, the
growth process of the nanoparticles has two steps when the content of the molar ratio of
the urea in the sucrose-based fuel is changed from 0% to 100%. While the particles slowly
raise from about 78 nm to 120 nm with a urea-to-sucrose molar ratio of up to 50%, it
suddenly enlarges from 120 to around 820 nm at a urea content of 50 — 100%. This
phenomenon may be attributed to the higher local flame temperature reached in the
environment between the zinc nitrate and urea than the one of nitrate/sucrose.

When the urea-to-sucrose molar ratio in the fuel is lower than or equal to 50%,
most of the thermic energy between the precursors in the reaction will be spent to crystallize
the material. And, only a small fraction of the heat is for particles’ growth. Upon 50%, an
excess of heat is produced and there is a large amount of energy that remains to accelerate
the growth of the particles, besides those for the crystallization of the material (Liao et al.,
2005). These two steps are entirely following the reported discussion on the topic from
XRD and SEM characterizations. And even this work is mainly focused on ZnO materials,
the crucial factor of each fuel type and its content on the microstructure and size have been

already aimed at the literature for other materials by solution combustion method.
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Figure 11 — SEM micrographs of ZnO-based materials produced through the one-step combustion synthesis and doping of ZnO with urea. (a) ZnO UO, (b) ZnO U25, (¢) ZnO
U50, (d) ZnO U75, and (e) ZnO U100.
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Source: Author (2022).
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Figure 12 — Particle size measurement by DLS of the as-synthesized ZnO U0 to ZnO U100 in one-step SCS synthesis and doping with urea.
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D.P. Tagar¢ et al. obtained perovskites-based materials in a solution combustion
synthesis that used sucrose and urea alone, and a new fuel mixture of sucrose and urea. The
different fuels resulted in very distinct sizes, from 18 nm in sucrose to 100 nm or more in
urea-based fuel, while mixed-fuel intermediate values and a peculiar spongy morphology
were developed. The sucrose alone or mixed with urea promoted higher amounts of
exhausted gases during the combustion and a certain amount of the reaction energy is
carried away through convective heat losses, which hinders the local sintering (Tarrago,
Malfatti e Sousa, de, 2015).

Y. Liao et al. tailored the urea-to-glycine ratio in the fuel to synthesize Tb-doped
LuzAlsO12 oxide ceramic by SCS and established a well-defined relation of the influence
of urea content. For them at an elevated urea molar ratio in the mixed fuel, the particle size
becomes significantly larger from 25 — 40 nm to around 900 nm, deeply matching what has
been obtained here for a sucrose-urea mixed fuel (Liao et al., 2005). This particle size
behavior can probably affect and reduce the surface area of the as-synthesized materials,

which will be the subject of the next section.

5.3. TEXTURAL PROPERTIES

Specific surface area, pore size, and pore volume comprise the array of textural
properties. The porous structure and surface area create the environment between the
catalysts particles and pollutant molecules, which is essential for the activity and selectivity
of the ZnO photocatalyst in pollutant degradation (Lutukurthi, Dutta e Behara, 2020). The
N> adsorption-desorption isotherms at 77 K of the ZnO products at different urea-to-
sucrose molar ratios are displayed in Figure 13. At lower relative pressure (P/Po), the
isotherms carry slow nitrogen uptake, followed by a sharp increase in adsorption at higher
P/Po values (P/Po close to 1). Due to it, the isotherms are type IV with an H3 hysteresis
loop, following the IUPAC classification and indicating the presence of mesopores
(Thommes et al., 2015). According to the work of W. Wen, J. Wu, and Y. Wang, this
behavior may be attributed to the capillary cohesion that occurs from narrow voids among
the neighboring flakes on the ZnO structure, when also produced by SCS with zinc nitrate
hexahydrate as an oxidizer and glycine as the reductant fuel (Wen, Wu e Wang, 2012).

Through the adsorption isotherms (Figure 13, filled symbols), the specific surface
area of the materials is calculated by the Brunauer-Emmet-Teller (BET) method. The
surface area varies from values of 4.47 m*/g to 25.93 m?%g, depending on the urea-to-

sucrose molar ratio. Furthermore, the pore size and volume are performed by the
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Barrett—Joyner—Halenda (BJH) method from the desorption branch of the isotherms
(Figure 13, open symbols). Table 5 summarizes all these values and the BJH pore diameter
confirmed the predominance of mesopores (2 — 50 nm) in all the ZnO samples. The pore
size distributions are not actively exhibited here, but they were carefully studied and helped

to confirm the last sentence.

Figure 13 — N, adsorption-desorption isotherms of the ZnO-based materials by sucrose/urea-assisted SCS.
Filled and open symbols are related to adsorption and desorption phenomena, respectively.
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Table 5 — Textural properties of the ZnO synthesized and doping with urea by SCS.

Sample code Seer (m?/g)  BJH pore diameter (nm)  Pore volume (cm?/g)
ZnO U0 19.82 2.292 0.137
Zn0O U25 20.25 2.269 0.158
Zn0O U50 25.93 2.439 0.225
Zn0O U75 12.54 3.119 0.071
ZnO U100 4.47 4.121 0.046

Source: Author (2022).

In the solution combustion synthesis, the textural properties of the materials are a
compromise between the liberated heat and gaseous products. In urea-lean molar ratios,
there may exist a synergy between urea and sucrose that promotes an enhancement of the
surface area from ZnO U0 to ZnO U50 with a maximum point of 25.93 m*/g of the ZnO
US50. Theoretically speaking, a greater number of moles of gaseous products, such as CO»,

H>0, and N», could be predominant instead of the produced thermal heat in these
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combustions (Liao et al., 2005; Lutukurthi, Dutta e Behara, 2020). With more amounts of
released gases, the particle size can be better controlled (Figure 12 (b) and (c)) and at the
same time raise the surface area. Unlike, in urea-rich molar ratios, the thermal energy for
the urea decomposition takes place much more than the liberated gases, which tends to
grow the particles, as already observed and, consequently, decrease the surface area to the
lowest value of only 4.47 m?/g in ZnO U100, due to the effect of the high flame temperature
on it (Figure 11 (e)).

The above mechanism is also predominantly valid for the pore size and volume.
The superior pore volume in the ZnO U50 (0.225 cm?®/g) dwells on the evolved gases during
the decomposition of the zinc nitrate-sucrose-urea complex, which is beneficial to
developing a mesoporous structure. Since the kinetics of the ZnO U25 and ZnO US50 are
governed by sucrose, in general, sucrose and carbohydrates fuels with their large and bulky
molecules, tend to leave large voids while burning, benefiting high porosity with reduced
pore size and high surface area powders (Lazarov et al., 2017). Instead of it, the
aforementioned tiny surface area of the ZnO U100 is now corroborated by its short pore
volume (0.046 cm?/g), holding up a bulk nature rather than a porous structure when the
reaction is managed by the urea. According to, A. Andriani et al., a large amount of urea
leads to lower specific surface area, larger pore diameter, and smaller pore volume when
using urea as the hydrolyzing agent in a solvothermal method to produce ZnO nanosheets
as photocatalysts (Andriani et al., 2022). Works from the combustion method support it
when using urea as the fuel for the ZnO synthesis, whose barely 7 and 3.6 m?/g of surface
area were developed, for example (Lutukurthi, Dutta e Behara, 2020; Potti e Srivastava,
2012).

So far, this research has addressed the crystalline structure, morphology/size, and
textural properties of the ZnO materials and brought deep attention to the interaction
between sucrose and urea to determine the features of the one-step synthesis and doping
by solution combustion method on ZnO photocatalysts, by tailoring the urea-to-sucrose
molar ratio. Before starting the next section, it is worth mentioning an emerging concept
called “nanoarchitectonics”, based on the work to prepare functional materials systems
from nanoscale components, where understanding the surface and porosity is a key to
discerning their quality and utility (Ariga, 2021). All the above and the previous sections'
results indicate that the developed materials with a mesoporous nanocrystalline structure

may be attractive in photocatalytic applications due to the advantages to improve the
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number of available active sites since the adsorption is the early stage for

photocatalysis (Cao et al., 2015).

5.4. CHEMICAL COMPOSITION

When doping is the phenomenon to modify the zinc oxide in photocatalysis, the
chemical behavior of the material is as essential as the previous characterization (Sections
5.1, 5.2, and 5.3). Once photocatalysis is a surface-mediated reaction, hence, X-ray
photoelectron spectroscopy (XPS) has been widely applied to verify whether nitrogen is
successfully doped in the ZnO. The XPS technique has been done only for the samples
ZnO U0 and ZnO U100. The analyses of ZnO U25, U50, and ZnO U75 have been in
progress when, unfortunately, the equipment broke down, and there is no new forecast for
the delivery of these results until now. Once this issue is out of control and to does not
harm the work, the results of ZnO U0 and ZnO U100, as the extreme points of the studied
samples, will be demonstrated and discussed qualitatively. The XPS spectra of these
samples produced by the one-step synthesis and doping by solution combustion method
with urea as the nitrogen source are viewed in Figure 14.

The spectra of ZnO U0 and ZnO U100 over a wide energy range are examined in
Figure 14 (a), where the main elements are zinc (Zn), oxygen (O), and carbon (C). Based
on the XPS data, the chemical composition of the samples was found to be stochiometric
for zinc and oxygen with an atomic content of 11 — 14 at.% of carbon. Carbon in both of
the samples could be some unburnt carbonaceous residues from the SCS synthesis and
impurities, such as carbon dioxide adsorbed on the material’s surface. The signal related to
nitrogen is too weak to be observed in Figure 14 (a). Therefore, for a better analysis of the
elements, high-resolution core levels of Zn 2p, O 1s, and Nls spectra were scanned.

Figure 14 (b) represents the energy peak characteristics of Zn 2p core level spectra
in the ZnO structure, at 1022 eV (Zn 2ps2) and 1045.1 eV (Zn 2p12) for ZnO UO. These
absolute positions reflect the charge and the chemical environments around the Zn atom,
which is supposed to change after the nitrogen functionalization as the symmetry of the
crystal lattice has been modified (Cao et al., 2008). After the doping with urea on ZnO
U100, a slight shift of 0.16 eV toward higher binding energy is observed on this sample,
as highlighted by the inset of Zn 2ps» core level in Figure 14 (b). The doping or
incorporation of nitrogen interferes in the Zn — O bonding and leads to a possible formation

of the Zn — N bond in the powders (Silva et al., 2016).
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Figure 14 — XPS spectra of (a) complete survey of ZnO U0 and ZnO U100; (b) Zn 2p high-resolution
spectra of both samples; (¢) — (d) O 1s high-resolution spectra and the Gaussian deconvolution of ZnO U0
and ZnO U100, respectively; and (e) N 1s high-resolution spectra of the ZnO U100 SCS-doped with urea.
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Figure 14 (c) — (d) assigns to the O 1s core level spectra for the ZnO U0 and
Zn0O U100, respectively. The curves were fitted by Gaussian deconvolution to specify the
chemical states of the oxygen on the samples’ surface and three energy peaks are achieved.
The peak deconvolved at 530.8 — 531 eV correlates with the O% ions coordinated with Zn
atoms (Zn — O) in the hexagonal wurtzite ZnO structure. The peak at 531.8 — 532.4 eV
indicates oxygen deficient sites due to losing of O%, in the form of oxygen vacancies (Vo).

And the last one, on 533 — 533.6 eV refers to chemisorbed oxygen (O¢) from the carbon
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dioxide in the air (C=0) or irreversibly oxygen adsorbed from the atmosphere (Reis ef al.,
2020; Shifu et al., 2009). Comparing the ZnO U0 and ZnO U100, the displacements in the
binding energies and intensities of the O 1s spectra signify a change in the ZnO network
after the doping, corroborating what was seen in Figure 14 (b), for the Zn 2p spectra. After
doping with urea by combustion synthesis, the process intensifies the number of oxygen
vacancies in the ZnO U100, since the peak related to them (Vo) is larger than on ZnO U0,
while simultaneously, the Zn — O peak decrease. In photocatalysis, these vacancies become
captives of photo-generated electron-hole pairs directly or indirectly, improving the
quantum efficiency of the photocatalysts materials (Shifu et al., 2009).

Figure 14 (e) is an enlarged XPS high-resolution scanning of the N Is spectra of
ZnO U100. Despite the weak intensity, there are some nitrogen signals deconvoluted by
Gaussian fitting in three distinct forms of nitrogen, related to about 0.64 at.% N in the
ZnO U100. In the literature, a wide range of values for the nitrogen-doped in the ZnO are
found measured by XPS, which means 0.01 to 0.08 at.% for I.M. Silva, 6.8 at.% in the
work of H. Sudrajat and S. Babel, and up to 15.1 at.% for M. Mapa and C.S. Gopinath, all
of them using urea as the nitrogen source (Mapa e Gopinath, 2009; Silva et al., 2016;
Sudrajat e Babel, 2017). The presence of nitrogen reported in ZnO U100 proves the doping
of the powder synthesized and simultaneously doped by SCS, which corroborates the
observed XRD displacement for this sample in Figure 9 (b).

The first peak of the spectra is centered at 397.71 eV and dwells on N>~ in metallic
nitrites (N — Zn — N bondings), which assures the substitutional lattice oxygen for nitrogen
in the ZnO structure (Silva ef al., 2016). Some controversy is found in the literature
regarding the exact assignment of the N — Zn binding energy position. Ma et al. reported
the binding energy at 396.2 eV in N-doped ZnO by radio frequency reactive magnetron
sputtering. Whereas, C. Shifu and co-authors, proposed a center at 398.8 eV to nitrogen
substitution on the oxygen sublattice (No) (Ma e Liu, 2004; Shifu et al., 2009). And most
of the authors usually give the N 1s core level of N — Zn bonds at around 397 eV (Yu et
al., 2013). These differences should be attributed to the different nitrogen sources and the
doping processing adopted by the researchers.

The signal at 399.14 eV uncovers itself from the surface adsorbed NH3 amines that
derive from the partial urea decomposed along the one-step synthesis and doping by
combustion. Here, the binding energy at 399.14 eV (N — H) is much stronger than the
standard N — Zn (397.71 eV), which means a lower electron density on nitrogen and a more

covalent character of the N — Zn bond in the N-doped ZnO U100 (Mapa e Gopinath, 2009).
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J. Gao et al. proposed that this signal relies on the neutral configuration of No — H by
combining of substitutional nitrogen (No) atom and an interstitial hydrogen atom, as long
as the nitrogen source in the current work is from amino groups in urea. The configuration
of No— H frequently gets when hydrogen exits in the reactants (Gao et al., 2010; Wang et
al., 2007). This mechanism was also reported by W. Wen and co-authors when they
fabricated nitrogen-doped ZnO with zinc nitrate hexahydrate and urea under solution
combustion synthesis to develop gas-sensing applications, which feasible help to
understand the present work (Wen, Wu e Wang, 2013).

Nitrogen in ZnO could form different complexes and sometimes is not an easy task
to distinguish the XPS emission peak, which explains the concomitant presence of N
species with similar binding energies but of different chemical nature (Quesada-Cabrera et
al.,2014). The energy side at 400.39 eV is likely accredited to different forms of nitrogen.
The first one belongs to the N — O bond for the Zn — O — N state for oxygen-rich compounds
(Cao et al., 2008). Although, it is not the current case, once the system is abundant in
oxygen vacancies (Vo). This energy bound also indicates that the N dopants combine to
form N> complexes because of the thermodynamic instability and do not remain in the N —
ZnO structure as substitutional or interstitial (Quesada-Cabrera et al., 2014). Ultimately, it
is associated with chemisorbed species, such as NO™ or NO», on the material after the urea
decomposition in the combustion reaction (Sudrajat e Babel, 2017).

Since ZnO U100 is the upper limit among the studied samples and while this
research does not have the XPS results of the samples ZnO U25, ZnO 50, and ZnO U75, it
is assumed that these may follow the ZnO U100 tendency of the chemical composition and
the chemical states nature, varying in degree, intensity, position, and area, respectively, to
help in justifying the next results. In this view, XPS is a surface measurement technique
that responds to the first atomic layers of the materials, and given that carbon, nitrogen,
and hydrogen are light and hard to be quantified, this research carried out an elemental
analysis to identify these elements in the specimens. Since the solution combustion
synthesis is an in-situ technique to dope a material, it is expected that the dopants may be
distributed in the entire bulk, not only at the materials’ surface. But, instead of it, here, the
nitrogen and hydrogen are under the detection limit of the equipment (0.2 at.%), not
allowing their quantification. If it is thought that in doping processes only 0.01% of N
atoms substitutes the oxygen in ZnO, it is appropriate to cite that the nitrogen is more

predicted to be qualitatively analyzed than with an exact number amount (Cao et al., 2008).
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For the carbon case, it has been obtained in a range from 0.28 to 0.37 at.% in the
entire volume of the samples (ZnO UO to ZnO U100) against more than 10 at.% in XPS of
Zn0O U0 and ZnO U100 samples. Consequently, it is supposed that the carbon remains
concentrated on the surface after the synthesis and doping by SCS. The method established
in this work considers a calcination step at 500 °C for 20 minutes after the combustion
reaction (Section 4.2), since a greater amount of carbon residues in fuel-rich compositions
(¢ > 1.4026) may be left in the as-synthesized powders due to incomplete burning of the
fuel — a typical effect of sucrose on the microstructure (Deganello e Tyagi, 2018). This
further heating of the partially carbonized materials should cause the oxidation of the
carbon to CO;. But, as it has been seen, there is an intrinsic fraction of carbon embedded
in the materials even after applying the heat treatment step. The author is aware that with
this step a fraction of the doped nitrogen may be suppressed from the doped materials due
to nitrogen desorption at the set temperature. And, a larger amount of nitrogen and its
effects would be obtained if this step would be not applied. The carbon residues might be
responsible to have a synergistic effect with nitrogen, favoring the surface charge of the
ZnO when irradiated by a light source in the photocatalysis process. However, the overall
influence of this process and all the deployments are out of the scope of this work and

should be subject of future works.
5.5. ABSORBANCE AND BAND GAP

UV — vis absorbance spectra are pivotal to determining the absorption ability of a
semiconductor material toward light. The effect of urea SCS-doping to create visible-light
responsive ZnO N-doped is discussed in Figure 15 (a), based on the representative curves
of the materials’ absorbance. The absorbance curve of ZnO U0 has a sharp absorption edge
at 372 nm, an intrinsic characteristic of the ZnO for the electron transition from the valence
band to the conduction band (O 2p — Zn 3d), in a band gap of 3.2 eV (Islam et al., 2019).

With the adding on of the urea-to-sucrose molar ratio, the N-containing ZnO
powders modify their absorption edges and intensities. The spectral response was greatly
extended from ZnO U25 to ZnO U100, not only to the visible-light region but also to the
near-infrared spectra, as in the ZnO U100. For ZnO U25, ZnO U50, and ZnO U75, the
absorption intensifies in the range of 380 — 550 nm. Generally, the visible light activity
depends on the concentration of doped nitrogen and the absorption is more extended as
higher this amount is (Shifu et al., 2009). But here, is not clear and does not have enough

data to assure why the absorption of ZnO U50 is higher than ZnO U75.
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Figure 15 — (a) UV — vis absorbance spectra and (b) Tauc plot for the band gap energy of the SCS-doped
samples with urea.
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In photocatalytic pollutant abatement, where the semiconductor material is
employed as a catalyst, its band gap (Eg) is a vital role to help in the choosing of the light
to activate the material and to tailor its practical applications. By using the optical
absorption spectra of each ZnO-based sample in Figure 15 (a), the respective band gap is
estimated through the Tauc method described in the paper from P. Makula, M. Pacia, and
M. Macik (Makuta, Pacia e Macyk, 2018). On the Tauc method, the absorption coefficient
assumes a dependence on the energy behavior as expressed in Equation 15

(a * )y =B * (hv — E,) (15)
in which, h is Planck’s constant, a is the absorption coefficient, v is the frequency of the
phonon, Eg is the band gap energy, B is a constant, and the exponent “y” is dependent on
the nature of the electronic transition. Here, v is equal to 0.5 due to the direct electron
transitions in ZnO (Kumar e Koteswara Rao, 2015). The band gap energy (E;) values from
ZnO U0 to ZnO U100 are calculated from (ahv)? versus the hv graph. The linear portion
of each curve is extrapolated to the x-axis and where intersects it, E; is extracted, as pointed
out in Figure 15 (b). The band gap at ZnO U0, ZnO U25, ZnO U50, ZnO U75, and ZnO
Ul001is 3.11 eV, 3.01 eV, 2.89 eV, 2.90 eV, and 1.65 eV, respectively.

The band gap of the ZnO U0 was found to be 3.11 eV, unpretentiously lower than
the bulk value of 3.2 eV. This shift of around 0.09 eV does not undergo a doping
phenomenon, but a possible development of the structural defects during the solution
combustion synthesis time, which can give rise to states near the conduction band in the
energy band gap (Rajeshwar e Tacconi, De, 2009). Some papers that report the solution
combustion synthesis of ZnO have been achieving the same profile, with band gap values
of 3.13 and 3.07 eV. The narrowed band gap is characterized based on nanoporous oxygen

vacancies in defective morphological sites, as described by the authors (Essawy et al.,
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2020; Gowthambabu et al., 2021).

The energy difference between the aforementioned samples, now in the doped
samples with varying urea-to-sucrose molar ratio, demonstrates that the nitrogen doping in
the crystalline lattice of the ZnO enables the creation of midgap states to narrow the band
gap up to a 0.22 eV, in the case of ZnO U50 (2.89 eV). These new states bring a structural
rearrangement to the semiconductor and should be located above the ZnO U0 valence band,
following the illustrative scheme of Figure 6. The lower band gaps raise the probability of
the samples harvesting light of higher wavelengths, which means photons of the visible
portion. The above-achieved values for the electronic structure of the studied samples well
agree with the literature values. Salah et al. noticed a red shift in band edge from 0.05 eV
to 0.29 eV, building up an appreciable visible-light photocatalyst of a 2.86 eV when doped
ZnO films under a flow-controlled nitrogen plasma (Salah et al., 2016). Other authors
reported an extension in the absorption edge and a band gap narrowing of 0.19 eV with
urea to synthesize N-ZnO photocatalysts (Macias-Sanchez et al., 2015).

The distinct pattern on both the absorbance threshold and band gap of ZnO U100
has relied on the nitrogen not performing alone in the mid-gap, rather than it, also correlates
to the dopant-induced formation of oxygen vacancies in the crystal matrix of the material,
the same but less intense observed in ZnO U0. These vacancies, previously cited by XPS
results in Figure 14 (d), enable a level below the conduction band, which acts as electron
traps. These coupled features have been reported to be responsible for the appearance of
the visible light activity for both TiO> and ZnO photocatalysts, with a reduced band gap of
2.01 eV and 1.7 eV, respectively (Makropoulou, Panagiotopoulou e Venieri, 2018;
Sudrajat e Babel, 2017).

Some authors published that as the nitrogen amount in the doping phenomenon
becomes higher, whereas, the intermediated energy levels between the bands do not
significantly modify the band gap values as predicted in this work. For R. Reis et al., the
interstitial and substitutional N-doped ZnO developed contradictory effects in the ZnO
band gap energy (Reis et al., 2020). In Z. Yu et al. work’s, the nitrogen doping of ZnO
under an ammonia atmosphere established an additional shoulder-like absorption band
ranging from 400 — 800 nm. However, the absorption edge and the band gap remained
unchanged and they attributed the photocatalytic response under visible light only to some
localized states from nitrogen dopants, at the level of the electronic structure and in the
surface layers of the ZnO (Yu et al., 2013).

What therefore comes from is a rather straightforward point trusted in the
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significant and stable introduction of nitrogen in the ZnO lattice. The author uses this space
to emphasize that detailed knowledge about the above-mentioned point contributes to a
better understanding of the doping effects and the solution combustion method as a reliable
synthesis toward N-doped ZnO. Homogeneous distribution of the suitable anion dopant
throughout the whole particle is indispensable either to narrow the band gap or to tailor the

other properties, which ultimately affect the catalytic properties of such material.
5.6. PHOTOCATALYSIS PERFORMANCE

Environmental issues around emerging contaminants have become increasingly
prominent and threaten the safety of water ecosystems and human health. It has caused
widespread concern, and the search to discover and develop green and sustainable
technicalities to overcome it remains a significant challenge (Dewil et al., 2017; Polianciuc
et al., 2020). Efficient photocatalysts to fight against the environmental fate of tetracycline
as a potential emerging contaminant are still growing and not widely explored with a
response under visible light (Ahmad, Zhu e Sun, 2021). Hence, the photocatalytic process
now is applied to the tetracycline hydrochloride's (TC — HCI) removal with the one-step
synthesized and doped ZnO, once these materials have suitable features to be applied as
potential photocatalysts materials. The as-synthesized particles at 0, 25, 50, 75, and 100%
of the urea-to-sucrose molar ratio in the solution combustion method are evaluated on the
system described in Section 4.4 to assess their photocatalytic performance under visible-
light irradiation and concerning the previously discussed results.

Previous reports using solution combustion synthesis for ZnO as photocatalysts on
dye degradation have already been published (Table 1) and other researchers report this
technique to dope the ZnO and extend its activity to a broad-spectrum range (Section 3.4.2).
To the best of our knowledge, however, no study has reported N-doped ZnO catalysts
fabricated by SCS and applied under visible-light-driven photocatalysis of tetracycline
hydrochloride as a pollutant model coupled with a deep understanding of their structural,
morphological and size, textural, compositional, and optical properties on the respective
application. Thus, the results achieved in this research are as follows.

Figure 16 (a) brings the photodegradation efficiency of the 10 ppm TC — HCl
solution by the catalysts (0.5 g//L) irradiated for 60 minutes under a fluorescent lamp
(A > 420 nm). The curves in Figure 16 are an average of the points from the photocatalytic
essays in quadruplicate from each sample. The photocatalytic efficiency of the materials

was calculated through the end-points of Figure 16 (a) at 60 minutes and reported in Table
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6. All the photocatalytic data are kept up with their average and respective confidence
interval extracted from the statistical analysis at a 95% confidence level. Before any result,
the impressive decay of the relative C¢/Co while the systems are in the dark (Lamp OFF) to
reach the adsorption-desorption equilibrium is a subject matter of further discussion. This
work is initially focused on the performance of the materials in the visible light part (Lamp
ON). Besides, it is worth mentioning that some dyes are photosensitive and will self-
degrade under light, which is not the case with tetracycline. The photolysis of tetracycline
is feasible to be negligible with a removal rate of barely 0.57%. Besides, the thermostability
of the TC — HCI and the influence of the sonicator on the pharmaceutical compound were
evaluated. No effects were found, which assures all the adsorption and photodegradation

effects on the TC — HCI to the ZnO-based photocatalysts.

Figure 16 — (a) Photocatalytic efficiency of TC — HCl on ZnO U0 to ZnO U100 (0.5 mg/L of catalysts, [TC
— HCI] = 10 ppm, A > 420 nm, room temperature); (b) Pseudo-first-order kinetic model fitting curve of ZnO

U0 to ZnO U100.
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The approach based on the urea-to-sucrose molar ratio grants a valuable result in
photocatalytic activity. Through the curves of Figure 16 (a), the improvement of the
photocatalytic degradation does not behave linearly with the nitrogen input, thus, it is
possible to notice an optimum percentage of urea-to-sucrose molar ratio for N-doping to
promote the best photocatalytic performance. Moreover, the photocatalytic activity is
compared using the degradation kinetics of each sample by assessing the constant rate (k),
which assumes a pseudo-first-order kinetic model on the tetracycline hydrochloride
abatement. The values of this rate were acquired from the slope of the graph -In (Cy/Co)
versus irradiation time (Figure 16 (b)) and reported together with the efficiency values
(Table 6). The R-squared (R?) ensures that the samples follow the adopted kinetic model.

ZnO U0 solely has a TC — HCI degradation efficiency of 53.62%. ZnO US50
outperforms the first-rate photocatalytic performance with a TC — HCI abatement of around
75% within 60 minutes on a rate of 22.68 x 10~* min™!, which means an improvement of
39.33% in the degradation efficiency and a reaction 1.86 times faster than the pristine
ZnO UO0. Shortly thereafter, ZnO U25 also reveals an excellent removal efficiency of
around 25% with a constant rate of 1.51 times over the ZnO. Increasing the urea-to-sucrose
molar ratio further hinders the photocatalytic activity to effectiveness below the standard
ZnO UO0. For ZnO UT7S5, the loss in efficiency is 7.5% compared to the ZnO UO. The ZnO
U100 photoactivity goes through the worst degradation of only 19.17%, which implies a
lower performance of 64.24% and 3.15 times slower than ZnO UO. Statistically speaking
by an ANOVA Games-Howell analysis, all the samples behave differently, except for the
ZnO U0 and ZnO U75 samples which have equal behaviors.

Table 6 — Photocatalytic efficiency and the constant rate of the reaction for the ZnO U0 to ZnO U100
photocatalysts after 60 minutes of visible-light irradiation.

Sample code Photocatalytic Constant rate Resquare (R)
efficiency (%) k (x10° min™)

Photolysis 0.57+0.37 0.54+0.88 0.98947

ZnO U0 53.62+2.14 12.17+0.77 0.97497
Zn0O U25 67.17 £2.36 18.42+1.17 0.98113
ZnO U50 74.71 £2.15 22.68 £ 1.25 0.96357
ZnO U75 49.56 + 3.37 11.07 £ 1.02 0.91130
ZnO U100 19.17 £10.04 3.86 £1.75 0.92589

Source: Author (2022).



68

Understanding the above results involves having a whole view of the photocatalysts
and to shed a light on the different ways in which the one-step synthesis and doping may
alter the photocatalytic profile of the developed materials. If the ZnO U100 has the
narrowest band gap with absorbance in the visible region (400 — 700 nm, Figure 15 (a)) to
overlap the major drawback of the ZnO to absorb light, why this sample does not have the
best photocatalytic performance? The answer is that photocatalysis relies upon a systemic
background where many properties ensure the specific contributions to accurately achieve
the best performance.

The poor TC — HCI photodegradation rate for ZnO U100 corresponds to its reduced
specific surface area (4.47 m*/g) and lower porosity (0.046 cm®/g) developed in almost
micrometric particles (Figure 12 (e)). The compact nature of this sample slows down the
surface adsorption sites for the TC — HCIl molecules. Simultaneously, the band gap of this
sample was hugely narrowed to 1.65 eV, which in turn would generate more electron-hole
pairs to create the reactive oxygen species. Although, it will be suppressed once the
distance between the valence and conduction band is too short that the electron that arrives
in the conduction band, fastly returns to its valence position, and so, the recombination
process is stronger than the photocatalysis toward the TC — HCI degradation (Kumar e
Koteswara Rao, 2015; Rangel et al., 2017).

If we get an overview of Table 5 on the textural properties, it is easy to recognize
that by increasing the urea-to-sucrose molar ratio from 0% to 50%, there is a raising in the
specific surface and pore volume. And it is known that surface area is essential for
achieving higher degradation efficiency. This is where it starts to clarify why ZnO U50 has
a great advantage in the photocatalytic removal of tetracycline. Contrariwise to ZnO U100,
the surface area of 25.93 m*/g and a pore volume of 0.225 cm®/g on ZnO U50 infer that the
nanoporous structure of this sample plays a vital role in the enhancement of the
photocatalytic activity of TC — HCI. It enables a short-range contact between the catalysts
and the pollutant through spatially arranged active sites, which facilities mass diffusion,
not only to TC — HCL get adsorbed in the ZnO US50 surface but also permits more
adsorption of water and hydroxyl molecules and improved light transmittance (Zhang et
al., 2022).

The band structure of the photocatalysts directly affects the catalytic performance
and mechanism. The suitable narrowed band gap of the ZnO U50 may significantly
promote photoexcitation in the visible light region. When the catalyst-pollutant system of

Zn0O U50/TC — HCl is irradiated, the exposed faces and active sites of the material coupled
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with the N — doped band gap of 2.89 eV allow a greater number of photons to reach the
catalysts’ surface. The synergy between the surface area, porosity, and band gap structure
developed in ZnO US50 can first avoid the undesired surface recombination of the charge
carriers (e/h") toward the trapping sites in the valence and conduction band. And thus,
targeting the pair e/h" to react with the adsorbed water and oxygen from the medium,
which leads to a larger amount of free reactive oxygen species (ROS) as the front-runners
in the photocatalytic degradation of TC — HCI (Lu, Russo e Feng, 2011; Qi et al., 2017).
This mechanism is based on what has been explained in Section 3.2, illustrated in Figure
3, and based on what the literature reports after nitrogen doping (Salah et al., 2016; Silva
et al., 2016; Yu, Zhang ¢ Peng, 2016). Aside from these findings and explanations, this
work claims that the intermediates samples in the name of ZnO U25 and ZnO U75 will
follow the behavior of ZnO U0 to ZnO U50, and ZnO U50 to ZnO U100, respectively.

This work also predicts a theory in which a balance of the physicochemical
properties of a photocatalyst for a higher photocatalytic abatement of a pollutant may be
widely accepted. For the papers related to ZnO, the photocatalytic activity toward a
complete degradation of azo dyes attempts to a consistency between good crystallinity and
small crystallite size, higher surface area, and good optical properties, i.e, narrow band gap
(Andriani et al., 2022; Potti e Srivastava, 2012; Silva et al., 2016).

For the doping strategy adopted in this research, the improvements in the
photocatalytic activity are non-linear with the nitrogen content, which translates itself to
the urea-to-sucrose molar ratio. As ZnO N-doped with a moderated urea ratio is a
photocatalyst significantly better than a ZnO undoped (ZnO UO) or doped in a rich urea
ratio (ZnO U100), a mathematical model is hypothesized to identify an optimum urea-to-
sucrose molar ratio in a one-path SCS synthesis and doping. The graph from Figure 17
depicts the fitting model derived from the experimental data from the photocatalysis essays
executed in this work (Figure 16 (a)), at the light part (Lamp ON)). Through the modeling,
the optimal content of the urea-to-sucrose molar ratio is 37.59% with R> =0.9552 at a 95%
confidence level. For this value, it is presumable that a good arrangement between the
physiochemical properties would result in a photocatalytic efficiency of around 75.68% —
a little above the 74.71% of the ZnO U50 — with a prediction interval that allows varying
from a lower limit of 62.56% to an upper limit of 82.4% of photocatalytic efficiency.

Afterward, many questions and points of this work could be explored and more
developed, from materials processing to photocatalysis applications. To date, the aim of

this work is, therefore, to assess whether and how the ZnO modified with nitrogen is able
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and improve the removal of tetracycline hydrochloride by photocatalysis under visible light
irradiation. The relationship between the material's properties and their catalytic activity
was well correlated and achieved. But now, the question that should be answered is about
what happens during the dark side (Lamp OFF) of the photocatalysis essays reported in
Figure 16 (a). So, to further evaluate the above-mentioned phenomenon, the ZnO U50 was
chosen as a model to carry out the next series of experimental results, due to its better

photocatalytic activity among the studied samples.

Figure 17 — Modeling of the urea-to-sucrose molar ratio for the photocatalytic efficiency on the one-step
synthesis and doping of ZnO-based photocatalysts.
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The first 20 minutes of a photocatalysis essay are applied to the catalyst and the
pollutant to reach the equilibrium of adsorption-desorption, in absence of light. At this step,
it would expect a few reactions to switching the whole environment. Nevertheless, a
decrease near 65% has been observed in this step, based on the blue curve of Figure 16 (a),
for ZnO US50. The primary hypothesis of this decay relies on heterogenous dark catalysis.
Dark catalysis is based on an advanced oxidation process (AOPs) that dismisses the need
for light. This is a new feasible and unexplored treatment for recalcitrant pollutants
abatement, directly related to the surface contact pollutant-catalyst, where the catalyst has
surface defects and high surface area (Besegatto et al.,, 2021; Lakshmi Prasanna e
Vijayaraghavan, 2015).

As a way to clarify it, an essay following the entire photocatalytic protocol
described in Section 4.4 was employed under total dark conditions for 120 minutes to have

an overview of the system. For comparison, the same was done for 120 minutes under the
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fluorescent light. From Figure 18 (a) two main issues are deduced when the pollutant
concentration is 10 ppm. Except for the decline of the first 20 minutes, the ZnO US50 has a
worthless catalytic activity under the simulated dark condition. If potential dark catalysis
had occurred in the system, the light blue curve might keep on a behavior similar to the
blue one after 120 minutes, due to the degradation of the tetracycline. And secondly, the
pollutant has an outstanding removal as the irradiated reaction approaches 120 minutes,
which recalls the efficiency of ZnO U50 as a visible-light photocatalyst. Besides, with the
inexistence of the dark phenomena, it is feasible to argue that the adsorption equilibrium is
reached in 20 minutes.

The same set of experiments was done for 100 ppm of tetracycline hydrochloride,
labeled on light pink and pink curves in Figure 18 (a). This step aimed to saturate the
surrounding of the catalyst and analysis its absorption capacity. On this tremendous initial
concentration, the step on the dark adsorption exhibits the same profile of adsorption
capacity on 10 ppm of TC — HCI, which agrees with the porous structure of the ZnO U50
with a high adsorbent capacity. Whereas the photodegradation efficiency has decreased
because the higher pollutant content delays the arrival of light at the catalyst surface and
the absorption of photons through the material is hindered. Other works already stated that
the higher the concentration of the pollutants, the slower the degradation is (Chen et al.,
2022; Zanchettin et al., 2021; Zhang et al., 2022). The photocatalytic efficiency reduces
from 81.13% when the TC — HCl is at 10 ppm to almost a twice lower value of 45.93% at
100 ppm.

With the dark catalysis hypothesis excluded and the high TC — HCI
concentrations experiments performed, thereafter, a photocatalytic essay was directly
carried out without the prior adsorption step in the dark, which means direct light in the
catalyst-pollutant system (green curve, Figure 18 (b)). The impressive decay noted in both
Figure 16 (a) and Figure 18 (a) is observed again. And so, this behavior is independent of
the light or dark, and it is addressed to the intrinsic spongy structure of the ZnO US50,
developed during the solution combustion synthesis and doping (Section 5.3, Textural
properties). Which becomes here, therefore, could be regarded as a synergy of both
adsorption and photocatalysis, illustrated by the green curve in Figure 18 (b). In a dual
treatment process, a catalyst reaches adsorption-desorption equilibrium and pollutant
removal is then achieved by photocatalysis (blue curve, Figure 18 (a)). Simultaneously,

adsorption enhances the mineralization efficiency of photocatalysis due to the rapid
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reactions that take place between photoactive species and the pollutant molecules adsorbed

on the surface of the photocatalyst material (Kant et al., 2014).

Figure 18 — Comparative data of (a) the ZnO U50 catalyst activity under dark and photocatalysis at TC —
HCI pollutant concentrations of 10 and 100 ppm; (b) photocatalytic efficiency of pure photocatalysis and
adsorption-photocatalysis synergy (direct irradiation without dark adsorption step), and the inset of the

pseudo-first-order kinetic fitting of both behaviors.
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Source: Author (2022).

The graphic curves in Figure 18 (b) display that although pure photocatalysis

already has an outstanding photocatalytic performance, when combined with the

adsorption, they further improved the mineralization of TC — HCl. The synergy of

adsorption-photocatalysis has a photocatalytic performance of 97.76%, while pure

photocatalysis has 81.13% on the mineralization of TC — HCIl. The pseudo-first-order

kinetic constants rate of 29.53 x 107 min™! against 18.17 x 10 min™! is 1.62 times better

for the synergistic than the pure behavior. The remarked mechanism would be promising
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as follows. Firstly, according to the literature by zeta potential analysis, it is observed that
ZnO has a positive potential in the aqueous solution at around pH 7 — the pH of the
photocatalytic essay here — which mainly contributed to the diffusion of negatively charged
tetracycline hydrochloride to the surface of the photocatalyst particles (Zhang et al., 2022).
Besides, the N> sorption isotherm proved the highly porous characteristics of ZnO U50
(Figure 13 and Table 5). The accessible pore diameter of 2.439 nm at a volume of 0.225
cm?/g offers enough space for the TC — HCIl molecule (6 x 7 x 14 A ) to be adsorbed on
the active sites (Xia, Gao e Yu, 2021). The amount of these sites is great too due to the
surface area of 25.93 m?/g. As soon the pollutant is adsorbed onto the ZnO U50 surface,
simultaneously, the N-doped broads the light absorption from the ultraviolet to the visible
region, allowing a great transfer of photogenerated carries that accelerate the reactions to
generate the free oxygen radicals, responsible for the photocatalysis of the pollutant (Chen
etal.,2022).

Through this perspective, the synergic phenomenon of higher adsorption capacity
and great photocatalytic properties favors the efficient and fast removal of tetracycline
hydrochloride, as a model emerging contaminant. To date, however, there are few reports
about adsorption-photocatalytic degradation of TC-based pollutants and despite the
difficulty of rigorous comparisons between the different photocatalysts systems developed
today, removal efficiency data found in the literature is given in Table 7 sorted by surface
area. In our case for the ZnO U50 as a model example from this study, competitive
performances were found compared to the first-rate state-of-the-art photocatalysts. If it is
supposed a comparison based on the same amount of catalyst (1 g/L) when comparing the
ZnO U50 (25.93 m*/g) with the nitrogen-doped N — TiO: (54.1 m%/g) from Wu et al. work
(Wu et al., 2020), the free surface area available for the photocatalytic reaction is about
twice as large for N — TiO; as for ZnO US50, but results in similar photocatalytic
performances between both materials. Another example of the 40%MIL-53(Fe, Al) (Chen
et al., 2022), a metal-organic framework, even with its highest surface area of 1397.27
m?/g, the developed photocatalytic removal of TC — HCl is almost equal to the ZnO U50
with a surface area of 25.93 m?/g, which is about two orders of magnitude smaller than the

40%MIL-53(Fe, Al).
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Surface area Catalyst dose TC dose Degradation Photocatalytic
Material Light source Reference
(m?/g) (g/L) (ppm) time (min) efficiency (%)
40%MIL- 500 W mercury 81.82%* (Chen et al.,
1397.27 0.2 20 50
53(Fe, Al) lamp* 93.53%! 2022)
300 W Xenon (Li,R.etal,
ZIF-8@ TiO; 556.8 0.6 100 90 90.0?
lamp* 2020)
300 W Xenon (Zhang et al.,
ZnO@ZIF-8 331 0.5 20 50 91.0?
lamp* 2022)
Cu@Cuz0 White LED Serra et al.,
@ @ 138 0.5 40 80 76.52 (
CuO (1.6 W) 2021)
3% Nd>03 300 W Xenon (Mohamed et
126 2.4 20 120 100.0?
/ZnO lamp* al.,2021)
300 W Xenon (Mohamed et
Ag,0-Zn0O 117 1.8 20 120 40.0?
lamp* al., 2020)
300 W Xenon (Wuet al.,
N - TiO» 54.1 0.2 10 120 87.0%
lamp* 2020)
I5W 81.83%" .
Zn0O U50 25.93 0.5 10 120 This work
fluorescent lamp 97.56%'

! Pure photocatalysis
*A>420 nm
2 Synergy adsorption-photocatalysis



Table 7 — Photocatalytic data about different systems on the removal of tetracycline pollutant (continue).
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Surface area Catalyst dose TC dose Degradation Photocatalytic
Material Light source Reference
(m?/g) (g/L) (ppm) time (min) efficiency (%)
250 W Xenon (Hong et al.,
Nb2Os/g-C3N4 17.18 1 20 150 76.22
lamp 2016)
1.6 W white (Bembibre et
2% Ca—ZnO 14.10 0.5 10 90 73.522
LED al.,2022)
500 W Xe (Cui et al.,
Nb2Os/Nb2CTx 14.07 1 10 180 91.22
lamp* 2021)

Source: Author (2022).
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Given these observations, we highlight the feasibility of the ZnO US50 as a
photocatalyst. For example, in the case of TiO2 due to its higher level of maturity, a great
variety of entirely novel photoactive semiconductors have been developed and considered
as possible substitutes for titanium dioxide, which includes ZnO. The recent advances in
nanotechnology enable the ZnO to decontaminate heavily polluted effluents from low to
higher irradiance without the saturation of the system does not drop the energetic efficiency
of the process, and at relatively cheaper costs than TiO; (Hernandez-Alonso et al., 2009).
On the other side, for MOF-based materials, the major challenges include issues associated
with stability, pore modulation, complexity, durability, and high production costs that
restrict their practical use (Vikrant ef al., 2017). Whereas the ZnO by solution combustion
method is suitable for an easy and simple design that overcomes the challenges of those
materials. Therefore, it opens a door to put the ZnO-based catalysts in the spotlight of
research with new properties and novel applications in the fields of photocatalysis,
adsorption, or the joint process called photocatalytic-adsorbents materials.

Overall, this work supports a potential method for developing zinc oxide (ZnO)
materials at the nanoscale and modified by nitrogen doping through a one-step synthesis
and doping by solution combustion method. Appropriate surface modifications employed
by simply adapting the urea-to-sucrose molar ratio as fuels, in a mixture with zinc nitrate
hexahydrate as the zinc precursor play a crucial role in the physical and chemical
characteristics of the nanostructured ZnO-based materials and their photocatalytic
applications. In this framework, the promising aspects of the SCS route adopt here
accomplish the sucrose as a fuel to control the thermodynamics of the combustion reaction,
resulting in well-controlled size and surface parameters, such as area and porosity. And
simultaneously, supplying suitable nitrogen from urea to behave as a dopant and modulate
the semiconducting material to make it more visible light responsive without the assistance
of other templates, decreasing the overall processing costs and time. This one-step SCS
approach would pave the way for developing advanced nanomaterials whilst meeting the

standards of quality, greenness, circularity, and social wellness for a sustainable future.
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. CONCLUSIONS

The summarized results obtained and discussed in this work are below.

e The synthesis and doping of zinc oxide through the solution combustion method
produced around one gram of each urea-to-sucrose molar ratio formulation (ZnO
U0, ZnO U25, ZnO U50, ZnO U75, and ZnO U100);

e The hexagonal wurtzite crystal structure is obtained in all the samples and no other
phases or impurities are observed after the nitrogen doping;

e The ZnO-based particles are almost spherical with a base size of around 50 nm in
ZnO U0, by SEM analysis. For the higher N-doped samples, the particles become
larger and sintered;

e The ZnO N-doped materials by the SCS method are mesoporous with surface area,
pore volume, and pore diameter which vary according to each urea-to-sucrose
molar ratio;

e Through the XPS spectra, the main chemical elements are achieved, highlighting
the zinc (Zn), oxygen (O), nitrogen (N), and carbon (C) elements; the nitrogen is at
a concentration of 0.64 at.% on the ZnO U100 sample;

e The absorbance spectra of the N-doped ZnO are well extended to the visible light
spectrum, which means wavelengths higher than 400 nm;

e The best photocatalytic performance in the visible light abatement of the
tetracycline hydrochloride is assigned to ZnO U50 with a degradation efficiency of
75% after 60 minutes on a rate of 22.68 x 10 min™', which means 39.33% and 1.86
times better than the ZnO UQO;

e The photocatalytic performance is driven by a combination of the available surface
area, particle size, and a suitable band gap, which improves the catalytic sites and
the absorption of the visible light photon to degrade the TC — HCl.

e The phenomena that happen during the dark step of the photocatalysis essays are
attributed to the adsorption capacity of the materials, due to the mesoporous
structure;

e The synergy of adsorption-photocatalysis enables the removal of 97.16%, after 120
minutes. In terms of the constant rate, this mechanism provides a reaction 1.62

times faster than pure photocatalysis.
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6.1. FUTURE WORKS

After the conclusions, this Master’s thesis provides the opportunity to explore and

develop further studies on:

e To evaluate the synthesis and doping by solution combustion synthesis without the
calcination step to remove the residual carbon. This can have some deployments,
such as the synergy of carbon and nitrogen;

e To apply experimentally the optimal urea-to-sucrose molar ratio to verify the
influence on the physicochemical properties and photocatalytic performance;

e To study the stability of the nitrogen doping by the proposed method over time and
its influence on the properties and applications;

e To synthesize and characterize nanocomposites of two or more semiconductors
produced simultaneously by solution combustion synthesis to take advantage of the
heterojunction phenomena to improve the photocatalytic activity;

e To investigate the effect of an SCS with a controlled atmosphere on the doping
level of the semiconductor and its dependent characteristics;

e To evaluate the possibility of microwave-assisted SCS as a method to enable fast
and controlled cooling of the resultant material and to analyze the impact of this
modification of the heating method on the nanoparticles’ properties of interest;

e To control the kinect of the combustion reaction under real operational time and
temperature to control and understand the SCS parameters over the morphology,
crystallinity, and size of the materials;

e To develop a plasma-assisted process as a doping route of the undoped ZnO U0
nanoparticles by SCS, as is described in the Appendix;

e To evaluate the effect of different nitrogen-hydrogen atmosphere and plasma
parameters on the properties and photocatalytic performance of the materials;

e To perform the experimental evaluation by radical scavengers to elucidate the
photocatalytic mechanism and the generation of reactive oxygen species (ROS)
during the pollutant abatement;

e To quantify the photocurrent of the photocatalytic samples to have a response about
the number of electrons that can be excited under visible light and the free charge
carried and transferred at their interface;

e To study deeply the coupled adsorption-photocatalytic mechanism in the samples,

realizing thermogravimetric analysis (TGA), for example.
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APPENDIX

As written in Section 2.1, the main subject of this work is “to develop zinc oxide
(Zn0O) nanoparticles functionalized through nitrogen doping and apply them in the
photocatalysis processes of emerging contaminants under visible light irradiation.” And
to execute nitrogen doping, a wide cluster of techniques has been assigned and well-
developed. In this research, the main one is the one-step synthesis and doping by the
solution combustion method. But, this Appendix is devoted to describing another doping
route that has been explored during this Master’s work, namely plasma-assisted doping.

Compared to conventional methods, plasma technology has become an enthusiastic
point for research and development in Materials Science and Engineering. The advantages
of plasma are given due to the higher density of reactive chemical species and particles that
allows a fast process without multiple steps, the absence of toxic reagents, by-products,
and the prospect to modify and functionalize the material only at their surface level, without
tailoring the bulk properties (Pho ef al., 2020). The physics of the plasma phenomenon
occurs with a potential difference between two electrodes in a gaseous environment at low
pressures. Due to the electric field, the electrons have enough energy to provoke a series
of collisions between the atoms and molecules of the gas. From this mechanism, a glow
discharge i1s generated, known as plasma (Lieberman, 2005). And this discharge has the
potential to create reactive radicals of doping elements and dope them on the lattice of the
target material, especially semiconductor materials such as zinc oxide (Junior ef al., 2020;
Lin, Liao e Hung, 2005; Nam e Boo, 2016; Salah et al., 2016).

The idea around plasma-assisted doping in this work is based on a hollow cathode
system, where the geometry exponentially multiplies the ionization/dissociation rates of
the dopants radicals and improves the efficiency of doping (Klein et al., 2013). The glow
discharge is created from different mixtures of gaseous nitrogen (N2) and hydrogen (Hz).
At low pressure, nitrogen is decomposed and this atom can be quickly incorporated into
the crystal structure, providing a high nitrogen dopant content (Salah ef al., 2016). While
the hydrogen behaves as a reducing agent and may create a layer of defects and oxygen
vacancies on the material’s surface (Xia et al., 2014). The synergy between these two
elements changes the chemical potential of the environment which influences and leads to
a better optical absorbance of the material in visible light and, ultimately, improves the
photocatalytic activity in this spectrum range (Li, M. et al., 2020).

In this study, a bunch of preliminary and official experiments has been revealing
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the effect of nitrogen-hydrogen plasma-assisted doping on the undoped zinc oxide
nanoparticles produced by solution combustion synthesis. However, in this design system,
two main interconnected drawbacks were found: (I) inside the hollow cathode, only the
uppermost layer of the ZnO nanoparticles are exposed to the plasma and being doped,
which leads to low yields (around 0.1 grams per cycle) and a non-homogeneous doping
process since it is impossible to separate the undoped and doped nanoparticles; and (II) the
system is static and the particles are not in movement, so, the thermal heating induced by
the plasma enables the sintering of the particles, which is the driving force to grow the
particle size and decrease of the surface area — two negative points for the photocatalysis
performance.

One of the solutions to overcome these issues is to build a plasma system where the
particles should stay in movement during the doping cycles with plasma. In this framework,
the entire material is exposed to the plasma, assuring a homogeneous treatment and
allowing more material content to be doped. Also in movement, the particles are not close
enough to the ones in their surroundings to coalesce, which is thought to maintain their
nanoscale size. This kind of apparatus may improve the solid know-how that the Materials
Laboratory (LabMat) has on plasma technology. But here, we are aware that to build it
complex challenges would be found since the plasma source is in the direct current mode
and need electrical insulation, the vacuum system should be accurate enough to support
materials in the nano range, the equipment could be expensive and financial support is
needed. And most of the challenges, the time to execute all of this is out of the scope.

Altough all these restrains does not enable an entire thesis about plasma doping and
thinking that in the future this research line would be occur, as a way to highlight what has
been discovered and made on this innovative doping route, the work has been submitted to
be presented in the oral form at the XX Brazil MRS Meeting, promoted by SBPMat —
Brazilian Materials Research Society at Foz do Iguacu — PR on September/2022. The work
will be held in the Surface Processing field at Symposium U — Surface Science and

Engineering and the accepted extended abstract is shown in the next pages.
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ABSTRACT: Photocatalysis is an assertive and feasible approach to degrading and
inactivating chemical and biohazard pollutants. Zinc oxide (ZnO) is a robust semiconductor
and a promising photocatalyst material. Strategies such as doping are assigned to modify
the ZnO structure and surface, enhancing its photocatalytic response. This work describes
anovel nitrogen-doping route of ZnO nanoparticles through a plasma-assisted process. The
undoped zinc oxide nanoparticles were submitted to a DC N»-H» glow discharge on a
hollow cathode system at two different gas mixtures (25% N2/75% Hz and 75% N2/25%
H>) for 30 minutes. Doped and undoped ZnO were tested under visible light, assessing their
performance using tetracycline as a pollutant model. The results display the excellent
potential of plasma processing to develop doping reactions in the material. The samples
change from white color to gray and yellow, which is indicative of the doping occurrence.
The X-ray diffraction confirms the wurtzite structure of ZnO and no new phases by plasma
doping. By UV-vis spectroscopy, we observed the bandgap narrowing from 3.15 eV to
values around 2.7 eV, confirming that the nanoparticles turn active in the visible light range
due to the higher density of doping species and the surface defects induced through the
plasma. The nitrogen-hydrogenated ZnO exhibits a photocatalytic improvement of 42%
compared to the undoped material. Further developments to enhance the performance of
the herein technique should target hindering catalysts sintering and the homogenization of

the plasma process.
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INTRODUCTION

Earth’s water has been polluted continuously with different persistent pollutants -
such as antibiotics- untreated by conventional wastewater treatment plants, which are not
designed to eliminate them at trace concentrations. Even in trace amounts, their presence
can be potentially hazardous to human health and the environment (Sanganyado e Gwenzi,
2019; Valério et al., 2020). Photocatalysis is a growing technology based on the advanced
oxidation process applied for environmental remediation and water decontamination, being
a green and safe method that profiles as promising to eliminate those persistent organic
pollutants. Zinc oxide is one of the most studied photocatalysts for water treatment due to
its stability, catalytic activity, effective antimicrobial, anticancer activity, and UV
absorbance quality (Bharti et al., 2022). However, its inability to harvest a significant
visible-light fraction hinders its application for solar and visible-driven processes under
room conditions (Samadi et al., 2016).

The photocatalyst activity can be extended to visible light by tailoring the surface
and structural properties. As a non-metal, nitrogen doping into the surface of the
photocatalyst material has been determined to be one of the most effective doped elements
(Kumari, Sahai e Goswami, 2015). Based on the nitrogen source and the doping process,
different properties of N-doped ZnO can be achieved. Compared to the traditional methods,
the plasma-assisted doping processing of materials allows a fast and environmentally
friendly process by reducing starting reactants and eliminating multiple steps. Most
importantly, the high energy of the plasma species develops the bombardment and
incorporation of impurities only at the surface level of the materials, without changing their

volume properties (Pho et al., 2020).
EXPERIMENTAL PROCEDURE

The undoped zinc oxide nanoparticles were produced through the solution
combustion synthesis (SCS) with zinc nitrate hexahydrate and sucrose as reagents, at 500
°C in a Muffle furnace. The doping reactions were performed in a direct current (DC)
plasma reactor in a hollow cathode setup fed by nitrogen and hydrogen gaseous atmosphere
at 250 scem. The design and the plasma parameters are presented below in Figure 1. The
materials were tested in photocatalytic essays to degrade the tetracycline organic

compound under a 15 W fluorescent lamp (A > 420 nm) that simulates the visible light for
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60 minutes. Materials characterization techniques were used to support the study, such as

SEM, XRD, and UV/vis spectral analysis.

I Plasma-assisted doping parameters
Gas inlet
Temperature 400 °C
Anode Time 30 minutes
Pulse width 15936 ns
Frequency 25 kHz
; Pressure 176 Pa
Cathode ‘ ~.Zn0_." ZnO N1 - 25% N, + 75% H,
== | E Gas mixture
S ‘ ZnO N2 - 75% N, + 25% H,

Vacuum system
Thermocouple
DC pulsed power generator

Figure 1 — Plasma-assisted doping setup and parameters.

RESULTS AND DISCUSSION

The ZnO nanoparticles synthesized through the solution combustion route are
presented in Figure 2 (a). This is a fast, straightforward, and cost-effective method to obtain
nanomaterials. The nanoparticles have a spherical shape with a size near 50 nm. The XRD
analysis reveals the hexagonal wurtzite structure of the ZnO (Figure 2 (b)), and no other
phases were identified after the plasma doping with a nitrogen-hydrogen atmosphere. The
optical bandgap is reduced from 3.15 eV (ZnO) to values 0f 2.75 eV (ZnO N1) and 2.83 eV
(ZnO N2), corroborating the expanded absorption in the visible-light range (A > 400 nm)
by the doped samples, as shown in Figure 2 (¢). From these results, plasma-assisted doping
enables nitrogen incorporation in the ZnO lattice during the doping reactions. Furthermore,
the hydrogen seems to induce surface defects, such as losing oxygen to create vacancies.
The photocatalytic activity was compared using the degradation kinetics, assessing the rate
constants adopting a pseudo-first-order kinetic model on the tetracycline abatement,
calculated as 13.08, 18.59, and 12.59 x 10.min"! for ZnO undoped, ZnO N1, and ZnO N2,
respectively (Figure 2 (d)). The nitrogen-hydrogenated ZnO N1 has a higher and faster
photocatalytic response comparatively, improving 42% the reaction rate compared to the

undoped ZnO.
CONCLUSIONS

The work demonstrated the potential of plasma-assisted doping of ZnO
nanoparticles to improve photocatalytic activity. The achievements may be attributed to

the synergistic effect between the nitrogen and hydrogen atoms to introduce a higher
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optical absorption due to the benefits of ZnO’s defective and doped structure after the
plasma processing. The composition of the plasma atmosphere highly impacts the
photocatalysis rate. Besides, future improvements in the plasma setup should be made to

have a more homogeneous process and avoid the nanoparticles’ sintering.
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Figure 2 — (a) SEM of ZnO undoped nanoparticles synthesized through the SCS route; (b) XRD patterns of
the ZnO undoped and the doped samples by the plasma; (¢) UV/vis absorbance spectra and bandgap energy
of the raw and modified ZnO; (d) the constant degradation rate (k) of the samples in the photocatalysis
essays of the tetracycline as an emergent contaminant.
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