UNIVERSIDADE FEDERAL DO MARANHAO
CENTRO DE CIENCIAS EXATAS E TECNOLOGIA
PROGRAMA DE POS-GRADUACAO DOUTORADO EM QUIMICA

ELAINE SA MENEZES CUTRIM

NANOPLATAFORMAS HIBRIDAS A BASE DE PONTOS QUAN]:ICOS DE
CARBONO E SUPORTES INORGANICOS NATURALIS E SINTETICOS

SAO LUIS
2026



ELAINE SA MENEZES CUTRIM

NANOPLATAFORMAS HIBRIDAS A BASE DE PONTOS QUAN"[:ICOS DE
CARBONO E SUPORTES INORGANICOS NATURAIS E SINTETICOS

Defesa apresentada como requisito parcial para a obtencao
do grau de Doutor em Quimica com area de concentragdo em
Quimica Inorganica pelo Programa de Pos-graduagio
Doutorado em Quimica da Universidade Federal do
Maranhdo

Orientadora: Prof?. Dr. Ana Clécia Santos de Alcantara

SAO LUIS
2026



Ficha gerada por meio do SIGAA/Biblioteca com dados fornecidos pelo(a) autor(a).
Diretoria Integrada de Bibliotecas/UFMA

Cutrim, Elaine S& Menezes.

Nanoplataformas hibridas a base de pontos quanticos de
carbono e suportes inorgdnicos naturais e sintéticos /
Elaine S& Menezes Cutrim. - 2026.

186 f.

Orientador (a): Ana Clécia Santos de Alcéntara.

Tese (Doutorado) - Programa de Pdés-graduagdo Doutorado
em Quimica/ccet, Universidade Federal do Maranhdo, Sé&o
Luis, 2026.

1. Argilominerais. 2. Pontos Quénticos de Carbono. 3.
Redes Metalorgénicas. 4. Sepiolita. 5. Montmorilonita.
I. Alcéntara, Ana Clécia Santos de. II. Titulo.




ELAINE SA MENEZES CUTRIM

NANOPLATAFORMAS HIBRIDAS A BASE DE PONTOS QUANTICOS DE
CARBONO E SUPORTES INORGANICOS NATURAIS E SINTETICOS

Tese apresentada como requisito parcial para a obten¢do do grau de Doutor em Quimica com

area de concentracdo em Quimica Inorganica pelo Programa de Pds-graduagdo Doutorado em

Quimica da Universidade Federal do Maranhao

Sao Luis, 06 de margo de 2026

BANCA EXAMINADORA

Prof.® Dr. Ana Clécia Santos de Alcantara (Orientadora)

Universidade Federal do Maranhdo - UFMA

Prof. Dr. Cicero Wellington Brito Bezerra

Universidade Federal do Maranhdo — UFMA

Prof. Dr. Marcelo Moizinho Oliveira

Instituto Federal do Maranhao -IFMA

Prof. Dr. Marco Aurelio Suller Garcia

Universidade Federal do Rio de Janeiro - UFRJ

Prof.® Dr. Renato Sonchini Gongalves

Universidade Federal do Parana -UFPR



A minha mde pelo apoio e amor incondicionais



AGRADECIMENTOS

A Prof® Dr. Ana Alcéantara por sua orientagdo e sugestdes valiosas ao longo de todo o
periodo de elaboragdo desta tese de doutorado.

A Prof? Dr. Vanesa Fernandez-Moreira ¢ Maria Concepcion Gimeno (UNIZAR) por
terem me recebido em seu grupo de pesquisa. O periodo sanduiche foi de muito aprendizado e
amadurecimento pessoal.

Ao Prof.° Dr. Hernane Barud que me recebeu no mestrado e no doutorado no seu grupo
de pesquisa BioPolMat, esse auxilio foi essencial para realizagdo do meu trabalho. Em especial,
agradeco a Marina Fontes pela realizacdo dos ensaios de bioimagem celular.

Ao Laboratério de Patologia e Imunoparasitologia (LPI), em especial a professora
Lucilene Silva e Alina Figueiredo pelos ensaios de hemolise realizados para esta tese.

Ao Centro de Ciéncia Exatas e Tecnologia — UFMA pela infraestrutura oferecida que
proporcionou o desenvolvimento desta pesquisa. Em especial, a Central Analitica e a Central
de Materiais.

A Universidade Federal do Maranhio pela minha formagao e por me receber novamente,
me proporcionando mais uma oportunidade de aprendizado e crescimento profissional e
pessoal.

Ao Programa de Pos-graduacdo Doutorado em Quimica.

A FAPEMA pela bolsa concedida.

A CAPES pela bolsa de doutorado sanduiche concedida.

Aos colegas e amigos do Bionanos, Fernanda, Ismael Rodrigues, Jaynne Martins, Josefa
Santos, Lucas, Marilia Melo, Mayara Teixeira, Rayssa Candido, Rebecca Jemima, Socorro
Silva, Vanessa Campos, Wallyson Leandro, além dos agregados André Frazdo e Jhnonathan
Menezes. Vocés com certeza tornaram esse caminho mais leve. Obrigada pelas memorias e
muito sucesso a todos!

A Emerson Silva por toda a ajuda ao longo do caminho. Agradego pelo cafezinho da
tarde, pelas pausas, pela paciéncia e pela ajuda com algumas imagens também!

A minha mie por todo auxilio ao longo dessa longa jornada académica (rs). Seu apoio foi
essencial para que eu chegasse até aqui!

A todos que de forma direta ou indireta contribuiram para execucdo desse trabalho, muito

obrigada!



ABSTRACT

Clays are widely combined with other nanomaterials to improve their properties and to obtain
multifunctional hybrid systems. These materials offer advantages such as enhanced mechanical
and rheological performance, reduced toxicity, and compatibility with green chemistry
principles, making them suitable platforms for incorporating functional nanostructured
materials. In this work, hybrid nanomaterials based on carbon quantum dots (CQDs) and
inorganic supports with different morphologies were developed, including fibrous sepiolite
(SEP), layered montmorillonite (MMT), and ZIF-8. CQDs were synthesized by a solvothermal
route using citric acid and urea in dimethylformamide and subsequently associated with the
supports either using preformed CQDs or through in sifu synthesis. Spectroscopic analyses
indicate that CQDs interact with SEP mainly through surface silanol groups and hydroxyl
groups associated with zeolitic water, as evidenced by FT-IR spectroscopy. Photoluminescence
(PL) spectroscopy demonstrates that the association between CQDs and clay minerals does not
compromise the PL properties of the CQDs. The hybrid nanomaterials exhibit shifts in the
maximum emission wavelength, indicating modification of the emissive states induced by the
clay environment. In addition, most hybrid systems display dual-emission behavior. Raman
analysis shows an increase in the sp? carbon network for sepiolite—CQD hybrids synthesized in
situ, accompanied by a decrease in the Ip/Ig ratio, indicating higher structural ordering as a
function of synthesis time. For the MMT-based hybrid nanomaterials, X-ray diffraction (XRD)
analysis reveals both the presence of diffraction features associated with CQDs and an increase
in the basal spacing of MMT. Drug intercalation studies demonstrate that 5-fluorouracil is
incorporated into MMT as a monolayer with planar orientation, producing an increase in basal
spacing from approximately 1.21 nm to values close to 1.27 nm, depending on drug loading.
The resulting clay—-CQD—drug systems exhibit stable structural organization without collapse
of the layered framework. The ZIF-8/CQD hybrid nanomaterial preserves the crystalline
structure and porosity of ZIF-8, as confirmed by XRD and nitrogen adsorption—desorption
analyses, although a reduction in specific surface area is observed due to the incorporation of
CQDs. Hemolysis assays performed over a concentration range from 5000 to 36 pg mL™" show
hemolysis percentages below 5%, indicating good hemocompatibility. Overall, the results
demonstrate that the association of CQDs with clays and metal-organic frameworks leads to
structurally stable hybrid nanoplatforms with tunable optical properties, preserved porosity, and
low toxicity.



RESUMO

Argilominerais sdo amplamente combinados com outros nanomateriais para melhorar suas
propriedades e obter sistemas hibridos multifuncionais. Esses materiais oferecem vantagens
como melhoria das propriedades mecanicas e reologicas, reducdo da toxicidade e
compatibilidade com os principios da quimica verde, tornando-os plataformas adequadas para
a incorporagdo de nanomateriais funcionais. Neste trabalho, foram desenvolvidos
nanomateriais hibridos baseados em carbon quantum dots (CQDs) e suportes inorganicos com
diferentes morfologias, incluindo sepiolita fibrosa (SEP), montmorilonita lamelar (MMT) e
ZIF-8. Os CQDs foram sintetizados por uma rota solvotérmica utilizando acido citrico e ureia
em dimetilformamida e posteriormente associados aos suportes utilizando CQDs previamente
formados ou por sintese in situ. Andlises espectroscopicas indicam que os CQDs interagem
com a SEP principalmente por meio de grupos silanol superficiais e grupos hidroxila associados
a dagua zeolitica, como evidenciado por espectroscopia FT-IR. A espectroscopia de
fotoluminescéncia (PL) demonstra que a associagdo entre CQDs e argilominerais ndo
compromete as propriedades de PL dos CQDs. Os nanomateriais hibridos apresentam
deslocamentos no comprimento de onda maximo de emissdo, indicando modificacdo dos
estados emissivos induzida pelo ambiente da argila. Além disso, a maioria dos sistemas hibridos
apresenta comportamento de dupla emissdo. A analise por Raman mostra um aumento da rede
de carbono sp? para os hibridos sepiolita—CQD sintetizados in situ, acompanhado por uma
diminui¢do na razdo ID/IG, indicando maior ordenamento estrutural em fungdo do tempo de
sintese. Para os nanomateriais hibridos baseados em MMT, a anélise por difragdao de raios X
(XRD) revela tanto a presenca de caracteristicas de difragdo associadas aos CQDs quanto um
aumento no espagamento basal da MMT. Estudos de intercala¢ao de farmacos demonstram que
0 S-fluorouracil ¢ incorporado na MMT como uma monocamada com orientagdo planar,
produzindo um aumento no espagamento basal de aproximadamente 1,21 nm para valores
proximos de 1,27 nm, dependendo da carga do farmaco. Os sistemas resultantes argila—CQD—
farmaco apresentam organizacdo estrutural estavel sem colapso da estrutura lamelar. O
nanomaterial hibrido ZIF-8/CQD preserva a estrutura cristalina e a porosidade do ZIF-8,
conforme confirmado por andlises de XRD e adsor¢ao—dessor¢do de nitrogénio, embora seja
observada uma redugao na area superficial especifica devido a incorporagdo dos CQDs. Ensaios
de hemolise realizados em uma faixa de concentracdo de 5000 a 36 pg mL™" apresentam
porcentagens de hemolise inferiores a 5%, indicando boa hemocompatibilidade. De modo geral,
os resultados demonstram que a associagdo de CQDs com argilominerais e estruturas
metalorganicas leva a formag¢do de nanoplataformas hibridas estruturalmente estaveis, com
propriedades Opticas modulaveis, porosidade preservada e baixa toxicidade.
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1.1 THESIS MOTIVATION AND RESEARCH AIM

The Maya blue pigment used in wall paintings in Mexico from the 7th to the 16th
century is often cited as the first example of a hybrid material in which indigo, a natural dye
from Indigofera tinctoria, was occluded into the structural tunnels of palygorskite (PAL), a
fibrous clay (Doménech et al., 2009; Gettens, 1962). In this case, PAL guarantees protection
against external agents, giving rise to stable blue pigments that resist heating at temperatures
close to 250 °C, treatments with organic solvents, acid, and basic media, and exposure to the
action of microorganisms (Arnold et al., 2008; Ruiz; Ruiz-Garcia; Ruiz-Hitzky, 2023). Since
its beginning from nowadays, the field of hybrid materials has become a broad scientific and
technological area, including important fields such as sol-gel chemistry, polymer
nanocomposites, and hybrid nanomaterials.

By definition, hybrid nanomaterials are a combination of two or more components at
the nanoscale, integrating the physical and chemical properties of the constituent nanomaterials.
This approach has the potential to improve the properties and functionalities of the
nanomaterials, overcoming or reducing the limitations associated with single-component
systems (Li et al., 2023a; Ma, 2019). In fact, this occurs as a result of the synergistic effects of
the counterparts at the nanoscale, surpassing the original features of the precursors. In addition,
hybrid nanomaterials offer the possibility to monitor and alter their properties by modifying
their composition and morphology, providing hybrid nanomaterials with superior properties,
leading to a wide range of applications in biology and health (Park et al., 2020; Shuai et al.,
2021) to photonic devices (Prete et al., 2024), catalysis and environment (Wang et al., 2023a),
smart coatings (Dashuai et al., 2022), and energy (Hsu et al., 2022).

In this thesis, materials from different classes were chosen to form hybrid nanomaterials.
Carbon quantum dots (CQD) are a smart choice due to their attractive properties, such as
tunable photoluminescence properties, high water solubility, chemical stability, low toxicity,
and easy surface modification (Gao et al., 2020; Ghosh et al., 2023). Moreover, they are zero-
dimensional carbon-based nanomaterials (diameter <10 nm) with spherical or quasi-spherical
morphology, and the presence of functional groups (i.e., hydroxyl, carboxyl, amino, amide,
carbonyl) at the surface provides sites of interactions with other nanomaterials (Barhoum et al.,
2023). Despite these advantages, the nanoparticle aggregation of pure CQD may result in
photoluminescence quenching and loss of stability (Carbonaro et al., 2020). In this regard, the
association of CQD and porous materials could efficiently reduce these drawbacks and also can

endow the final nanomaterials with new characteristics and functionality. Benefiting from, but
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not limited to, the high surface area and high porosity, clay minerals and metal-organic
frameworks (MOF) are ideal host matrices for the incorporation of CQD.

Clay minerals are historically one of the most used materials in a wide range of
applications. The interest in this class of materials is constantly renewed by their outstanding
properties, such as high surface area, layer charge density, cation exchange, swelling capacity,
chemical stability, and rheological behavior. They are also abundant and low-cost materials
(Tipaetal., 2022; Xie; Chen; Yang, 2023) . In addition, clay minerals have the ability to interact
with other entities such as molecules, particles, and ions, through different mechanisms
according to the type of clay used (lamellar, fibrous or tubular), being of great importance to
understand how the variation in composition, structure and morphology of the silicate used can
influence the final properties of the system(Ruiz; Ruiz-Garcia; Ruiz-Hitzky, 2023). As a result,
the association of clay minerals and carbon nanomaterials, including graphene (Alamier et al.,
2025), graphene oxide (Vengatesan et al., 2017), and carbon nanotubes (Hsu et al., 2022) results
in hybrid nanomaterials with application in environmental remediation, energy storage, and
biomedical applications.

MOFs are crystalline materials formed by the assembly of metal ions/clusters with
organic linkers, resulting in structures with diverse chemical compositions (Nakatani et al.,
2025). Their exceptionally large surface areas, adjustable porosity, uniform pores and fully
exposed active sites have positioned them as versatile platforms for innovative hybrid
nanomaterials (Hou et al., 2022; Zhou et al., 2023). In pioneering work, Yaghi and co-workers
reported a series of host-guest materials by the incorporation of fullerenes and organic dyes into
MOF-177 (Chae et al., 2004). Since then, extensive research has explored MOFs as unique host
matrices for the integration of secondary components. To date, a wide range of guest species,
including metals (Jin et al., 2022), metal oxides (Huang et al., 2021), carbon nanotubes (Zhang
et al., 2024), quantum dots (Fan et al., 2024), and polymers (Siva et al., 2023) have been
successfully embedded within MOFs, leading to hybrid systems with enhanced functionalities.

Despite the increasing interest in hybrid materials based on CQDs and porous inorganic
hosts, a systematic understanding of how the morphology and structure of the host matrix
influence the properties of these systems remain limited. In particular, comparative studies
involving different porous supports, such as MMT, SEP, and MOFs, and their role in
modulating the structural and optical behavior of CQD-based hybrids has not been thoroughly
investigated. In addition, the development of ternary systems combining clay minerals, CQDs,

and therapeutic molecules is a growing research area.
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Therefore, the focus of this thesis is on developing hybrid nanomaterials based on
carbon quantum dots and mesoporous materials and studying the structure-property
relationships of clay-CQD and MOF-CQD. It is expected that the association of clays or MOFs
with carbon quantum dots to enable the development of nanomaterials with multiple properties,
such as thermal stability, photoluminescence, and low toxicity. These properties expand the
potential applications of such materials in various fields, ranging from electronics to
pharmaceuticals, thereby opening new opportunities for technological innovation with potential
impacts across scientific, technological, and societal domains. The key objectives are:

1. To prepare hybrid nanomaterials based on clay with different morphologies and
CQD, investigating the effect of different synthetic routes on the properties of
the resultant materials;

2. To associate a drug with clay-CQD hybrid nanomaterials as a potential drug
delivery system,;

3. To synthesize ZIF-8 in the presence of CQD and characterize the hybrid
nanomaterial ZIF-8/CQD;

4. To evaluate the toxicity of the hybrid nanomaterials using the hemolysis assay.

1.2 OUTLINE OF THE THESIS

Chapter Il is a literature review that describes the chemistry and structure of carbon dots
and clay minerals, besides the association of this class of materials into hybrid and their
application in different areas.

Chapter III describes the starting materials and methods for obtaining hybrid
nanomaterials. In addition, characterization techniques used to obtain information about
morphologies, structure, and optical properties, and assay procedures are described.

Chapter IV and V discuss the association of carbon quantum dots with sepiolite and
montmorillonite, respectively, the structural, thermal, and optical properties of these hybrid
nanomaterials. Additionally, the effects of different routes to obtain are discussed. The toxicity
of the materials was assessed through a hemolysis test.

Chapter VI approaches the association of clay-CQD with a drug, 5-Fluorouracil, as a
potential nanoplatform in a drug delivery system.

Chapter VII aims to provide an overview of MOF, addressing its concept and main
characteristics, highlighting the subclass of ZIF and one of its members, ZIF-8. Additionally,

the methods of association with CQDs are also reviewed. This chapter is also intended to
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discuss the results obtained from the hybrid nanomaterial CQD@ZIF-8 concerning its

morphology, structure, and optical properties.
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2.1 THE COUNTERPARTS: AN OVERVIEW OF CLAY MINERALS AND CARBON
DOTS CHEMISTRY

2.1.1 Carbon dots

Carbon plays an essential role in nanomaterials development due to its remarkable
ability to form stable structures with distinct dimensionalities and properties. Carbon-based
nanomaterials, ranging from three-dimensional (3D) graphite to two-dimensional (2D)
graphene and graphene oxide, as well as one-dimensional (1D) carbon nanotubes, have attracted
considerable attention because of their outstanding physicochemical properties and great
potential applications (Xue et al., 2023). More recently, carbon dots (CDs) have emerged as a
novel class of fluorescent carbon nanomaterials. CDs were discovered accidentally when Xu et
al. (2004) prepared single-walled carbon nanotubes by electric arc discharge. During
purification of the product by electrophoresis, they identified an unknown carbonaceous
material that exhibited bright fluorescence. After that, Sun et al. (2006) officially introduced
the term “carbon dots” when they demonstrated that surface passivation could significantly
enhance the photoluminescence of these nanoparticles.

Further studies focused on the development of multicolor-emitting and surface-
functionalized CDs (Liu et al., 2007; Liu et al., 2009), and the development of CQDs for
biosensing and protein detection (Li et al., 2010; Xu et al., 2012). According to Tavan et al.
(2025), the evolution of CDs research can be divided into three main stages: (i) the discovery
and early development phase (2004-2011), characterized by the initial reports of CDs
predominantly synthesized through top-down approaches; (i1) the advanced development phase
(since 2011), marked by the increasing adoption of bottom-up synthesis strategies; and (ii1) the
recent sustainability and scalability phase, which emphasizes the use of biomass-derived
precursors and environmentally benign solvents to enable large-scale and industrially viable
production. More recent studies have focused on scalable and cost-effective synthesis routes,
further enhancing the accessibility of CDs (Huang; Ren, 2025; Supajaruwong et al., 2023).

CDs are commonly described as quasi-spherical or spherical nanoparticles with
diameters typically below 10 nm (Sen; Bose, 2025; Shabbir; Csapd; Wojnicki, 2023). They
usually exhibit a core—shell structure, in which the core consists predominantly of sp?-
hybridized carbon atoms arranged in graphitic or amorphous domains, while the shell is rich in
surface functional groups such as carboxyl, hydroxyl, and amino moieties. These surface

functionalities play a key role in determining the aqueous solubility, surface charge, and
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biocompatibility of CDs (Barhoum et al., 2023). In particular, carboxyl groups generally confer
a negative surface charge, whereas amino groups confer a positive charge, directly influencing
colloidal stability and electrostatic interactions with other entities (Tavan et al., 2025; Xia et
al., 2019). Moreover, surface functionalization with small organic molecules or polymers, as
well as heteroatom doping (e.g., B, N, P, and S), are widely employed strategies to enhance the
quantum yield, photoluminescence, and other physicochemical properties of CDs, while also
improving water solubility and introducing new functionalities (Huang; Ren, 2025).

The optical properties of CDs are one of their most relevant characteristics, particularly
their excitation-dependent emission behavior. Advances in synthetic strategies have enabled
the development of CDs with high QY and unique features, including near-infrared (NIR)
emission, chirality, and thermally activated delayed fluorescence (TADF) (Alafeef et al., 2024).
Despite extensive investigation, the PL mechanism of CDs is not yet fully understood, which
can contribute to the diversity of synthesis strategies and the inconsistent PL behaviors reported
in the literature (Peng et al., 2017). Nevertheless, three main mechanisms have been proposed
to explain the PL of CDs: (1) an intrinsic bandgap associated with quantum confinment effect
(QCE) or conjugated n-domains, governed by the carbon core of the CDs; (i1) the formation of
trap states, such as surface defects, within the bandgap induced by surface functionalization or
heteroatom doping; and (ii1) the presence of individual fluorescent molecular species
(fluorophores) on the surface or embedded within the CDs (Jiang et al., 2019; Li et al., 2023b;
Yi et al., 2022). According to these explanations, the broad and tunable emission of CDs is
generally attributed to their wide size distribution, heterogeneous surface chemistry, and the
lack of precise control during synthesis (Tavan et al., 2025).

A wide range of approaches has been developed to fabricate CDs with tailored
properties, which are generally classified into top-down and bottom-up strategies. Top-down
methods are based on the exfoliation and cutting of macroscopic carbon structures under
relatively severe conditions, including techniques such as laser ablation, arc discharge,
electrochemical exfoliation, and chemical oxidation (Banger et al., 2023; Mansuriya; Altintas,
2021). Top-down approaches generally require long processing times, harsh reaction conditions
and expensive materials and equipment (Cui et al., 2021). In contrast, bottom-up approaches
involve the formation of CDs through the carbonization of molecular precursors, enabling
precise control over the composition and structure of the resulting CDs (Kar et al., 2024; Wang
et al., 2025a) . Bottom-up synthesis techniques include hydrothermal or microwave treatment,
ultrasonic assistance, pyrolysis, and acid-assisted reactions. This synthetic route also facilitates

the production of CDs from renewable raw materials, including natural resources (Ge et al.,
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2022), agricultural residues (Liang et al., 2022), and by-products of the food industry (Kim et
al., 2021), which represent attractive carbon sources due to their wide availability, low cost,

and consistency with the principles of green and sustainable development.

Figure 1 - (A) The absorption and PL emission spectra with increase longer excitation wavelengths of PPEI-EI
CDs in aqueous solution (normalized spectra are shown in the inset); B) Aqueous solution of the PEG1500N-
attached CDs (a) excited at 400 nm and photographed through band-pass filters of different wavelengths as
indicated, and (b) excited at the indicated wavelengths and photographed directly
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Owing to their unique optical properties and intrinsic biocompatibility, CDs have
emerged as competitive alternatives to conventional quantum dots (QDs), which are often
associated with toxicity and environmental concerns (Behi et al., 2022). In addition to their low
toxicity, CDs exhibit excellent water solubility and high chemical and optical stability,
particularly resistance to photobleaching, and can be synthesized through cost effective and
environmentally friendly routes. The synergistic combination of these features makes CDs
highly attractive for a wide range of applications, including bioimaging (Choppadandi et al.,
2021; Khan et al., 2022; Kundu et al., 2018), photocatalysis (Mas et al., 2020; Morbiato et al.,
2025; Peng et al., 2020), sensing (Siripothula et al., 2025; Yang et al., 2018; Zhang et al.,
2019b), and optoelectronic devices (Li et al., 2025; Yan et al., 2021; Yuan et al., 2023).

2.1.1.1 Classification of CD

The family of nanomaterials referred to as CDs refers to a wide variety of carbon-based
0D nanostructures exhibiting intense photoluminescence. Establishing a clear definition for
CDs remains challenging due to the structural diversity within this class of nanomaterials.

Nevertheless, classification of CDs has been proposed in the literature, primarily based on
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differences in core structure and surface composition. In addition, the origin of
photoluminescence is considered a key criterion in distinguishing between different types of
CDs (Innocenzi; Stagi, 2023). Accordingly, CDs are commonly classified into carbon nanodots
(CNDs), carbon quantum dots (CQDs), carbonized polymer dots (CPDs), and graphene
quantum dots (GQDs).

GQDs are small graphene fragments composed of single or a few layers of graphene,
typically synthesized via top-down approaches from precursors, such as graphite powder,
carbon rods, carbon fibers, carbon black or graphene oxide, among others (Innocenzi; Stagi, 2023;
Liu; Li; Yang, 2020). They exhibit well-defined graphene lattices and abundant edge functional
groups, which give rise to pronounced quantum confinement and edge effects.
Morphologically, GQDs display disk-like or quasi-discoidal shapes with predominantly sp?-
hybridized carbon atoms and high crystallinity derived from the graphene lattice (Pordevi¢ et
al., 2022). Their thickness is generally governed by the number of graphene layers, typically
not exceeding five layers (=2.5 nm), while the lateral dimensions are usually below 20 nm (Xia
et al., 2019). The photoluminescence of GQDs originates from a combination of quantum
confinement effects and surface- or edge-related states associated with functional groups
located at the graphene edges (Tian et al., 2018).

CQDs are typically described as quasi-spherical or spherical carbon nanomaterials
composed of a graphitic crystalline core predominantly formed by sp?-hybridized carbon atoms,
surrounded by a carbonaceous surface rich in sp3-hybridized domains containing oxygen- and
nitrogen-containing functional groups (Rasal et al., 2025; Zhang et al., 2022b). The graphitic
core exhibits crystallinity associated with both graphene-like lattice ordering and interlayer
stacking, while the surface functional groups contribute to surface-state-related emission. QCE
within the graphitic domains play a central role in governing the photoluminescence of CQDs,
consequently, modulation of CQD dimensions provides a direct strategy for regulating emission
wavelength (Pordevi¢ et al., 2022; Xia et al., 2019). In contrast to graphene quantum dots
(GQDs), which consist of single or a few graphene layers with lateral dimensions exceeding
their thickness, the degree of exfoliation during synthesis is a critical factor in determining
whether the resulting nanomaterial is classified as CQDs or GQDs (Liu; Li; Yang, 2020).

CNDs exhibit a high degree of carbonization and typically lack a well-defined
crystalline lattice or distinct polymeric features. Their photoluminescence mainly arises from
defect and surface-related states, as well as subdomain states within the graphitic core without

size-dependent QCE (Xia et al., 2019). They usually display quasi-spherical morphology and
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contain abundant surface functional groups such as hydroxyl, carboxyl, and amino that
influence their optical behavior (Rasal et al., 2025).

CPDs are typically spherical or quasi-spherical nanoparticles with a well-defined core—
shell structure. Their core consists of a partially carbonized and cross-linked polymer network,
while the shell is constituted of abundant functional groups or polymer chains (Bartkowski et
al., 2024; Tao et al., 2022). This structure endows CPDs with enhanced stability, improved
compatibility, and easy surface modification and functionalization, thus improving their range
of applications (Liu; Li; Yang, 2020). Unlike the photoluminescence mechanisms observed in
GQDs and CQDs, the optical properties of CPDs mainly originate from molecular states
associated with the chemical crosslinking or physical immobilization of polymer chains. This
phenomenon, known as the crosslink-enhanced emission (CEE) effect, allows for a more
controllable relationship between CPD structure and performance (Tao et al., 2020; Xia et al.,
2019; Zheng et al., 2024).

The characteristics and the main differences between the members of CDs group are

observed in Figure 2 and summarized in Table 1.

Figure 2 - Schematic illustration of differences between GQDs, CQDs, CNDs, and CPDs regarding their
morphology, structure and quantum confinement effect
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Source: Pordevic et al. (2022)
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Table 1 — Classification of carbon dots based on their structure, hybridization, and PL mechanism

Type Morphology Hybridization PL mechanism
Discoidal-shaped QCE or conjugated «
GQDs sp* .
graphene sheets domains
Quasi-spherical or ' '
CQDs ' sp? QCE or conjugated © domains
spherical
Quasi-spherical or
CNDs . sp? or sp Defect states
spherical
Quasi-spherical or Molecular states and
CPDs . sp’ . .
spherical crosslink-enhanced emission

Source: Adapted from Rasal et al. (2025)

2.1.2 Clay minerals

The term clay refers to sedimentary particles with diameters smaller than 2 um and
thicknesses below 10 nm. From a mineralogical perspective, clay minerals are hydrated
aluminum phyllosilicates that may contain varying amounts of Fe, Mg, K (Dehmani et al.,
2026). Chemically, clay particles consist of different types of hydrated aluminosilicates,
exhibiting diverse compositions and crystalline arrangements. One defining property of clay
minerals is their plastic behavior in the presence of water, which enables them to retain shape
after the removal of applied stress, distinguishing them from other mineral materials (Balkanloo
et al., 2022). Nevertheless, their most attractive attributes arise from their high specific surface
area, low cost, natural abundance, favorable rheological behavior, and high ion-exchange
capacity (Alcantara; Darder, 2018; Diab et al., 2026; Wang et al., 2024b).

Clay minerals are characterized by two main structural components: tetrahedral (T) and
octahedral (O) sheets (Figure 3). Each tetrahedron has a central cation in the clay mineral
structure, usually silicon (Si*"), coordinated with four oxide anions (O?) at the vertices.
Consequently, every tetrahedron possesses three basal O*" groups and one apical O* group. The
three-shared basal O* groups can interact with each other, leading to the polymerization of
tetrahedra to form a tetrahedral sheet with variable dimensions (Mousa et al., 2018; Murray,
2006). The apical O* remains unshared and acts as the main point of connection with the
octahedral sheet. Each octahedron has a central metal cation (M™"), commonly the aluminum
cation (AI**) or magnesium (Mg*"), coordinated with six O?" groups located at the vertices.

Adjacent octahedra interact by sharing their edges (two O* or OH groups), forming an
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octahedral sheet. If M"" is a divalent cation, a trioctahedral or brucite-like sheet is produced, if
it is a trivalent cation, such as AI’**, two in every three octahedral sites are occupied, leaving a
vacant site and the generation of a dioctahedral or gibbsite-like sheet. Moreover, the Si*" of the
tetrahedra and the AI** of the octahedra can be replaced by cations of lower valence and similar
atomic radius. For example, Si*" can be exchanged by AI**, and AI*" can be replaced by Mg*",

or ferrous cation (Fe?*) (Peixoto et al., 2021).

Figure 3 - Structural units of phyllosilicates. Single tetrahedral with a central cation in yellow, usually Si**.
Single octahedral with a central cation in red, usually Al>*
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Source: The author (2025)

The tetrahedra and octahedra sheets can connect through electrostatic interactions, Van
der Waals forces, interlayer cations, or through hydrogen bonding, forming crystalline
structures with varied morphology. These layered structures can be classified into different
categories, 1:1, 2:1, or 2:1:1, based on the arrangement of the sheets (Diab et al., 2026). The
1:1 (T:O) phyllosilicates group consists of a tetrahedral sheet stacked directly on an octahedral
sheet. This arrangement creates a highly stable structure, due to the hydrogen bonds formed
between the sheets. These clay minerals are electrically neutral, which means there are no
counterbalancing cations present in the interlayer space. Consequently, these types of clay
minerals are not hydrated and are considered nonswelling in nature. They possess a basal
interlayer distance of 7 A, and they represent the serpentine-kaolin group (Belghazdis; Hachem,
2022; Nomicisio et al., 2023).

In 2:1 (T:O:T) phyllosilicates, each structural layer is composed of an octahedral sheet
sandwiched between two tetrahedral sheets. In opposition to 1:1 clay minerals, weaker
interactions occur between the tetrahedral sheets of adjacent layers, and the interlayer space
may contain counterbalancing cations if the structure has a negative charge or may not contain
any counterbalancing cations if the structure is neutral. As a result, negatively charged
structures can become hydrated, and therefore have the capability to swell. These layers present
a thickness of approximately 10 A, whereas the basal spacing can vary from 9 A to 15 A
depending on the nature of the interlayer species (Figure 4) (Nomicisio et al., 2023).
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Pyrophyllite and talc, representative members of this group, are characterized by the absence
of isomorphous substitutions, which results in electrically neutral layers with low surface
reactivity. In contrast, smectites and vermiculites exhibit partial isomorphous cation
substitutions within the tetrahedral and/or octahedral sheets, generating permanent layer
charges that strongly influence surface reactivity, cation exchange capacity, and swelling
behavior (Tipa et al., 2022). The smectite group is mainly known for MMT and laponite (a
synthetic hectorite), which are the most investigated among phyllosilicate regarding
bioapplications. Vermiculites display relatively high layer charges (0.6—0.9 per unit structure),
which restrict water penetration into the interlayer space, thereby limiting swelling, exfoliation,
and overall reactivity. Nevertheless, these materials still present high specific surface areas (up
to ~750 m2.g™') and cation exchange capacities in the range of 120200 meq/100 g (Diab et al.,
2026).

Figure 4 - The structure of different groups of clay minerals

N AENEN SN NN N

0 Vg @ s O

R — TR EE AT A AP N VIRVEVEVETRPERY
0 @ _© -0 6 K MR A R% A

0.9nm
TN SN BTN
i Kaolinite ; Talc, pyrophyllite lllite, vermiculite Smectites |
1:1type 2:1type

Source: Dawson & Oreffo (2013)

Similarly, illites exhibit even higher layer charges (0.8—1.0 per unit formula), which
further suppress interlayer expansion, resulting in low swelling ability, reduced specific surface
area (~30 m?.g™"), and low cation exchange capacity (10—40 meq/100 g) (Mousa et al., 2018;
Wypych; De Freitas, 2022). Sepiolite and palygorskite are distinct members of this group due
to their inverted 2:1 ribbons, which endow these clay minerals with fibrous morphology and
high SSA. The 2:1:1 phyllosilicate group has an octahedral sheet continuous to a 2:1 layer, or
this can also be referred to as an octahedral layer occupying the interlayer space, creating a
basal space of around 14 A. Chlorites are included in this group (Nomicisio et al., 2023). In

addition to crystalline clay minerals discussed above, it is also possible to find non-crystalline

31



clay minerals, including allophane, imogolite and hisingerite (Lazorenko; Kasprzhitskii, 2025;

Tipa et al., 2022).

2.1.2.1 Kaolin group

The kaolin group is characterized by a 1:1 layer structure, which inhibits interlayer
expansion and, consequently, swelling behavior. Kaolinite is the most abundant mineral in this
group and typically occurs as hexagonal platelets with particle sizes smaller than 2 pym (Awad
et al., 2017). Each platelet consists of two sheets, an aluminum octahedral sheet (aluminol
surface) and a silicon tetrahedral sheet (siloxane surface), stacked on top of one another (Figure
5). The siloxane surface exhibits a permanent negative charge, whereas the aluminol surface is
positively charged, giving rise to a pronounced dipolar character (Peixoto et al., 2021).
Kaolinite platelets are strongly held together through hydrogen bonding, leading to a rigid and
non-expandable structure. In addition, the platelet edges exhibit pH-dependent surface charges
due to the protonation and deprotonation of surface hydroxyl groups (Mousa et al., 2018).
Considering that no isomorphous substitution takes place in the 1:1 layer kaolinite displays a
low cation exchange capacity, typically in the range of 3—5 meq/100 g (Moraes et al., 2017). Its
limited adsorption capacity is therefore attributed to both the low layer charge and the relatively

small specific surface area, which was found to be 25 m2.g™! (Zhang et al., 2017).

Figure 5 — (A) Schematic representation of kaolinite structure showing the tetrahedral and the octahedral sheet
and (B) their SEM image (field of view 20 pm) made available by Mineralogical Society of the UK and Ireland'
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Source: Islam et al. (2025)

Another representative member of the kaolin group is halloysite, whose 1:1 sheet rolls

up several times into nanotubes, that in opposition to kaolin give rise to high SSA (20 — 150

! Available in <https://www.minersoc.org/images-of-clay.html/nggallery/page/6>
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m2.g™") and total pore volume (0.063—-0.869 cm’g™") (Lazorenko; Kasprzhitskii, 2025). HNTs
are typically 0.2 to 1.5 um in length, while their outer and inner diameters are 40 to 70 nm and
10 to 30 nm, respectively. The wall is made up of 10-15 bilayers with a gap of approximately
0.72 nm (Goda et al., 2019; Yendluri et al., 2017). Another interesting feature is the presence
of two different OH groups: those that are located between the layers and lumen surfaces, inner
OH groups (aluminols), and those that are located on the surface, outer OH groups (silanols)
(Peixoto et al., 2021). This provides different charges on the surfaces of the nanoparticles over
a pH range of 2.5-8.5, which are positive on the inner surface thanks to the octahedral
(AI(OH);3) sheet and negative on the outer one for the presence of SiO» groups. However, in
severely acidic circumstances, the outer surface of the halloysite becomes positively charged

(Nomicisio et al., 2023).

Figure 6 - (A) HNTs morphology and chemical structure and (B, C) SEM images of HNTs?
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The distinctive tubular morphology and surface chemistry of HNTs enable selective

functionalization, allowing the encapsulation of a wide range of molecules, including both

2 Available in <https://www.minersoc.org/images-of-clay.html/nggallery/page/4>
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anionic and cationic compounds, as well as hydrophilic and hydrophobic molecules (Nath et
al., 2022). Owing to the presence of negatively charged surface and a positively charged lumen
in the HNTs structure, multiple interaction mechanisms can be established, encompassing

electrostatic interactions, non-covalent forces, and covalent bonding (Nomicisio et al., 2023).

2.1.2.2 Smectite group

Smectites are a group of expandable 2:1 phyllosilicate composed of an octahedral sheet,
(Al, Mg, or Fe), sandwiched between two tetrahedral silica sheets (TOT), which interact with
each other by weak Van der Waals forces (Uddin et al., 2024). Permanent negative charges on
the layer surfaces arise primarily from isomorphic substitutions within the tetrahedral and/or
octahedral sheets and are compensated by exchangeable interlayer cations such as Na*, K*, Ca*",
and Mg?*, a feature that results in the high CEC characteristic of this clay family (Moraes et al.,
2017a). The weak electrostatic bonding of interlayer cations enables the incorporation of water
molecules and other polar species into the interlayer space, promoting swelling behavior and
facilitating ion exchange. Consequently, smectites exhibit high adsorption capacities, which are
closely related to their thin platelet morphology (Nawaz et al., 2022). At the nanoscale, smectite
platelets present thicknesses of approximately 1 nm (single layer) and lateral dimensions
typically ranging from tens to hundreds of nanometers, resulting in high aspect ratios and large
surface areas. Morphologically, these minerals generally occur as flakes or spheroidal
aggregates (Diab et al., 2026).

This group includes both dioctahedral and trioctahedral varieties, depending on the
occupancy of the octahedral sites. Dioctahedral smectites, such as montmorillonite, beidellite,
and nontronite, are more abundant in nature, whereas trioctahedral varieties include hectorite,
saponite, and sauconite (Nawaz et al., 2022). Among these minerals, MMT remains the most
extensively studied. In its structure, isomorphic substitution of Al** by Mg?" in the octahedral
sheet and of Si** by AI** in the tetrahedral sheet generates a permanent negative layer charge (-
0.2 to -0.6 per celula unit), which is balanced by exchangeable cations, including Na* and Ca**,
located in the interlayer space (Hossain et al., 2023; Xie; Chen; Yang, 2023). MMT platelets
typically exhibit a thickness of approximately 1 nm and much larger lateral dimensions,
commonly ranging from 300 to 500 nm (Figure 7A-B), resulting in a high SSA (up to ~756 m?
g ') (Kohay et al., 2017; Peixoto et al., 2021). These structural features provide a large number
of interaction sites for guest species, particularly within the interlayer space, which can expand

upon intercalation. The hydrophilic nature of the interlayer region confers excellent swelling
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behavior in aqueous media (Chen; Grabowski; Goel, 2022). In addition, MMT exhibits
favorable mechanical and thermal properties, including high thermal stability, elevated

Young’s modulus, and high mechanical strength (Nomicisio et al., 2023).

Figure 7 — (A) Structure of Na-MMT. The green sheet indicates a tetrahedral silica layer (T), the yellow sheet
indicates an octahedral alumina layer (O), and the blue spheres represent sodium cations. (B) SEM images of
MMT? (dioctahedral) and (C) saponite? (trioctahedral)
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Source: Adapted from Nieto et al. (2022)

Bentonite is a commercial term referring to clay materials composed predominantly of
MMT, with physicochemical properties mainly determined by the content and CEC of this clay
mineral (Nones et al., 2015). Bentonite is commonly classified into sodium and calcium types,
which differ mainly in their hydration and swelling characteristics (Moraes et al., 2017a).
Structurally, it consists of irregularly stacked lamellar particles with small dimensions, resulting
in a high specific surface area, while these fine platelets tend to aggregate into larger and thicker
agglomerates due to interparticle interactions (Peixoto et al., 2021).

13* as the central cation of

Beidellite also possesses a dioctahedral structure containing A
the octahedral sheet, nevertheless, unlike MMT the layer charge distribution in beidellite

originates primarily from isomorphic substitution of Si*" for AI** in the tetrahedral sheet. Due

3 Available at: <https://www.minersoc.org/images-of-clay.html/nggallery/page/10>
4 Available at: <https://www.minersoc.org/wp-content/gallery/shimages/138-1359898 06.jpg>
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to this substitution, beidellite often exhibits strong surface interactions, which can also affect
its swelling properties (Dai et al., 2024). On the other hand, nontronite is a Fe-rich dioctahedral
smectite endowed with redox-activity, where Fe(III) can be reduced to Fe(II) and subsequently
oxidized back to Fe(III). This cycling of iron allows it to function as a significant electron
acceptor and donor in environmental systems, mediating the degradation or transformation of
various contaminants (Zhang; Tong; Yuan, 2021; Zhao et al., 2015).

In addition, saponite, sauconite, and hectorite are classified as trioctahedral smectites,
in which the octahedral sheet is mainly occupied by divalent cations. In saponite (Figure 7C),
Mg?" is the dominant octahedral cation, and the layer charge primarily arises from AI** for Si**
substitutions in the tetrahedral sheets (Franco et al., 2024; Madejovéa; Gates; Petit, 2017). In
contrast, sauconite is characterized by the predominance of Zn** in the octahedral sheet.
Hectorite exhibits partial substitution of Li* for Mg?* within the octahedral layer. This structural
feature contributes to its high swelling and delamination capacity in aqueous media, leading to

exceptional rheological properties (Dai et al., 2024; Zhang et al., 2019a).

2.2.2.1 Sepiolite and palygorskite group

Sepiolite (ideal formula: MgsSisO15(OH)2-6H,O and palygorskite (ideal formula:
SisMgs020(OH)2(OH2)4.4H>0) are natural non-planar phyllosilicates with a 1D nanofibrous
morphology (Nomicisio et al., 2023). They exhibit a typical 2:1 ribbon structure in which the
apical O* groups of the tetrahedral sheets are inverted, leading to discontinuities in the
octahedral sheet. This inversion occurs every six atoms of Si for SEP and every four atoms of
Si for PAL, enabling the formation of parallel structural tunnels, along the fiber axis (Rebitski
et al., 2018). Additionally, the discontinuous octahedral sheet results in regularly distributed
silanol groups (Si—OH) on the external surface of the fibers. Owing to this unique structural
arrangement, SEP and PAL occurs in the shape of flexible elongated needles, with a high
surface area, generally with values of 150 m?/g and 300 m?%/g, respectively (Zhuang et al., 2024).
This confers outstanding adsorption capacity; however, when compared to smectite clays, SEP
and PAL exhibit a lower cation exchange capacity (CEC) (Moraes et al., 2017b; Peixoto et al.,
2021).

Palygorskyte, also known as attapulgite, and sepiolite share a similar crystal
architecture, differing mainly in channel dimensions. The channels in sepiolite are slightly
wider (10.6 A x3.7 A) than those in palygorskyte (6.4 A x 3.7 A) (Alvarez et al., 2011).

Although both minerals display fibrous morphology, samples from different geological deposits
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may show significant variations in fiber length, width, thickness, and aggregation state.
Typically, SEP and PAL fibers present lengths ranging from 0.2 to 2 um, widths of 10-30 nm,
and thicknesses of 5-10 nm (Alvarez et al., 2011; Zhuang et al., 2024). The high density of
surface silanol groups (—SiOH), mainly located at the edges of the structural blocks, explains
the pronounced hydrophilicity of these fibrous clays. Combined with their natural channel
structure, high surface area, and rich surface silanol group, these features endow SEP and PAL
with a strong ability to adsorb a wide variety of compounds, making them highly effective in

numerous applications (Alcantara et al., 2023; Cao et al., 2022).

Figure 8 -The schematic illustration of (A) fibrous clay and (B) SEM images of palygorskite?
Channels
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Source: Adapted from Peixoto et al. (2021)

2.2 FABRICATION OF CLAY-CARBON DOTS HYBRID NANOMATERIALS

This section reviews the main strategies reported for the fabrication of hybrid
nanomaterials based on natural clay minerals and CDs, including both the incorporation of pre-
synthesized CDs and their in sifu generation on clay surfaces, with emphasis on the distinct

characteristics and interaction mechanisms governing the assembly of these components.

2.2.1 Previously prepared CD

The fabrication of clay—CD hybrid nanomaterials using pre-synthesized CDs is a simple
strategy that can be achieved through self-assembly in aqueous dispersions of clay minerals and
CDs or by employing solid-state methods without the use of solvents. Zhai et al. (2019)reported
the preparation of g-CDs@MMT materials in which g-CDs synthesized from citric acid (CA)

5 Available in: <https://www.minersoc.org/images-of-clay.html>
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and urea (U) were first dispersed in water and subsequently added to an aqueous suspension of
MMT under continuous stirring for 30 min. XRD analysis showed no significant shift in the
basal (001) reflection of MMT after material formation, indicating that the g-CDs are
predominantly adsorbed on external surfaces and edge sites rather than intercalated in the
interlayer space of MMT. Electrostatic attraction between g-CDs and MMT was inferred from
the opposite zeta potentials of the counterparts, although the value for the final g-CDs@MMT
material was not reported. In addition, XPS measurements revealed a shift of the Al 2p peak
toward lower binding energy in the material compared to pristine MMT, indicating coordination
interactions between surface g-CDs and the clay structure. In detail, the authors assume that the
carboxyl/hydroxyl groups in g-CDs could provide Al with electrons, which increase the
electron cloud density of Al, resulting in a decreased Al binding energy. The resulting g-
CDs@MMT material also exhibited excellent photostability, retaining approximately 98% of
its emission intensity after 60 min of UV irradiation. (Yu; Yan, 2017) also obtained a material
based on montmorillonite (PGV) and carbon dots, named as C-dots@PGV, using a similar
strategy by adding 1.0 mL of a C-dots solution to 0.25 g of PGV powder. The authors suggest
that the C-dots are adsorbed onto the external surface of the PGV and intercalated in its
interlayer space. However, this interpretation is not supported by the XRD data that does not
indicate a basal spacing shift.

In the work developed by Mehdi et al. (2018), multifunctional halloysite nanotubes
(HNTs-g-PEG-CDs) were prepared through a multistep surface modification process. Initially,
the nanotubes were functionalized with aminopropyl groups and converted into carboxyl groups
using succinic anhydride, which enabled the covalent grafting of six-arm poly(ethylene glycol)-
amine (PEG-NH:) through EDC/NHS chemistry. Separately, nitrogen-doped CDs were
synthesized hydrothermally from citric acid and ethylenediamine (EDA), producing highly
fluorescent nanoparticles with excitation and emission maxima at 340 and 440 nm, respectively.
These pre-formed CDs were then covalently linked to the free amine terminals of the PEG
branches on the nanotubes through carbodiimide-mediated coupling. In this reaction, EDC and
NHS activated the carboxyl groups of the CDs, allowing the formation of stable amide bonds
with PEG-NHa.

Massaro et al. (2024) also used a previous step in which HNTs were functionalized with
3-aminopropyltriethoxysilane  (APTES) to obtain HNTs-NH. and with  3-
methacryloxypropyltrimethoxysilane followed by itaconic acid grafting to obtain HNTs-
COOH. In parallel, N-doped CDs were synthesized by reacting itaconic acid with EDA using

microwave irradiation and purified by gel filtration chromatography. Covalent attachment of
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CDs to the functionalized HNTs was achieved using EDC to promote amide bond formation,
yielding HNTs-NCDs1 and HNTs-NCDs2. TGA analysis indicated organic loadings of 5.8
wt% for HNTs-NCDs1 and 3.2 wt% for HNTs-NCDs2. Dynamic light scattering revealed
hydrodynamic diameters of 380 & 37 nm for HNTs-NCDs1 and 422 + 46 nm for HNTs-NCDs?2.
In contrast, pristine N-doped CDs dispersed in water exhibited a hydrodynamic diameter of 749
+ 39 nm, attributed to aggregation of CDs. The smaller diameters of the hybrid materials
compared to free CDs indicate that anchoring onto HNTs reduces CDs aggregation. However,
TEM images showed the formation of large nanotube aggregates, possible due to the formation
of links between HNTs through CDs during amide bond formation. Fluorescence QY decreased
to 3% for both HNTs-NCDs1 and HNTs-NCDs2, compared to 26% for N-doped CDs. This
reduction indicates that the covalent coupling process affected the emissive surface states of the
carbon dots. Potentiometric titration showed the loss of free carboxylic and amine groups after
condensation, suggesting that functional groups involved in radiative recombination were
consumed during amide bond formation. These results indicate that the CDs coupling affected

surface functionality and emission efficiency.

2.2.2 In situ carbon dots formation

In this approach, carbon precursors are carbonized in the presence of the clay mineral
support, promoting the formation of surface-anchored CDs. This strategy avoids post-synthetic
mixing steps and enhances surface contact between components. Uchida et al. (2022) reported
one-step solvent-free synthesis of CD-based layered composites with tunable
photoluminescence. The materials were obtained by heating mixtures of phloroglucinol and
saponite, with or without an additional precursor, at 200 °C for 3 hours under nitrogen flow.
Phloroglucinol alone produced CDs with greenish-blue emission around 525 nm, while the
introduction of resorcinol (P-CD) led to a blue-shifted emission near 500 nm, boric acid (PB-
CD) induced a yellow-green emission at about 535 nm, and phosphorus pentoxide (PP-CD)
produced orange emission centered at 585 nm, confirming the strong effect of precursor
chemistry on photoluminescence properties. In addition, the XRD analysis revealed an
expansion of the basal spacing of saponite from ~10.5 A to ~14.6 A after thermal treatment,
indicating that the CDs were formed in the interlayer space of saponite. X-ray photoelectron
spectroscopy (XPS) results indicate that condensation of phloroglucinol for the formation of P-

CD was affected by saponite to give more C-C bonds in the chemical structures, confirming
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that the confinement of the precursor in the interlayer space of saponite may result in the
formation of larger n-conjugated structures.

Halloysite—carbon dot hybrid nanomaterials were prepared through a bottom-up
approach based on the in situ formation of N-doped CDs (NCDs) using different amine
passivation agents. The synthesis involved three main steps: first, HNTs were functionalized
with 3-methacryloxypropyltrimethoxysilane, reaching a functionalization degree of 3.5 wt%;
second, itaconic acid was covalently linked via an AIBN-catalyzed reaction, yielding a
carboxylated precursor with a loading of 4.8 wt%; finally, microwave-assisted pyrolysis at 240
°C for 3 min in water promoted the formation of NCDs directly anchored to the HNTs surface
(HNTs-NCDs). EDA, spermine, and hexamethylenediamine acted as passivating agents,
producing HNTs-NCDsa, HNTs-NCDsb, and HNTs-NCDsc, respectively. Microscopy images
(HAADF-STEM) confirmed that the tubular morphology of HNTs was preserved after
pyrolysis and EDX mapping confirmed that NCDs were homogeneously distributed on the
HNTs surface. The synthetic route preserved the surface functionality of the NCDs, as indicated
by the fluorescence QY of HNTs-NCDsa (24%), which is comparable to that of pristine NCDs
(26%), and by the coexistence of carboxylic and amine groups detected by potentiometric
titration. The optical band gap decreased to 3.9 eV for HNTs-NCDsa, compared to 5.8 eV in
pure NCDs, which could indicate the presence of richer surface-related electronic states,

contribution for the application of the work in Fe** sensing (Massaro et al., 2024).

Figure 9 - Schematic representation of the synthesis of HNTs-NCDs,.. nanomaterials. The inset shows the organic
portion loaded onto the HNTs’ surface after each synthetic step, estimated by TGA
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The study developed by Jia et al. (2021) describes the preparation of a material based
on attapulgite (Atta), CDs, and Eu*", obtained through a multistep strategy, involving silane
grafting, polymer anchoring, and hydrothermal carbonization. Atta is first acid-activated and
functionalized with 3-chloropropyltrimethoxysilane (CPTEOS), enabling the covalent grafting
of polyethyleneimine (PEI) in the clay surface. PEI provides amine-rich sites that act both as
anchoring points and as nitrogen source for the following CDs formation. CDs are then
generated by in situ hydrothermal carbonization of CA in the presence of PEI-modified Atta at
160 °C for 12 h, resulting in uniformly dispersed nanoparticles with an average size of
approximately 3 nm, as revealed by TEM images. In the final step, Eu** ions are coordinated to
carboxyl groups on the CDs, forming the Atta-CDs-Eu material. FT-IR spectra show the
appearance of C=0 and C-O stretching bands at 1650 cm™ and 1410 cm™ after hydrothermal
treatment, confirming the formation of carboxyl-rich CDs on the Atta surface. XRD patterns
indicate that the characteristic reflections of the clay remain unchanged after modification,
while a broad plane reflection at 20 = 21° is assigned to amorphous carbon, evidencing CD
formation without structural disruption of the Atta. In addition, the authors affirm that CDs

contribute to the optical stability of the material as both CD and Eu** emissions are preserved.

2.3 APPLICATION OF CLAY MINERALS-CARBON DOTS HYBRID NANOMATERIALS

2.3.1 Adsorption

Jlassi et al. (2023) study bentonite-carbon dots (B-CDs) nanohybrid for removing Pb**
ions from aqueous solution under dark and light conditions. The B-CDs showed outstanding
performance for Pb?* removal from aqueous solution. At pH 8 and room temperature, the hybrid
reached 95% removal within 10 min under light irradiation, while only 70% was achieved in
the dark. In comparison, pure bentonite removed about 81% under the same light conditions.
The improvement is attributed to the nitrogen and sulfur doped CDs, which introduce functional
groups such as -COOH, —OH, and —NH, enabling strong complexation with Pb(Il) ions. These
groups also enhance light absorption and charge separation, increasing the number of active
sites available for adsorption. The process followed a pseudo-second-order kinetic model and
fitted the Langmuir isotherm, indicating monolayer chemisorption. Moreover, the (Na + K)/(Si
+ Al) atomic ratios using XPS data were 0.075, 0.048, and 0.038 for bentonite, B-CDs and B-
CD-Pb, respectively, indicating partial substitution of Na" and K" by CDs and Pb(I) in the

bentonite layer.
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A magnetic nanomaterial based on HNTs, nickel ferrite, and GQDs
(NiFe:04/HNTs/GQDs) was also employed for the removal of Pb*" ions from aqueous
solutions. GQDs were covalently immobilized onto the APTES-modified NiFe.O4+/HNTs
surface through amide bond formation. The carboxylic groups present on the GQDs readily
react with the —-NH: groups of APTES, resulting in the attachment of GQDs to the external
surface of the NiFe.:O4#/HNTs. Adsorption experiments demonstrated a high Pb*" removal
efficiency, reaching up to 97.14% under optimized conditions (pH = 5.96, contact time of 54
min, adsorbent dose of 0.36 g, and initial Pb*" concentration of » 91 mg-L"). According to the
Langmuir model, the maximum adsorption capacity was 42.02 mg-g' at 298 K, indicating
monolayer adsorption on homogeneous sites. Kinetic data followed a pseudo-second-order
model (R? = 0.999), and thermodynamic analysis revealed that the adsorption process was
spontaneous and endothermic, with an activation energy of 48.23 kJ-mol™, characteristic of
chemisorption. The authors propose that Pb?>* adsorption occurs through the formation of mono-
and bidentate surface complexes (Figure 10) involving carboxylate (-COO~) and hydroxyl
groups (-OH) on the external surface of the NiFe2Os/HNTs/GQDs. In addition, the magnetic

core allows straightforward recovery of the adsorbent from aqueous media (Pirhaji et al., 2020).

Figure 10 - Proposed adsorption mechanism of Pb(II) ions onto NiFe,O4/HNTs/GQDs
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Source: Pirhaji et al. (2020)
2.3.2 Drug delivery

Hybrid nanocarriers based on clay minerals and CDs have emerged as versatile

platforms for drug delivery, as they combine the structural stability and adsorption capacity of
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clays with the surface functionality introduced by carbon-based nanomaterials. The study
developed by Rahmani et al. (2022) presents a pH-responsive chitosan-montmorillonite-
nitrogen-doped carbon quantum dots (CS-MMT-NCQDs) nanocomposite for doxorubicin
(DOX) delivery (Figure 11), addressing the limitations of DOX, such as its low solubility and
short circulation time. The CS-MMT-NCQDs nanocomposite demonstrated enhanced loading
and entrapment efficiencies, achieving a sustained release of DOX over 96 hours, particularly
at pH 5.4, simulating tumor conditions. The release kinetics were analyzed using Korsmeyer-
Peppas and other models, indicating controlled release at acidic pH. Cytotoxicity assays on
MCF-7 breast cancer cells revealed that CS-MMT-NCQDs-DOX exhibited superior cytotoxic
effects compared to free DOX and CS-MMT-DOX, with significant reductions in cell viability.
Incorporating NCQDs improved drug release and cellular uptake, highlighting the potential of
CS-MMT-NCQDs as an effective drug delivery system for cancer therapy.

Figure 11 - Schematic representation of cross-linked CS-MMT-NCQDs-DOX hydrogel nanocomposite
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The HNTs-g-PEG-CDs nanoparticles reported previously (section 2.2) were decorated
with biotin for quercetin loading and controlled release. Biotin was chosen to active targeting
of tumor cells, while quercetin, a natural flavonoid with recognized antioxidant and anticancer
activity, was used as the model drug. The modified HNTs showed a quercetin loading capacity
0f278.36 mg g!, much higher than pristine HNTs, due to the strong n—n and hydrogen bonding
interactions between quercetin and PEG chains. Drug release was sustained and pH-dependent:
only 44.2% of quercetin was released at pH 7.4 after seven days, while 67.9% and 75.4% were

released at pH 6.8 and 5.0, respectively. This pH sensitivity is related to the dissociation of
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hydrogen bonds in acidic conditions, which favors faster release inside tumor environments.
Cytotoxicity assays demonstrated low toxicity of the HNTs-g-PEG-Biotin nanocarrier toward
HeLa cell line (>80% cell viability). Free quercetin exhibited at higher concentration (100
pg.mL™) cell viability of 34.52%, while HNT-g-PEG-CDs-Biotin-Que showed a viability of
approximately 17%, confirming enhanced therapeutic potential for targeted cancer treatment.
Despite the improved cytotoxicity, the effect of CDs was not clear, once the capability of HNT-
g-PEG-CDs-Biotin to induce death of cancer cells was not evaluated (Mehdi et al., 2018).
Beyond the drug delivery scope, Massaro et al. (2019) developed a multifunctional
HNT-CDs hybrid system designed as a non-viral nanocarrier for oral gene delivery. The
association with DNA is driven by electrostatic interactions between the negatively charged
phosphate backbone of DNA and the positively charged amino groups introduced on the surface
of the carbon dots. As a result, the HNT-CDs system achieved a DNA loading capacity of
approximately 6 wt%, while circular dichroism analysis confirmed that the DNA secondary
structure was preserved upon adsorption. Release studies revealed a pH-dependent behavior,
with strong DNA retention under acidic conditions (pH 1.0) and a more sustained release at
physiological pH (7.4), highlighting the ability of the hybrid carrier to protect genetic material
during gastrointestinal transit. Overall, these results demonstrate that the HNT—CDs hybrid
enables controlled, environment-responsive DNA release, reinforcing its potential as a clay-

based non-viral carrier for gene delivery applications.

2.3.3 Active packaging

Active food packaging aims to extend shelf life in order to preserve food quality and
meet the increasing food demand (Sul; Ezati; Rhim, 2023). Biopolymers such as alginate,
chitosan, and hydroxypropyl cellulose can be used as polymeric matrices, into which clay-CDs
materials are incorporated for food packaging applications. These hybrid materials are
attractive for this purpose because they combine the barrier effect and loading capacity of clays
with the optical properties and antioxidant properties of CDs (Saadat; Rawtani; Rao, 2022). In
this context, physical protection can be associated with functions such as UV shielding,
moisture control, and antioxidant or antimicrobial activity.

Cina et al. (2024) produced HNTs-CDs hybrids by covalently anchoring CDs precursors
on the external surface of HNT and converting them by microwave assisted synthesis. Pure

alginate films showed a UV transmittance at 300 nm of 68%, while this value decrease to 41%
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with HNT and to 28% with HNTs-CDs, indicating that UV shielding is mainly associated with
the presence of CDs. This effect is also observed in the mechanical behavior after UV exposure,
since pure Alg and Alg/HNT show reductions in stress at break of about 28% and 21%,
respectively, whereas alginate containing HNTs-CDs maintains unchanged mechanical
strength. Water vapor permeability followed the same trend, where the values decreased from
53 x10% gm's7'Pa! for alginate to 0.95 x 10~® for the HNT-CDs film, which can be related
with to the formation of tortuous diffusion pathways due to the tubular structure of HNT. The
lumen of the HNTs-CDs was used to load a natural extract, which was then incorporated into
alginate films. In addition, only the HNT-CDs containing films show antioxidant activity, with
about 25% DPPH inhibition after 96 hours, confirming that the hybrid filler transforms alginate
from a passive barrier into an active functional material. Apple and banana slices coated with
the resulting film were stored for 7 days at room temperature and 60% of relative humidity.
Uncoated fruits showed marked browning, and uncoated apples also exhibited visible microbial
degradation after storage. In contrast, coated fruits retained their visual appearance over the
same period, with no evident browning or microbial growth.

Gao et al. (2024) presented a chitosan-based composite film developed for active food
packaging by incorporating attapulgite clay and honeysuckle extract containing natural CDs
(HEAC). Pure chitosan exhibits limited antibacterial performance, whereas HEAC films reach
antibacterial inhibit 0f 99.27 + 0.18% against E. coli and 98.85 + 0.65% against S. aureus. This
enhancement is attributed to the combined effect of CDs and bioactive compounds immobilized
on the clay surface, together with the physical interaction between attapulgite and bacterial cell
walls. Regarding antioxidant properties, pure chitosan films present a hydroxyl radical
scavenging efficiency of 40.96%, while HEAC films reach up to 95.46%, indicating a stronger
ability to retard oxidative process in food. In addition, mechanical properties benefit from the
hybrid filler as well. The tensile strength of pure chitosan films is 13.0 + 0.79 MPa and the
elongation at break is 38.6%, whereas HEAC films containing 4.76 wt% filler reach 24.9 +2.35
MPa and 64.8 £ 2.11%, respectively. HEAC films also reduce UV transmittance below 400 nm
compared with chitosan, while remaining transparent in the visible region. Strawberry
preservation tests were carried out at 25 °C using both dip-coated fruits and free-standing films.
Uncoated strawberries and those coated with pure chitosan showed visible decay after 2 days
of storage. In contrast, strawberries coated with HEAC films remained visually fresh for up to
3 days, with no evident mold growth or severe shrinkage at higher HEAC contents. Similar
behavior was observed for strawberries packaged with HEAC films, confirming that the hybrid

system effectively delays microbial and oxidative degradation.
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2.3.4 Other applications

Chuaicham et al. (2022) obtained a material based on BiOBr, carbon quantum dots, and
saponite (CQDs/Clay@BiOBr) for the photocatalytic degradation of ciprofloxacin (CIP) under
visible light. The selection of saponite in this work was due to its high purity, which had no
effect on the optical properties of CQD. CQDs/Clay materials were prepared using different
methodologies: one was prepared through in situ pyrolysis, and the other through a physical
mixing process. The results indicated that the material CQDs/Clay@BiOBr exhibited higher
photocatalytic performance compared to pure BiOBr, probably caused by a reduction in the
recombination of photogenerated charges, facilitated by electron transfer from BiOBr to clay.
This fact is supported by the observed decrease in electron accumulation density in the Energy-
resolved distribution of electron (ERDT) trap patterns for Clay@BiOBr. In addition, the authors
show that the samples containing CQD significantly enhanced their photocatalytic
performance, achieving approximately 95% efficiency with CQDs/Clay (IS)@B1OBr-50 within
5 minutes of the reaction. However, the excess amount of the CQDs in CQDs/Clay
(IS)@BiOBr-100 decreases the CIP degradation efficiency. This indicates that the excessive
loading of CQDs on the BiOBr surface inhibits light adsorption and acts as a recombination
center for electrons, which results in reduced production of photogenerated charge carriers for
the degradation reaction.

Massaro et al. (2019) obtained a hybrid nanomaterial based on halloysite and carbon
dots (HNT-CDs) using a one-step microwave-assisted pyrolysis of tartaric acid and ethylene
diamine as a synthetic route. The HNT-CDs hybrid was explored as a non-viral vector for oral
gene therapy and cellular imaging due to the photoluminescence properties of the HNT-CDs.
The fluorescence microscopy analysis was carried out using the HeLa cell line, where HNT-
CDs primarily accumulate in the perinuclear and cytoplasmic regions of the cells, with weak
fluorescence in the nuclei. In comparison, CDs can also be localized mainly in cytoplasm and
nuclei (Figure 12). Moreover, flow cytometry results revealed that HNT-CDs entered HeLa
cells significantly after just 30 minutes, showing positive events of 77% and 78% in the FL1-
H and FL2-H channels, respectively. This contrasts with previous findings on HNT uptake,
which typically required 24 hours. The improved uptake is likely due to primary amino groups
on the HNT-CDs surface enhancing interaction with the cell membrane. After 24 hours,
fluorescence intensity slightly increased, confirming that most HNT-CDs penetrate the cellular

membrane within the first 30 minutes. These results indicated that the association of halloysite
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nanotubes with carbon dots enhances cellular uptake, which could be attributed to the presence
of primary amino groups on the HNT-CDs surface, endowing the nanomaterial with uptake by

improving the interaction with the cell membrane.

Figure 12 - Fluorescence microscopy images of (a) HeLa cells; (b) HeLa cells treated with HNT-CDs
(10 ugmL™") and (c,d) HeLa cells treated with CDs (50 ugmL™") at 20x (c) and 40x (d) of magnification,
respectively

a) b)
DAPI

In the study developed by Ma et al. (2023), MMT was decorated with modified GQD to
improve fire retardancy of polystyrene (PS). The incorporation of GQDs produced nanohybrids
(CG@MMT) that showed not only better distribution in the polymer matrix but also strong
interfacial interactions. SEM and TEM images revealed that neat MMT tends to form
agglomerates in the PS matrix. However, CG@MMT appears to be more separated as a flake
like-platelets dispersed in the PS phase. Thermogravimetric analyses up to 700 °C revealed that
PS/CG@MMT nanomaterial exhibited a residue of 3.3 wt%, while neat PS exhibit a residue of
0.7%, representing a significant enhancement in the nanocomposite thermal stability. To
evaluate pyrolysis and flammability performances, a microscale combustion calorimeter
(MCC) was used. When 5% of MMT was introduced into the PS matrix it was observed a
reduced of 20% in the peak heat release rate (pHRR). After the incorporation of nanohybrids,
the resulting PS/CG@MMT exhibits a much greater reduction in pHRR (36%) and delayed the

maximum heat release temperature by approximately 25 °C. This improvement was mainly
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attributed to the synergistic barrier effect of exfoliated MMT layers and the thermally stable,
graphitic structure of GQDs, which promoted the formation of a continuous, compact

carbonaceous layer during combustion, effectively reducing heat and gas diffusion (Figure 13).

Figure 13 - SEM images of the fractured surface of (a) neat PS, (b) PS/MMT, and (c¢) PS/CG@MMT-3. (d)
Proposed mechanism of improving fire retardancy
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Source: Ma et al. (2023)
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Chapter 3 Abstract

This chapter describes the starting materials used in this thesis, the reagents employed in the
synthesis of the materials, the characterization techniques applied to elucidate the relationship

between structure and properties, as well as the methodology adopted for the biological assays.
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3.1 STARTING MATERIALS

Different clays were employed to prepare the hybrid nanomaterials described in this
section. A natural Wyoming montmorillonite (MMT) clay with Na- interlayer cation with a
Cation Exchange Capacity (CEC) of 93 mEq per 100 g was purchased from Southern Clay
Products (USA) and corresponds to the commercial product Cloisite*Na‘. Microfibrous sepiolite
(SEP) from Vallecas-Vicalvaro, Spain, with >95% purity and CEC value of approximately 15
mEq/100g, was commercialized as Pangel S9- by Tolsa S.A. (Spain) and kindly provided by
Prof. Dr. Eduardo Ruiz-Hitzky from Instituto de Ciencia de Materiales de Madrid, Spain. Clays
were stored at room temperature and used without further modification.

Table 2 provides information about the reagents used in this Thesis, including their
formula, provenance, and purity. Deionized water (resistivity >18.2 MQ.cm) was obtained from

a Millipore Ultrapure water system.

Table 2 - List of reagents used and their respective formula, supplier, and purity

Reagent Formula Supplier Purity (%)
2-methylimidazole C4HeN2 Sigma-Aldrich 99
Fluorouracil C4H3N2FO2 Sigma-Aldrich >98.0
Citric acid CeHsO7 Exodo >99.5
Dimetylformamide CsH7NO Exodo >99.8
Hydrochloric acid P.A. HCI Exodo 37%
Methanol CH40 Exodo >99.0
Sodium hydroxide NaOH Synth >98.0
Urea CH4N20 Dinamica >99.0
Zinc nitrate Zn(NOs3)2-:6H20 Dinamica >96.0

3.2 SYNTHESIS OF CARBON QUANTUM DOTS

Nitrogen-doped CQD was obtained following a procedure reported by Qu et al. (2016)
(Figure 14). In a typical synthesis, citric acid (1 g) and urea (2 g) were added to 10 mL of DMF
and sonicated until the precursors were completely dissolved. The solution was transferred to a
15 mL Teflon-lined stainless-steel autoclave and then heated to 160 °C for 6 h. The obtained
dark brown solution was cooled to room temperature naturally before being mixed with 20 mL

of NaOH aqueous solution (50 mg-mL™") and centrifuged at 15,000 rpm for 30 min. The
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precipitate was collected, suspended in deionized water, centrifuged twice under the same
conditions described above, and then freeze-dried at —35 °C for 72 h to obtain the powder
product. The addition of sodium hydroxide during the purification step neutralizes carboxyl

groups and other acidic by-products, favoring the formation of surface functional groups.

Figure 14 - Schematic illustration of the synthesis procedure for CQD
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3.3 SYNTHESIS OF ZIF-8

ZIF-8 was synthesized following the procedure previously described by Schejn et al.
(2014). Briefly, solution A was prepared by dissolving 0.595 g of Zn(NOs)2:6H20 in 20 mL of
methanol, while solution B was obtained by dissolving 1.642 g of 2-methylimidazole in 20 mL
of methanol. Solution A was then poured into solution B, and the resulting mixture was allowed
to react for 24 h at room temperature. The formed ZIF-8 was collected by centrifugation at
4,000 RPM for 15 min, washed twice with methanol under the same conditions, and finally

dried at 70 °C for 24 h (Figure 15). Each synthesis yielded approximately 200 mg of ZIF-8.

Figure 15 — Schematic illustration of the synthesis procedure for ZIF-8

Zn(NO:).-6H:0 2-Melm jaf>) ZIF-8
0.595 g 1642 g = /
[ o |
— t Agitagéo \\_,// Secagem

= .
MetOH -[
"

Source: Author (2026)

3.4 PREPARATION OF CLAY-CARBON QUANTUM DOTS HYBRID MATERIALS

Two synthetic routes were explored to obtain different clay—carbon quantum dot hybrid

nanomaterials. In the first route, 10 mg of previously prepared CQDs and 50 mg of either
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montmorillonite or sepiolite were individually dispersed in 25 mL of deionized water and
stirred for 1 h (Figure 16). The CQD suspension was then poured into the clay dispersion and
continuously stirred for 24 h. After the reaction period, the resulting mixture was centrifuged
at 8,000 rpm for 10 min, washed twice with deionized water, and dried at 50 °C for subsequent
experiments. The obtained nanohybrids were denoted as MCQD-R1 and SCQD-RI,
corresponding to the MMT and SEP hybrids, respectively.

Figure 16 - Schematic illustration of the synthetic routes employed to fabricate the sepiolite-carbon quantum dots
hybrid nanomaterials
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In the second route, the CQD was prepared in situ, i.e., in the presence of the clay
minerals (Figure 16). For this, citric acid (1 g) and urea (2 g) were added to 10 mL DMF, and
the mixture was sonicated until complete solubilization of the precursors. After that, 50 mg of
MMT or SEP was added to the mixture, which was stirred for 1 h or 16 h, and then the
dispersion was transferred to a 15 mL Teflon-lined stainless-steel autoclave and heated to 160
°C for 6 h. The subsequent steps of this route followed the procedure described for the synthesis
of pure CQD (section 3.2). After reaction time, the obtained dark product was mixed with 20
mL of NaOH aqueous solution (50 mg.mL"!) and centrifuged at 15,000 RPM for 30 min. The

precipitate was collected, suspended in deionized water, and centrifuged twice under the same
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conditions as described above. The isolated solids were freeze-dried at -35 °C for 72 h and
denoted as MCQD-R2-1 and MCQD-R2-16 for hybrids based on montmorillonite and SCQD-
R2-1 or SCQD-R2-16 for sepiolite-based hybrids prepared with 1 h and 16 h, respectively.

3.5 PREPARATION OF THE CLAY-DRUG HYBRID NANOMATERIALS

For the preparation of the clay-drug hybrid nanomaterials, drug solutions with different
concentrations (250-2000 mgL™!) were prepared in deionized water and homogenized using an
ultrasonic bath until complete solubilization of the drug. Simultaneously, 0.10 g of MMT or
SEP was dispersed in 50 mL of water and kept under stirring during 1 h to properly disperse
the clay. Then, each drug solution was slowly added to a clay suspension, forming a single bath
which was kept under magnetic stirring and dark conditions for 72 h at room temperature. After
the reaction time, the mixtures were centrifuged at 8000 RPM for 10 min. The solid products
were suspended in deionized water, and centrifuged twice at the same conditions as described
above to remove excessive drug, and then dried at 50 °C. The resulting hybrid nanomaterials

were denoted as MMT-5FU followed by the initial amount of the drug.

3.6 DETERMINATION OF DRUG ENCAPSULATION EFFICIENCY AND DRUG
LOADING CAPACITY

The drug entrapment efficiency (EE) and drug loading content (DLC) of the prepared
materials were evaluated by Elemental Analysis (CHN). In this case, the amount of drug was
calculated considering the composition of pure 5-FU as parameter. The EE and the DLC of 5-

Fluorouracil in the hybrid nanomaterials were calculated according to the following equations:

drug loaded in hybrid nanomaterials(g)

EE (%) =

— x 100 Equation 1
initial drug amount (g)

drug loaded in hybrid nanomaterials (g)

x 100 Equation 2

DLC (%)

hybrid material amount (g)

3.7 PREPARATION OF ZIF-8/CQD HYBRID NANOMATERIALS

The synthesis of ZIF-8/CQD hybrid nanomaterials followed the same initial step

adopted for pure ZIF-8, as described in Section 3.3. Briefly, solution A was prepared by
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dissolving 1.642 g of 2-methylimidazole in 20 mL of methanol, while solution B was obtained
by dissolving 0.595 g of Zn(NOs)2:6H20 in 20 mL of methanol. Both solutions were stirred for
30 min to guarantee complete homogenization of the MOF precursors. After that, 400 mg or
200 mg of CQDs were added to solution A and the mixture was stirred for an additional 30 min
to completely disperse CQDs in methanol (Xu et al., 2016) . Solution B was then slowly poured
into the CQD-containing solution A to form a single reaction mixture, which was allowed to
react at room temperature for 24 h (Figure 17). The resulting ZIF-8/CQD hybrid materials were
recovered by centrifugation at 4000 rpm for 15 min, washed twice with methanol under the
same conditions, and dried at 70 °C for 24 h. The obtained hybrids were denoted as ZIF-8/CQD
400 and ZIF-8/CQD 200, according to the initial CQD content used during synthesis.

Figure 17 — Schematic illustration of the synthetic route employed to fabricate ZIF8/CQD hybrid nanomaterial
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3.8 PREPARATION OF THE CLAY-CQD-5FU HYBRID NANOMATERIALS

For the preparation of the clay—CQD-R2-5FU samples, 120 mg of the respective hybrid
nanomaterials (SCQD-R2-16) and 50 mg of 5-FU were weighed and dispersed separately in 50
mL of deionized water. Both dispersions were stirred for 30 min to promote complete
homogenization, then combined and kept under agitation for 72 h. The final materials were

collected by centrifugation, washed twice with deionized water, and dried in an oven at 60 °C.

3.9 CHARACTERIZATION TECHNIQUES

3.9.1 Transmission Electron Microscopy (TEM)

For visualization of the carbon dots and their respective hybrids on a very fine scale,

TEM images were recorded on a FEI Tecnai G2 F2 TEM operating at 200 kV accelerating
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voltage. The materials were dispersed in isopropyl alcohol, and 4 pL of each dispersion was

dripped on a copper grid and allowed to air-dry before measurement.

3.9.2 X-ray Diffraction (XRD)

X-ray diffraction is a versatile and non-destructive technique that is used for the
identification of the crystalline phases in solid materials and for analyzing their structural
properties (Azhar; Olad, 2014). Powder X-ray diffraction data were collected on a Bruker D8-
Advance X-ray diffractometer using Cu Ka (A = 0.1542 nm) as the radiation source, with a
voltage and current source of 30 kV and 10 mA, respectively. The diffraction patterns were
recorded between 4° and 70° (20) angles with a speed of 2°min. In the case of samples

containing MMT clay, the basal space was calculated from Bragg’s law (Equation 3).

nA = 2dsinoe, Equation 3

where, it is assumed n = 1 for the first order reflection, A is the wavelength of the X-ray beam,

d is the distance between the lattice planes, and 0 is the diffraction angle.

3.9.3 Fourier Transform Infrared Spectroscopy (FT-IR)

The Fourier-transform infrared (FT-IR) spectroscopy is an analytical technique that
allows obtaining infrared spectra to identify the chemical substances and functional groups
present in materials. The vibrational spectra for all samples were obtained using a Bruker
TENSOR 27 FTIR spectrometer in ATR (Attenuated Total Reflectance) mode using ZnSe
crystal. The spectra were recorded in the 400-4000 cm™' range, at a spectral resolution of 2 cm’

! over 64 scans. A background of the clean cell was performed for each analysis undertaken.

3.9.4 Raman spectroscopy

Raman spectroscopy is a technique used to determine the vibrational modes of
molecules for the identification and quantification of chemical structure, crystalline and
polymorphic phases, and molecular interaction. In this thesis, Raman spectroscopy was
employed to investigate the structural features of CQDs, particularly the relative contribution

of sp?- and sp*-hybridized carbon domains, and to assess the influence of the clay minerals on
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the structural organization of the CQDs. The Raman spectra of the powdered samples were
recorded on a Micro Raman Labram HR Horiba Jobin Yvon (Unesp, Araraquara) with a He-

I with an

Ne 632.8 nm laser line. Spectral data were recorded between 800 to 1800 cm’
accumulation time of 5 seconds. The LabSpec software was executed for the acquisition of
spectral data. The Raman spectra were deconvoluted by Lorentzian fitting to obtain the ratio

In/lG.

3.9.5 Thermal analysis

Thermogravimetric analysis (TG) along with Derivative Thermogravimetric Analysis
(DTG) provides information about the thermal stability, and the differences of material
properties with the change of temperature over time. The thermal behavior of the different
materials was obtained using a SDT-Q600 thermal analyzer (TA Instruments) from 30°C to
900 °C. The experiments were carried out under a synthetic air atmosphere composed of oxygen
and nitrogen (flux of 50 mL min™') at a heating rate of 10 °C min™'. Approximately 5-10 mg of

each sample was used in the analysis.

3.9.6 Ultraviolet-Visible Spectroscopy

The samples were recorded from 200 to 900 nm on a KASUAKI IL-593-BI, operating
at 1 nm resolution. Quartz cuvettes with a 1 cm optical path were used, and the data were
processed using UV Professional software.

UV-Vis spectroscopy was also used to investigate the stability of CQD and the hybrid
nanomaterials since alterations in the absorption spectra can indicate changes in size,
aggregation, and overall stability. The investigation was conducted by monitoring the visible
band maxima as a function of time storage. For this purpose, dispersions were prepared in
deionized water and stored in the dark at 4 °C, and the UV-Vis spectra of the samples were

scanned on days 0, 4, 7, 14, 21, 28, 35, 42, 49, and 56.

3.9.7 Fluorescence Spectroscopy

The emission spectra of sepiolite, CQD, and the hybrid nanomaterials were recorded on
a Fluorolog-3 FL3-122 spectrofluorometer from Horiba Jobin Yvon. For the measurements,

aqueous solutions of the materials were prepared and then excited with progressive increments
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of 25 nm in the range of 350 nm to 750 nm for emission spectra. The slit was maintained at 3
nm for all measurements.

Lifetimes were measured in a PicoQuant, FT300 fluorescence spectrometer.
Compounds were exciting with a 450 nm picosecond pulsed diode laser (P-C-450, PicoQuant)
with 80 MHz repetition rate. Signals were digitized with a Time Harp 260 PCI card
(PicoQuant). Data were recorded in wizard measurement mode of EasyTau software and

processed by EasyTau Analysis software using an exponential re-convolution mode.

3.9.8 Elemental analysis

Elemental analysis was used to evaluate the elemental composition of the samples,
providing quantitative information. Elemental analyses were performed in an Elemental
Microanalyzer CHNS Perkin-Elmer EA-2400 Series II. The CHNS analyses were based on the
Pregl-Dumas technique using a furnace temperature of 1100 °C. The results were reported as
percentage by weight of each element, and the minimum sample requirement for a CHNS

analysis was 5 mg.

3.9.9 Nz adsorption-desorption isotherm

The textural properties of the materials were determined using a Micromeritics ASAP
2020 (Accelerated Surface Area and Porosimetry) analyzer, based on nitrogen adsorption—
desorption measurements at —195.8 °C (77 K). Prior to the analysis, the samples were degassed
at 100 °C for 3 h to remove moisture and residual gases potentially present within the porous
structure. The specific surface area was calculated using the BET (Brunauer—Emmett—Teller)

method.

3.10 BIOLOGICAL ASSAYS

3.10.1 Hemolysis test with sheep erythrocytes

The in vitro hemolytic activity of the hybrid nanomaterials and their respective
counterparts was evaluated according to the International Standard Organization 10993 part 5
(ISO, 2009), following the methodology adapted fromAlmaaytah et al. (2014). For this, 10 mL

of sheep blood was collected in a tube containing EDTA, authorized by the ethics and research
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committee of the Federal University of Maranhdao (CEUA, process n° 23115.005441/2017-62).
The blood was centrifuged at 2,000 RPM for 10 minutes at 20 °C, the plasma was removed,
and the erythrocytes were washed three times with phosphate-buffered saline (PBS). After, an
aliquot of 100 pL of 5% v/v erythrocyte solution (in saline 0.9% w/v) was mixed with 200 pL.
of the sample test solutions in 96-well microplates with concentrations ranging from 1000 to
7.81 pgmL™! and incubated for 1 hour at 37 °C. The positive and negative controls received
100 pL of Triton x-100 at 1% and PBS, respectively. After the incubation time, the samples
were centrifuged at 2,000 RPM for 10 minutes at 20 °C. The supernatant was removed,
transferred to a microplate reader, and its absorbance measured at 450 nm.

The hemolytic activity was expressed as a function of the action of Triton x-100 and

calculated by the following formula:

Abs sample — Abs PBS
Abs Triton x—100—Abs PBS

Hemolysis (%) = X 100 Equation 4

Where Abs sample is the group of erythrocytes treated with the sample tests, Abs PBS is
the group treated with only PBS, and Abs Triton x-100 is the group treated with Triton x-100.

3.10.2 Fluorescence and Phase Contrast Microscopy

U87 MG cells were cultured in Dulbecco’s Modified Eagle Medium (DMEM) High
Glucose (Sigma-Aldrich®) supplemented with 10% fetal bovine serum (FBS, Sigma-
Aldrich®) and 1% ciprofloxacin (Sigma-Aldrich®) under controlled conditions of temperature
and CO: percentage. After two consecutive passages, 2 x 10° cells per well were seeded into 6-
well plates. Following 24 h of incubation and establishment of confluent monolayers, the
culture medium was replaced with fresh medium containing the hybrid nanomaterials at a final
concentration of 50.0 mg L. The cells were further incubated for 72 h under the same culture
conditions, in accordance with ATCC guidelines.

Following incubation period, the wells were washed three times with phosphate-buffered
saline (PBS) 1X and maintained in the same buffer for microscopic analysis. Imaging was
performed using a fluorescence microscope (Leica DMi8, Wetzlar, Germany) equipped with a
350-490 nm excitation filter and a 460—520 nm emission filter barrier (blue channel), as well

as a 516560 nm excitation filter and a 590 nm emission filter barrier (green/orange channel).
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Chapter 4 Abstract

This chapter presents the results obtained from the association of sepiolite, a fibrous clay, with
carbon quantum dots, focusing on the morphology and the structural, thermal, and optical
properties of the resulting hybrid nanomaterials. In addition, the effects of the different
synthetic routes employed are examined. The toxicity of the materials was evaluated through
hemolysis assays, and their potential for biological imaging was investigated using the U§7MG

cell line.

59



4.1 INTRODUCTION

Hybrid nanomaterials are fabricated from at least two distinct nanoparticles to improve
properties and functionalities, overcome or reduce the limitations of single-component
nanoparticles, to achieve multiple functionalities in a single nanoplatform (Li et al., 2023a; Ma,
2019). In this regard, hybrid nanomaterials can be endowed with new properties as a result of
the synergistic effects of the counterparts at the nanoscale, surpassing the original features of
the precursors(Tipa et al., 2022). These features enable them to be applied in a wide range of
applications, including sensing (Buk; Pemble; Twomey, 2019; Hashemi et al., 2020; Xie et al.,
2024), energy storage (Hsu et al., 2022), photocatalysis (Hazarika; Karak, 2019; Liu; Jatav;
Hill, 2020; Santos et al., 2023), and diverse biomedical applications (e.g., multimodal imaging,
drug/gene delivery, scaffolds for tissue engineering, vascular stents, dental implants, etc.) (Park
et al., 2020; Shuai et al., 2021).

Among the distinct nanomaterials available to form integrated systems, carbon dots and
clays, although still quite different in terms of composition, genesis, structure, and properties,
stand out as natural resources that have been used from prehistoric times to the present day. In
this sense, carbon quantum dots (CQD) are a smart choice due to their attractive properties,
such as tunable photoluminescence properties, high water solubility, chemical stability, low
toxicity, great compatibility with other materials, and easy surface modification (Pordevi¢ et
al., 2022). CQD are zero-dimensional carbon-based nanomaterials (diameter <10 nm) with
spherical or quasi-spherical morphology. They are typically formed by a carbon core, which is
mainly constituted by sp? hybridized carbon atoms, surrounded by functional groups. The
presence of functional groups (i.e., hydroxyl, carboxyl, amino, carbonyl) plays a key role in
optical properties, besides providing sites of interactions for surface modification with organic,
polymer, and biologically active molecules (Barhoum et al.,, 2023). The combination of
structural properties, absorption and emission features, and their functionalized surface makes
them an interesting nanomaterial.

Clay minerals, although distinct from CQD in terms of composition, genesis, structure,
and properties, stand out as versatile materials used from prehistoric times to the present day
due to their unique structure and distinctive physicochemical properties. Among them, sepiolite
(SEP) is a hydrous magnesium-rich aluminosilicate with fibrous morphology, and
Si12030Mgs(OH)4(OH2)4sH20 is the ideal unit cell formula. Like other clays, it shows a
continuous tetrahedral silica layer with a discontinuity of the octahedral sheet due to the

periodic inversion of the apical oxygen atoms of the tetrahedra in every three silicate chains,
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resulting in the formation of structural tunnels and channels along the fibrous structure (Ruiz-
Hitzky et al., 2013; Yang; Wang, 2022) (Figure 18). The composition and morphology of SEP
change depending on the origin, but its dimensions vary from 0.1 to 5 um in length, 5-10 nm
in thickness, and 10-30 nm in width, allowing it to be used as a natural nanomaterial with great
availability and low cost (Besli; Orakdogen, 2021). Due to its unique structural arrangement,
SEP is characterized by remarkable surface features such as high surface area and pore volume
(c.a. of 300 m%.g™! and 0.4 cm®.g!, respectively) (Ruiz; Ruiz-Garcia; Ruiz-Hitzky, 2023), which
contribute to its excellent adsorptive capacity. Moreover, the high density of silanol groups
(=Si—OH) located at the external surface, the structure channels, and the distinct types of water
molecules, offers great potential for sepiolite assembling in functional nanomaterials (Cao et
al., 2022). Thanks to the presence of these silanol groups on the external surface of sepiolite,
the interaction with polymers (Torres-Giner et al., 2016), biopolymers (Palem et al., 2021),
metal oxides, and drugs (Rebitski et al., 2018) is facilitated, forming new hybrid materials with

different interesting applications.

Figure 18 - Scheme of crystalline structure of sepiolite fibrous clay

Source: Author (2025)

Despite some reports in the literature, the association of carbon dots and clay minerals

often results in nanomaterials endowed with advanced functionalities. Massaro et al. (2019)
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obtained a hybrid nanomaterial based on halloysite, a tubular clay, and carbon dots (HNT-CDs)
using a one-step microwave-assisted pyrolysis of tartaric acid and ethylene diamine as a
synthetic route. The HNT-CDs hybrid was explored as a non-viral vector for oral gene therapy
and cellular imaging due to the photoluminescence properties of the HNT-CDs, making it
possible to track the internalization and localization in the cells. The hybrid also demonstrates
antioxidant properties, low cytotoxicity, and the ability to strongly interact with DNA. Zhai et
al. (2019) used montmorillonite, a lamellar clay, to develop g-CDs@MMT as a promising
alternative to traditional luminescent materials. The material exhibits high solid-state
photoluminescence, photostability, thermostability, and solvent resistance. The results indicate
that g-CDs@MMT can be applied for latent fingerprint detection and in the fabrication of white
light-emitting diodes. Jlassi et al. (2023) described the preparation of bentonite clay modified
with carbon dots for heavy metal removal. The CDs were prepared via the hydrothermal method
using graphitic waste as the precursor, originating positively charged CDs. Further, CDs were
successfully intercalated in the aluminosilicate, resulting in bentonite-carbon dots (B-CDs) with
long-term stable nanohybrid and wavelength-dependent photoluminescent properties. The B-
CDs designed possess a UV-light adsorptive response, removing Pb*" from water with an
efficiency of 95% under light conditions compared to 70% under dark conditions.

Sepiolite, on the other hand, has been combined with graphene, single-walled (Polyakov
et al., 2020), and multi-walled carbon nanotubes (Fernandes; Ruiz-Hitzky, 2014; Ruiz-Garcia
et al., 2018), but there are no records in the literature for carbon quantum dots to date. In this
sense, the lack of scientific reports regarding sepiolite-carbon quantum dots and their unique
properties motivates us to develop SEP-CQD hybrid nanomaterials with potential for distinct
applications, since it is possible to take advantage of the outstanding optical properties and
excellent biocompatibility of CQD, at the same time the high adsorption capacity, large surface
area, and ordered pore structure from sepiolite. Moreover, the association between SEP and
CQD might help to overcome drawbacks associated with the nanoparticle aggregation of pure
carbon quantum dots, which might result in photoluminescent quenching and loss of stability
(Carbonaro et al., 2020).

Based on these premises, this work reports the fabrication of fluorescent sepiolite-
carbon hybrid nanomaterials using different approaches without additional compatibilizers or
crosslink agents. Advanced characterizations were performed to obtain a deep understanding
of the structure-property relationship as it plays an important role in the development of
functional hybrid nanomaterials. It is expected that the association of sepiolite and carbon

quantum dots will enable the development of nanomaterials with multiple functionalities that
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are compatible with several emerging technologies, such as adsorbent capacity, electrical
conductivity, thermal stability, photoluminescence, bioimaging, and low toxicity. These
properties can expand the possibilities of use in various areas, from electronics to medicine,
opening avenues for the innovation of technologies with the potential to have a significant

impact in various scientific, technological, and social areas.

4.2 MORPHOLOGICAL AND STRUCTURAL PROPERTIES

Different synthetic routes are explored in this work to combine sepiolite, a fibrous clay,
and carbon quantum dots, forming hybrid nanomaterials. Initially, XRD analysis was conducted
on the neat nanomaterials, and then in the hybrid nanomaterials to evaluate if any of the
conditions in the synthesis process, i.e., in situ procedure, thermal treatment, basic medium, or
solvent, act modifying the structure of the clay or CQD. Figure 19A shows the diffraction
patterns for CQD, exhibiting peaks at 20 = 5.4° (d = 1.7 nm), 20 = 27.1° (d = 0.33 nm), and 26
=28.3° (d = 0.31 nm). The first peak can be ascribed to the (001) plane diffraction of graphite
oxide, which occurs at 20 = 10.6° (JCPDS no 00-041-1487) (Aslam et al., 2025)in pure material.
This reflection shifted to lower angles, which are related to functional groups such as hydroxyl,
carbonyl, carboxylate, and amino groups formed during the CQD synthesis at tge edge of
sheets, increasing the interlayer spacing and introducing disorder. The last two peaks show a
slight difference in d-space from the (002) plane in graphite, which could indicate the formation
of a nonideally arranged graphite-like structure (Mintz et al., 2021). Moreover, the distinct
interlayer spacing might be indicative of a heterogeneous structure (Mandal et al., 2019). The
peaks observed are broad and possess low intensity, indicating a partial graphitization and the
presence of disordered carbon, which is consistent with other reported CQD (Bian et al., 2018;
Choppadandi et al., 2021; Du et al., 2014).

For neat sepiolite, a strong diffraction plane appears at 260 = 7.3° (110), which is
characteristic of the layered structure (Tang et al., 2012). In the hybrid nanomaterials based on
sepiolite, it is possible to note diffraction patterns quite similar to the clay (Figure 19A), where
the main reflection plane retains its position, suggesting that the conditions in the synthesis
process do not modify the structure of the clay. At the same time, the (110) diffraction plane in
the hybrids becomes significantly more intense, which could be related to the content reduction
of impurities associated with the sepiolite, such as dolomite and calcite (Wang et al., 2019).

For the hybrid nanomaterials, it is possible to see in the enlarged zone (Figure 19B)

diffraction planes at 20 = 26.8° related to CQD nanoparticles, confirming their presence in the
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hybrids. A slight shift of the reflection planes is observed in the hybrid nanomaterials, as well
as a reduction in the intensity of the peaks, which can be attributed to a dilution effect of CQD
in the samples. A similar effect was described by (Chuaicham et al., 2022) for a material based
on BiOBr, carbon quantum dots, and saponite (BiOBr@CQD/Clay), where the reduction of
intensity of CQD was related to the low crystallinity of CQD.

Figure 19 - Diffraction patterns of SEP, SCQD-R1, SCQD-R2-1, SCQD-R2-16 hybrid nanomaterials, and CQD
in the range of (A) 26 = 4° to 70° and (B) 26 = 22° to 32°
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As was suggested in the discussion above, the intensity of the reflection in the
diffractogram associated with CQD might be related to their amount in the hybrids. Therefore,
elemental analysis was used to obtain the composition of CQD as well as to determine their
amount in the hybrid nanomaterials. The percentage of CQD in each sample was calculated
considering the amount of carbon in CQD. From Table 3, it is possible to observe that SCQD-
R1 possesses the lowest amount of CQD, 11.08%, compared to 53.09% and 61.97% for SCQD-
R2-1 and SCQD-R2-16, respectively. This result is due to the possible leaching of highly
soluble CQD nanoparticles during the synthesis process. Moreover, the in situ synthesis seems
to favor the association of the CQD on the sepiolite, where the clay might act as an effective
platform for these nanoparticles. In addition, a longer time of contact between the CQD
precursor and SEP before thermal treatment promotes a higher content of CQD in the final

material.
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Table 3 — Elemental composition in weight of CQD and the SCQD-R1, SCQD-R2-1, and SCQD-R2-16 hybrid
nanomaterials

Sample C (%) H (%) N (%) Amount of CQD (%)
CQD 71.57 4.86 23.57 100
SCQD-R1 6.04 3.82 1.22 11.08
SCQD-R2-1 35.80 4.60 13.19 53.59
SCQD-R2-16 41.33 4.79 15.89 61.97

To gain information on how clays and CQD are arranged in the hybrid nanomaterials,
TEM analysis was carried out. Figure 18 A-B shows that the sepiolite fibers are cylindrical,
elongated, and individually dispersed or form aggregations. As can be seen in Figure 20C-D,
SCQD-R1, is characterized by the presence of a few CQD nanoparticles associated with the
sepiolite fibers, being mostly characterized by the presence of the silicate. In contrast, the
SCQD-R2-1 sample (Figure 20E-F) reveals a higher content of CQD, which is supported by
the elemental analysis, showing a homogeneous coat of nanoparticles without apparent
aggregation on sepiolite fibers. Similarly, the SCQD-R2-16 (Figure 20G-H) hybrid
nanomaterial exhibits a high content of CQD, nevertheless, it is possible to observe
nanoparticles outside the sepiolite fibers. In this case, the increase of the contact time with

sepiolite may favor the dissociation of carbonaceous nanoparticles from sepiolite.
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Figure 20 - TEM images of (A-C) pure sepiolite, (D-F) SCQD-R1, (G-I) SCQD-R2-1, and (J-L) SCQD-R2-16
hybrid nanomaterials

The Nz adsorption curves are shown in Figure 21. The pure sepiolite exhibits a pattern

consistent with a Type IV isotherm, exhibiting a hysteresis at high p/p® values that is identified
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as a Type H3 hysteresis loop according to [UPAC (Thommes et al., 2015). This characteristic
can be attributed to the presence of non-rigid pores formed in the interparticle spaces created
by the arrangement of the particles (Gémez-Avilés et al., 2014). In comparison to the hybrid
nanomaterials, neat sepiolite demonstrates significantly higher N> adsorbed volume, shows a
much higher nitrogen adsorbed volume, which is consistent with its high surface area and
porosity. Thus, the reduction observed in the hybrids can be justified by the presence of CQD
nanoparticles covering the external surface of the microfibrous clay, occupying the interparticle
spaces and partially blocking access to the internal pores by nitrogen gas during the BET

analysis (Tang et al., 2024).

Figure 21 — N, isotherm for SEP, SCQD-R1, SCQD-R2-1 and SCQD-R2-16 hybrid nanomaterials
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This may also justify the reduction observed in the surface area and pore diameter of the
SEP-CQD hybrid nanomaterials (Table 4). In addition, it is observed that as the amount of CQD
in the hybrid increases, the surface area and pore volume decreases. In SCQD-R1, for example,
a content of 11.08% of CQD lead to a reduction in surface area from 342.92 m?/g of pure
sepiolite to 114.67 m?/g, while in SCQD-R2-16 (62% CQD) it decreases drastically to 31.49
m?*/g. Vengatesan et al. (2017) synthesized a thermally reduced graphene oxide-sepiolite hybrid
and reported a similar reduction in porosity, which they associated with the filling of
interparticle voids and partial stacking of clay within the carbonaceous matrix during thermal

treatment.
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Table 4 — Textural properties of sepiolite, SCQD-R1, SCQD-R2-1, and SCQD-R2-16 hybrid nanomaterials

Sample Surface area (m*g) Pore volume (cm3/g) Pore diameter (nm)
SEP 342.920 0.92 10.72
SCQD-R1 114.670 0.38 13.30
SCQD-R2-1 91.192 0.34 14.88
SCQD-R2-16 31.491 0.097 12.32

Further, Raman spectra were obtained to analyze the structure of the materials. For pure
sepiolite (Figure 22A), despite few scientific references, the sharp peaks observed in the range
1000-1200 cm™ were associated with the vibration modes of the Si-O bond (McKeown; Post;
Etz, 2002). On the other hand, CQD (Figure 20B) exhibits the characteristics of G and D bands
for carbon materials, besides the D* (1102 cm™) and D’ (1615 cm™) bands. The G band is
related to stretching modes of carbon atoms with sp? hybridization (ordered carbon), while the
D band is associated with structurally disordered carbon, including intrinsic carbon defects, and
heteroatom doping defect that can be induced by oxygen-containing functional groups and N
doping (Wang et al., 2021a). Previous works related the D* band with disordered graphitic
lattice originating from sp®-sp® bonds at the edges of networks (Sadezky et al., 2005), whereas
the D’ band can be associated with disorder due to crystal defects. As can be seen in Figure
20C, the SCQD-R1 hybrid exhibited a spectrum very similar to pure sepiolite, which can be
attributed to the low amount of CQD in this hybrid. SCQD-R2-1 and SCQD-R2-16 hybrid
nanomaterials have spectra similar to CQD, showing D, G, D*, and D’ bands, however,
additional features related to sepiolite can be observed around 1200 cm™ and 1415 cm™ (Figure
22D-E).

The intensity ratio of the D and G bands (Ip/lg) is a good parameter for estimating the
degree of graphitization in carbonaceous materials since it is frequently used for measuring the
extension of defects by the ratio of sp*/sp? carbon atoms (Lopez-Diaz et al., 2017). The Ip/Ig
decreases with the increase of ordered carbons, and with the increase in the Ip/Ig, there is an
increase in disordered carbon. The intensity ratio Ip/Ig for CQD is 1.41, suggesting a highly
disordered structure, which is common for carbon dots. Jlassi et al. (2023) reported an Ip/Ig of
1.36 for a CD obtained using graphite waste from hydrothermal treatment, which is close from
what was observed in this work. For the results in Table 5, it is possible to note that CQD has
the highest contribution of disordered carbon when compared with the hybrid nanomaterials,

moreover, it seems that the presence of sepiolite in the CQD synthesis increases the contribution
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of sp?, resulting in greater structural organization. The Ip/Ig values for SCQD-R2-1 and SCQD-

R2-16 are 1.26 and 1.12, respectively, suggesting that the contact time of the precursors (citric

acid, urea, and DMF) and sepiolite before thermal treatment plays an important role in the

degree of organization of CQD in the final hybrid nanomaterial. Similarly, Uchida et al. (2022)

reported using XPS analysis that the synthesis of CD in the presence of saponite resulted in the

increasing C-C bonds in the carbonaceous counterpart, indicating that the formation of in situ

CD leads to formation of larger m-conjugated structures.

Figure 22 - Raman spectra of (A) Sepiolite, (B) CQD, (C) SCQD-R1, (D) SCQD-R2-1, and (E) SCQD-R2-16 in
the range of 1000-1800 cm™!
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Table 5 - Raman peak properties for CQD, SCQD-R1, SCQD-R2-1, and SCQD-R2-16 hybrid nanomaterials

Sample D* D G D’ In/lc
CQD 1102.49 133695 152449 161591 141
SCQD-R1 - - - - -

SCQD-R2-1 1090.01 131791 1534.79 1630.16  1.26

SCQD-R2-16  1094.39 1321.08 1531.08 1645.83 1.12

FT-IR can be a valuable technique to investigate the functional groups at the surface of
materials and obtain information about possible interactions between clays and CQD in the
hybrid nanomaterials. For materials containing sepiolite, two particular ranges of the spectra
were chosen: the 4000-3000 cm™ range (Figure 23A), where OH stretching vibrations can be
observed, and the 1800-400 cm™! region (Figure 23B), related to water deformation and lattice
modes. The band at 3724 cm™! is assigned to the OH stretching vibration of silanol groups (Si-
OH) situated on the external surface of the pristine sepiolite, and the band at 3689 cm
corresponds to OH stretching modes in Mg3OH units in the octahedral layer. The other bands
observed in the silicate spectrum are related to two different types of water; the first one is
observed at 3624 cm™ and 3562 cm™! and can be associated with H,O coordinated to Mg sites
at the ribbon edges, whereas the bands at 3374 cm™ and 3242 cm™! are due to zeolitic water in
the tunnels of sepiolite (Walczyk et al., 2020). To better illustrate the distribution of functional
groups, Figure 24 displays SEP structural scheme. For pure CQD, the FT-IR spectrum in the
range of 4000-3000 cm™! shows a broad band with maxima around 3318 cm™ and 3093 cm’!
related to the stretching vibration of -OH and -NH groups, indicating the presence of functional
groups at the CQD surface (Kundu et al., 2018). The presence of these groups is essential to the
high solubility and stability of the CQD nanoparticles.

The SCQD-R1 hybrid nanomaterial shows a spectrum very similar to the sepiolite,
nevertheless, it is possible to note displacements of the bands. The band associated with the
silanol vibration shifts to 3735 cm™!, while the feature associated with MgzOH units moves to
3689 cm!. The bands related to coordinated water at 3621 cm™ and 3562 cm™ don’t appear to
be too disturbed, while greater displacements can be observed in the bands of zeolitic water at
3368 cm™! and 3236 cm™!. Despite the similarity between the SCQD-R1 and sepiolite spectra,
the displacements observed indicate perturbation of the silanol groups and zeolitic water in the

clay, probably caused by the association with CQD.
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Figure 23 - FT-IR spectra of pure sepiolite and SEP-CQD hybrid nanomaterials in the range of (A) 4000-3000
cm’! and (B) 1800-400 cm™!
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Figure 24 - Schematic illustration of sepiolite structure
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The SCQD-R2-1 and SCQD-R2-16 hybrid nanomaterials spectra also demonstrate
displacements of the band associated with the silanol group that shift from 3724 cm™! in sepiolite
to 3730 cm™ and 3731 cm™!, respectively (Figure 21A). Displacements of the bands regarding
Mg3;OH units and coordinated water can be observed, however, they are less pronounced than
in the SCQD-R1 hybrid. It is noteworthy that in SCQD-R2-1 and SCQD-R2-16 hybrids can be
noted for the arising of a band of low intensity in 3650 cm™!, besides that, the band at 3623 cm’

! has its intensity drastically decreased, which could indicate intense interactions of the CQD
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and hydroxyls of coordinated water. The range of the spectra related to zeolitic water
demonstrates the most significant displacements, where the bands at 3374 cm™ and 3242 cm’!
for sepiolite shift to 3317 cm™ and 3222 cm™ in the SCQD-R2-1 sample, and 3323 cm™ and
3206 cm™ in SCQD-R2-16, respectively. Moreover, it is possible to observe in the spectra of
the hybrids the band associated with the vibration of the N-H bond in CQD.

In the 1800-400 cm™! region of the sepiolite spectrum (Figure 23B), it is possible to
distinguish a band at 1656 cm™! assigned to O-H bending modes in zeolitic water. The band at
1209 cm™ is due to asymmetric stretching vibration of Si-O-Si, while 1005 cm™ and 974 cm™
are attributed to Si-O in-plane stretching vibration, and the 1077 cm™ band is due to Si-O out-
of-plane vibration. At 784 cm™' and 459 cm™ it is shown the bands associated with Si-O-Si
bending stretching are shown, and the 685 cm™ and 644 cm™! absorptions are due to translation
and bending of hydroxyls in Mg-OH, respectively. The band at 421 cm™! is associated with the
deformation mode of MgQOs octahedral units (Walczyk et al., 2020).

For pure CQD, it is possible to identify bands at 1624 cm™, 1554 cm™ and 1340 cm’!
associated with C=0O and asymmetric and symmetric stretching of the COO~ group,
respectively. A band at 1189 cm™! associated with the bending vibration of the C-O bond in
oxygen-containing groups can be observed. These results indicate the presence of functional
groups on the surface of CQD. The shoulder appearing at 1491 cm™' is attributed to the
stretching vibration of C=C in aromatic structure, indicating the formation of the characteristic
sp2 core in CQD, whereas at 1277 cm™', it is possible to see a band related to the -C-N that could
indicate the successful nitrogen doping during the synthesis (Perumal et al., 2022). In
wavenumbers below 1000 cm™, it is common to observe modes attributed to O-H, C-H, and
aromatic ring bending vibration (Kundu et al., 2018). In general, the spectrum of carbon
quantum dots demonstrates the presence of an aromatic structure doped with nitrogen and co-
functionalized by both amino groups and oxygenated groups.

As in the 4000-3000 cm range, the SCQD-R1 hybrid has a spectrum similar to
sepiolite, except for the shift of the band associated with zeolitic water from 1656 cm™ in clay
to 1650 cm™ in the hybrid, suggesting that interactions involving O-H could take place in
association with sepiolite and CQD in SCQD-R1 hybrid. For SCQD-R2-1 and SCQD-R2-16,
the hybrid nanomaterials spectra with features related to sepiolite and CQD can be noted. The
bands referring to C=0 and the asymmetric and symmetric stretching of the COO™ group in
CQD moved to 1646 cm™!, 1566 cm™>and 1384 cm™! for SCQD-R2-1 and 1643 cm™, 1565 cm
I-and 1379 cm! for SCQD-R2-16, respectively.
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In the FT-IR spectra of the hybrid materials, it is possible to note displacements in the
band attributed to the silanol group, implying interactions through hydrogen bonds between
these groups and the functional groups of the CQD. In this context, it is important to mention
that the SCQD-R2 samples seem to show a smaller relative intensity of the Si-OH band when
compared to the other hybrids, which can suggest a more intense perturbation of the silanol
group in this sample. According to Alcantara et al. (2014), this behavior is common in sepiolite-
based hybrid materials and is indicative of stronger interactions from the external surface of the
silicate with other species. The bands that are characteristic of OH stretching modes in MgzOH
did not retain their position, which could reflect that the surrounding environment of Mg;OH

units became less uniform as a result of strong interactions with CQD nanoparticles.

4.3 THERMAL ANALYSIS

Thermal analysis was recorded in the range of 30-900 °C under a synthetic air
atmosphere to evaluate the thermal stability of the nanomaterials, complementing the study of
the clay-carbon quantum dots hybrid nanomaterials. CQD (Figure 25A) exhibits a fourth-step
degradation process. From 30 °C to 100 °C, the material lost 11.2% of its weight. This step is
associated with the Tmax at 58.33 °C in the DTG curve and occurs due to the elimination of
physically adsorbed water. The second step occurs in the range of 200-500 °C, where it can be
observed a gradual weight loss of 62.6% in correspondence to the intense peak at 457.59 °C in
the DTG curve, indicating the temperature where the maximum weight loss occurs. This step
and the following weight loss with Tmax at 542.7 °C are related to some complex chemical
reactions, including chain scission, hydrolysis/alcoholysis of carbonaceous linkage, and
branching and crosslinking reaction of the molecular chains of CQD (Yang et al., 2018). The
weight loss above 650 °C associated with the peak at 803.03 °C might be associated with
polyaromatic carbonaceous residues with high stability at high temperatures, justifying the
subsequent slow weight loss for CQD. At 800 °C, a residue of 15.16% is observed, which is in
agreement with the report by (Zhu et al., 2019) that reported a residue of approximately 20%

using a CQD obtained from citric acid as a precursor in a hydrothermal synthesis.

Figure 25 - Thermogravimetric analysis and derivative thermogravimetric analysis of (A) CQD, (B) sepiolite, (C)
SCQD-R1, (D) SCQD-R2-1, and (E) SCQD-R2-16 hybrid nanomaterials with a heating rate of 10°C.min"! under
a synthetic air atmosphere
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Neat sepiolite exhibited a first weight loss of approximately 4.5% that corresponds to
the removal of adsorbed water, occurring between 30 °C and 130 °C with Tmax at 63.4 °C in the
DTG curve (Figure 25B). The next weight loss of 3.2% is completed before 300 °C and could
be associated with the elimination of zeolitic water from the voids of the sepiolite structure.
The coordinated water molecules in the sepiolite structure are released in the range of 400—650
°C, which is in correspondence with the peak at 508.1 °C in the DTG curve, resulting in a
weight loss of 3.1%. These water molecules are found coordinated with magnesium atoms

located in the tunnels of sepiolite (Lima et al., 2017; Sarikaya; Onal; Pekdemir, 2020). In the
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fourth step, SEP loses 2.3% of its weight in an event with Tmax at 801.1 °C in the DTG curve,
corresponding to the internal recrystallization of the dehydroxylated phase to become
protoenstatite (MgSi0O3) (Rebitski et al., 2018). Even after thermal analysis reaching 900 °C,
sepiolite degraded only 13.1% of its weight, demonstrating its outstanding thermal stability.

Different from CQD or SEP, SCQD-R1 (Figure 25C) possessed a five-step degradation
process, which might suggest a more complex degradation process. From 30 °C to 114 °C
occurs the elimination of physically adsorbed water that is associated with the Tmax at 60.1 °C
in the DTG curve, resulting in a weight loss of 5.6%. The second and third steps showed a mass
loss of 5.2% with Tmax at 166.4 °C and 280.5 °C, respectively, which could be ascribed to the
elimination of zeolitic water from sepiolite. The event at 393.1 °C in the DTG curve might be
attributed to the degradation of functional groups at the CQD surface, which takes place from
approximately 320 °C to 640 °C and generates a weight loss of 5.5%. For SCQD-R1, therefore,
the association of CQD and SEP resulted in earlier onset of the step of CQD degradation.
Moreover, the event associated with the elimination of coordinated water at 508.1°C in pure
sepiolite cannot be seen in the DTG curve for the SCQD-R1 hybrid. The Tmax at 813.2 °C
observed in the DTG curve can indicate that the temperature of the internal recrystallization to
MgSiOs; became higher, which supports a gain of thermal stability. From 640 °C to 900 °C,
SCQD-R1 loses 2.7% in weight, which results in a residue of 81.0%, lower than sepiolite due
to the presence of CQD.

As can be observed in Figure 25D-E, the SCQD-R2-1 and SCQD-R2-16 hybrid
nanomaterials show similar thermal profiles. However, the first one has a degradation process
in six steps, while the second one has five. The events observed in the DTG curve at 55.0 °C
and 47.7 °C for SCQD-R2-1 and SCQD-R2-16 are associated with the removal of physically
adsorbed water. Considering this first event for SCQD-R1, SCQD-R2-1, and SCQD-R2-16
nanomaterials occurring at 60.1 °C, 55.0 °C, and 47.7 °C, respectively, it is possible to observe
a reduction of Tmax that can be related to the increase of CQD in hybrids. The elimination of
zeolitic water in SCQD-R2-1 might be associated with two events in the DTG curve with Tmax
at 165.8 °C and 282.1 °C, similar to that observed in SCQD-R1, which could be related to a
certain level of heterogeneity (distinct states) of zeolitic water. On the other hand, SCQD-R2-
16 shows only one peak at 213.1 °C associated with this phenomenon, implying greater
homogeneity, which could be associated with the higher content of CQD of this hybrid
nanomaterial. The weight loss associated with the removal of zeolitic water in the TG curve is

3.2% for pure sepiolite, whereas for SCQD-R2-1 and SCQD-R2-16 is 4.0% and 3.6%,
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respectively, suggesting that the weight loss in these samples is related to the same event
occurring in sepiolite.

The most intense event observed in the DTG curve occurs at 416.6 °C and 398.5 °C,
with a weight loss of 30.6% and 36.4% for SCQD-R2-1 and SCQD-R2-16, respectively, which
can be related to the degradation of functional groups at the CQD surface. Additionally, the
weight losses with Tmax at 554.1 °C and 578.7 °C observed in the DTG curves are also
associated with the degradation process of CQD, but in this case, the Tmax are shifted to higher
temperatures. This might suggest that the association of SEP and CQD in the SCQD-R2-1 and
SCQD-R2-16 hybrids is complex, favoring or disfavoring different reactions related to the
degradation of CQD. The Tmax observed at 688.5 °C and 728.2 °C in the DTG curve are difficult
to evaluate once they could be related with events regarding both CQD and SEP. Besides that,
the amount of residue generated at the end of the thermal analysis, it is possible to observe an
inverse trend regarding the ratio of CQD; that is, the greater the amount of CQD in the final

material, the lower the amount of residue.

4.4 OPTICAL PROPERTIES

With the aim of exploring the optical properties, UV-Vis and photoluminescence
spectroscopy analysis of CQD and the hybrid nanomaterials were carried out. As shown in
Figure 26, an aqueous CQD dispersion exhibits three bands at 239 nm, 348 nm, and 547 nm.
The first band is associated with m-n* transitions of the C=C bonds in sp? conjugated carbon
core, whereas the second band represents n-n* transitions in C=0 and C=N bonds (Li et al.,
2018). The absorption band in the visible region can be ascribed to lower energy states of N-
containing functional groups on the surface of CQD (Deb; Chowdhury, 2022).

The UV-Vis spectrum of a dispersion in water of sepiolite was initially measured
(Appendix A), indicating the absence of absorption bands considering the range analyzed. The
hybrid nanomaterials displayed a band in the visible region related to the presence of CQD,
however, minor shifts of the maximum occur. For SCQD-R1, it is observed at 543 nm, and for
both SCQD-R2-1 and SCQD-R2-16 at 536 nm. Moreover, the SCQD-R1 hybrid shows the rise
of absorption in the range of 600-800 nm, which could indicate new molecular states. Regarding
the UV region, the bands associated with CQD are not well defined for SCQD-R1, nevertheless,
it is possible to see a shift to 337 nm for both SCQD-R2-1 and SCQD-R2-16 hybrid

nanomaterials, which might indicate modifications involving C=0O and C=N bonds. These
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results indicate that the structure of CQDs is largely preserved during the synthesis in the
presence of sepiolite, although slight shifts in the spectra of hybrid nanomaterials are observed,
indicating electronic states alterations due to interactions between CQD surface states and the

clay matrix.

Figure 26 - UV-Vis spectra of an aqueous solution of CQD (25.0 mg.L™!), SCQD-R1(500.0 mg.L™!), SCQD-R2-1
(80.0 mg.L"), and SCQD-R2-16 (80.0 mg.L")
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The UV-Vis spectroscopy was also applied to investigate the stability of CQD and the
hybrid nanomaterials by monitoring the visible band over time as a function of storage time.
From the results observed in Figure 27, after a week, the absorbance of CQD is reduced from
1.0 to 0.54, which might be associated with the loss of stability related to the aggregation of
these nanoparticles. In contrast, the absorbance for SCQD-R1 slightly reduces after four days,
varying from 1.0 to 0.98, remaining higher compared to other materials for approximately two
weeks. After that, the absorbance in this hybrid gradually decreases, becoming lower than CQD
after 30 days, approximately, and at the end of the experiment, SCQD-R1 presents the lowest
stability. For SCQD-R2-1 and SCQD-R2-16 hybrid nanomaterials, the reduction in the
absorbance is more pronounced in the first week, especially in the first four days, which is
similar to the behavior observed for pure CQD. After a week, the absorbance for SCQD-R2-1
and SCQD-R2-16 are 0.69 and 0.74, respectively, and at the end of the study, the values are
0.61 and 0.62, indicating a slow reduction. In general, the results indicate that the higher the

content of CQD, the higher the stability of the hybrid nanomaterial.
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Figure 27 - Stability of CQD, SCQD-R1, SCQD-R2-1 and SCQD-R2-16 hybrid nanomaterials dispersions
monitored over time using UV-Vis spectroscopy
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The counterparts of these hybrids may suggest their potential to be applied in different
fields, especially those that use the photoluminescence property. Recently, it has been reported
that sepiolite exhibits a spontaneous fluorescence (Castro-Smirnov et al., 2017; Ragu et al.,
2020). Therefore, efforts were dedicated to investigating the photoluminescent properties of
this clay and then evaluating the effect of interactions with other luminescent materials. The
emission spectra of the sepiolite aqueous dispersion (Figure 28) exhibit a band centered at 420
nm when excited from 280 nm to 340 nm with increasing intensity, demonstrating an excitation-
independent emission behavior. A second band can be observed with maximum intensity
centered at 600 nm when excited at 520 nm, however, the emission appears to have an
excitation-dependent behavior with the center red-shifting to wavelengths close to 650 nm.
Based on these results, it can be inferred that sepiolite can be excited by different wavelengths

with emission covering a wide range of the visible region.
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Figure 28 — Emission spectra of aqueous suspension of pure sepiolite
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The photoluminescence spectra of CQD were evaluated at different wavelengths, as can
be seen in Figure 29. By increasing the excitation wavelengths, the emission intensity of the
CQD gradually increases until it reaches its maximum at 629 nm when it is excited at 550 nm
and then starts to decline. The red emission remains almost unchanged with the increase in
wavelength excitation, pointing out an excitation-independent behavior that could be related to
a narrow size distribution and uniformity of surface state (Mintz et al., 2021). Moreover, a
second emission can be observed (Figure 29B) at excitation wavelengths greater than 350 nm
with an excitation-dependent behavior. The emission shifts from 450 nm to 525 nm when the
excitation wavelength increases from 350 to 425 nm, and under excitation longer than 475 nm,
the band can no longer be appreciable. In general, as the excitation changes, different
contributions of the blue to green and red counterparts can be observed, indicating multiple
fluorescence centers due to the involvement of different surface states of the CQD nanoparticles
(Deb; Chowdhury, 2022; Macairan et al., 2022).

As can be observed in Figure 29B-D, the hybrid nanomaterials possess emission
behavior quite similar to CQD, but some differences need to be pointed out. At first, minor
shifts can be observed for all hybrids in the emission spectra, which could be associated with
the interactions with the clay that act to modify the surface states of CQD. A reduction in the
intensity of the red emission can be observed for all hybrids, but mainly for SCQD-R1. In that
case, it can be assumed that interactions of the functional groups of CQD and sepiolite lead to

non-radiative recombination, therefore decreasing the emission intensity.
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Figure 29 - Emission spectra of (A, B) CQD, (C, D) SCQD-RI, (E, F) SCQD-R2-1, and (G, H) SCQD-R2-16
hybrid nanomaterials at different wavelengths
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Moreover, for SCQD-R2-1 and SCQD-R2-16 hybrid nanomaterials, a higher
contribution of the blue to green emission can be observed. Figure 30 exhibits the ratio between
the maximum intensity emission of the red and green bands, revealing that they have higher
green emission contributions compared to pure CQD. This effect is more pronounced for
SCQD-R2-1 and SCQD-R2-1, which assume Ired/Igreen Values of 4.96 and 4.08, while CQD
possesses an Ired/Igreen value of 21.16. This could be related to the increase in the extension of
sp’ network, which is supported by Raman analysis, resulting in a higher degree of
graphitization, detriment of the surface states upon carbonization. In detail, the blue-to-green
emission mainly arises from the direct electron-hole recombination in the carbon core states of
the CQD, while the surface state, related to the functional group bound to sp’>-domains at the
edge of the CQD core, results in the red fluorescence. Therefore, the carbonization of functional
groups on the edge/surface of CQD in favor of the growth of the sp? network in the CQD core
is the probable cause for the increase in the short-wavelength contribution (Macairan et al.,

2022; Zhang et al., 2022a).

Figure 30 — Ratio between the emission intensity in the red region (Ir.q) and the green region (Igreen) for CQD,
SCQD-R1, SCQD-R2-1, and SCQD-R2-16 hybrid nanomaterials.
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The photoluminescence excitation (PLE) spectra of CQD were recorded to unveil the
excited states involved (Figure 31E). The PLE of the shorter-wavelength emission was
monitored at 525 nm, revealing a transition at 430 nm. PLE of the red emission was measured
at 625 nm, showing transitions at 405 nm, a shoulder around 495 nm, and 550 nm. The excited

states around 400 nm can be related to n-n* transitions in the aromatic center of CQD, however,
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this transition appears not to be efficient in the longer wavelength emission due to the larger
Stokes shifts between the absorption and emission, indicating a nonradiative process during the
transition to the lowest excited state (Zhang et al., 2022a). Nevertheless, the transition at 550
nm is effective in leading to red emission, which is related to distinct O- and N-containing
groups at the edge/surface of CQD. The PLE spectra of the hybrid nanomaterials (Figure 31C-
F) reveal similar profiles compared to CQD, however, a new transition is observed around 450
nm - 490 nm, which accounts for the increment of the blue to green emission. The arising of
this new transition is due to the presence of sepiolite, proving that the interactions of this silicate
with CQD through different routes affect the photoluminescence of CQD. It is noteworthy to
mention that the red emission observed in all hybrid nanomaterials has great potential for
bioimaging applications, since the red region benefits from minimum autofluorescence and
light scattering by tissues, offering great imaging contrast and spatial resolution (Liu et al.,

2020).

Figure 31 — PLE spectra for (A) CQD and (B) SCQD-RI1, (C) SCQD-R2-1, and (D) SCQD-R2-16 hybrid
nanomaterials
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Time-resolved PL was measured for the samples under 450 nm excitation to investigate
the origin of the two emissions further. All the decay profiles were fitted as bi-exponential
functions on a timescale of nanoseconds (ns), confirming the presence of distinctive emissive
states for green and red emissions for all samples. Table 6 summarizes the lifetimes, calculating
the decay times of individual components and their respective overall contributions. The
average lifetime has a faster (t1) and a slower (t2) component associated with the radiative
recombination process of the core and surface states, respectively (Deb & Chowdhury, 2022;
Li et al., 2018). The results indicate that the green emission has a longer average lifetime due
to a greater contribution from the slower component 12, compared to the red emission. On the
other hand, the red emission is mostly governed by the fast-lifetime component (t1), resulting
in shorter average lifetimes. Considering CQD, the results demonstrate that as the average
lifetime (tav) decreases from 5.290 ns to 1.601 ns, the contribution of t; increases from 56.85%
to 94.40%, suggesting that the core state plays an important role as the PL wavelength changes.
The longer lifetime observed for the red emission is observed for all hybrid nanomaterials is
related to the higher contribution of the slower component 12, indicating that the association

with sepiolite results in greater involvement of functional groups in the emission.

Table 6 - Lifetimes of CQD, SCQD-R1, SCQD-R2-1 and SCQD-R2-16 hybrid nanomaterial at 450 nm excitation

Samples Aems (m) ti (ns) t2 (ns) tav (ns)
0.909 6.141
2 2
CQD 2 (56.85%) (43.15%) 3290
626 0.885 4.17 .
(94.40%) (5.60%) :
1.434 5230
35 2.94
SCQD-R1 ! (84.62%) (15.38%) 947
530 1.325 4.65 S s14
(86.23%) (13.76%) '
1.451 6.125
2 .04
SCQD-R2-1 8 (56.08%) (43.92%) 5040
626 0.913 4238 ) 159
(88.27%) (11.73%) '
1.422 6.088
528 4.995
SCQD-R2-16 (56.71%) (43.29%)
626 0.975 4.11 ) 138
(87.75%) (12.25%) -

*The % values in parentheses () represent the fractional contribution of each of the lifetime components.
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4.5 BIOLOGICAL ASSAY

Investigating toxicity is an important initial step when developing novel materials
intended for interactions within biological systems. Hemocompatibility testing evaluates
critical interactions between the materials and the different components of blood to determine
if any toxic effects could originate from the exposure of these foreign materials to blood (De La
Harpe et al., 2019; Szbe et al., 2023). The highest percentage of hemolysis identified in this
investigation was 4.5% for SEP at a concentration of 5000 pg/mL, indicating a slightly
hemolytic activity, while CQD does not show hemolytic activity at this concentration (Figure
32).

Figure 32 - Hemolysis percentage of CQD, SEP, and the SCQD-R2-16 hybrid nanomaterial. The hemolysis
percentage was evaluated at concentrations ranging from 5000 to 36.0625 pg/mL in the erythrocytes of sheep. The
results correspond to averages + of individual samples tested in triplicate. (*) p<0.05, compared to the positive
control (Triton X-100 at 1%)
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In comparison, the hybrid nanomaterial SCQD-R2-16 presented a percentage of 1.8%,
indicating a reduction in hemolytic rate compared to pure sepiolite. The hemolytic activity of
most nanoparticles depends on their concentration, structure, size, and shape. For silica
nanoparticles, it has been reported that the toxicity is directly proportional to the amount of
reactive silanol groups exposed on the surface (Yu; Malugin; Ghandehari, 2011). Considering
this, the reduced toxicity observed for the SCQD-R2-16 hybrid nanomaterial can be attributed
to the interactions between the silanol groups of SEP and CQDs, which likely act by passivating
the active surface sites.

The non-hemolytic behavior of CQD, SEP, and SCQD-R2-16 hybrid nanomaterial was
proven with a hemolysis assay, which opens up the opportunity to explore their potential
applications in bioimaging. /n vitro bioimaging was performed using U87MG cells exposed to
excitation wavelengths of 408, 488, and 532 nm, corresponding to the typical DAPI, FITC, and
Rhodamine channels. The images in Figure 33 demonstrate the cellular uptake of SEP, CQD,
and SCQD hybrid nanomaterials, revealing well-defined intracellular fluorescence signals,
consistent with their photoluminescence spectra, although no apparent differences in emission
intensity were observed in 2D-cultured U87 cells. Nevertheless, the use of 2D monolayer
cultures shows inherent limitations for determining subcellular localization and nanohybrids
distribution.

To address these limitations, future studies should utilize 3D spheroid models and
confocal laser scanning microscopy or advanced super-resolution techniques, such as
Stimulated Emission Depletion (STED) or single-molecule localization microscopy techniques,
including Photoactivated Localization Microscopy (PALM)/Stochastic Optical Reconstruction
Microscopy (STORM) (PALM/STORM). These approaches can provide dynamic, molecule-
specific, and high-resolution insights into intracellular trafficking, nanoparticle aggregation,
and cytolocalization, enabling a more comprehensive understanding of hybrid nanomaterials
under biological conditions. Such investigations are essential for optimizing the design of
fluorescent nanoprobes and enhancing their translational potential in biomedical applications(.,

2022b).
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Figure 33 - Bright field and fluorescent images of U87 MG cells incubated with (A) SEP, (B) CQD, (C) SCQD-
R1, (D) SCQD-R2-1 and (E) SCQD-R2-16 hybrid nanomaterials at 50.0 mgL!. Scale bar at 50 pm.
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4.6 CONCLUDING REMARKS

The association of sepiolite and carbon quantum dots through different approaches
demonstrates that the synthetic route is decisive in determining the structural and optical
features of the resulting hybrids. When CQD was combined with pre-synthesized nanoparticles
(route 1), a low content of the carbonaceous counterpart was effectively attached to the clay
surface, leading to reduced photoluminescence and limited stability. In contrast, the in situ
synthesis (route 2) enabled a much higher CQD loading with dispersed nanoparticles along the
silicate fibrils as observed in TEM images. In this regard, shorter precursor-clay contact time
favored stronger anchoring of CQD, while prolonged times led to partial detachment of
nanoparticles. Raman analysis revealed that the presence of sepiolite in the synthetic route
induced higher graphitic ordering in CQD, while FT-IR showed displacements of Si-OH and
zeolitic water bands, confirming strong interfacial interactions with CQD. These structural
differences impacted the optical behavior, with in situ hybrids exhibiting an increase in the
blue—green emission and greater stability compared to free CQD. Importantly even with lower
CQD content, SCQD-R1 retained sufficient luminescence to enable cellular imaging,
demonstrating that limited anchoring of carbon dots on sepiolite can still impart effective

fluorescent response. Furthermore, hemolysis assays confirmed that all hybrid nanomaterials
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induced negligible red blood cell lysis (<5%), indicating a non-toxic response in vitro and

supporting their suitability for fluorescence-based cellular studies.
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Chapter 5 Abstract

This chapter presents the results obtained from the association of montmorillonite, a lamellar
clay with carbon quantum dots, emphasizing the morphology and the structural, thermal, and
optical properties of the resulting hybrid nanomaterials. In addition, the effects of the different
synthetic routes employed are examined. The toxicity of the materials was evaluated through

hemolysis assay.
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5.1 INTRODUCTION

The continuous evolution of human society increases the demand for innovative
functional materials. In this regard, nanotechnology has made significant progress, enabling the
hybridization of different classes of nanomaterials to surpass the limitations associated with
single-component nanoparticle systems. Hybrid nanomaterials are defined as the combination
of two or more components at the nanoscale that integrates the physical and chemical properties
of the counterparts, often benefiting from the rise of synergistic effects that surpass the
properties of each material alone (Azim et al., 2022; Li et al., 2023a). This approach offers the
possibility of altering their morphology, structure, and composition by modifying the
fabrication route, resulting in a hybrid nanomaterial with improved thermal stability,
mechanical strength, electrical conductivity, and optical properties (Hayami et al., 2017;
Meroni; Ardizzone, 2018).

Clay minerals are widely used to produce hybrid nanomaterials due to their outstanding
properties, including high surface area, layer charge density, cation exchange, swelling
capacity, chemical stability, and rheological behavior (Teixeira et al., 2025; Xie; Chen; Yang,
2023). They also had the benefit of being abundant and low-cost materials, which is particularly
attractive for large-scale applications. Montmorillonite (MMT), one of the most representative
members of this class, is a 2:1 dioctahedral clay mineral composed of an alumina octahedral
sheet sandwiched between two silica tetrahedral sheets (TOT) (Oliveira; Alcantara; Pergher,
2017; Rebitski et al., 2018; Zhang et al., 2025). Moreover, the Si*" in the silicon-oxygen
tetrahedron can be replaced by cations such as AlI** and Fe**, while the AI** in the octahedron
is easily replaced by Fe?*, Mg?", and Zn**, resulting in the formation of permanent negative
charges on the MMT surface (Rebitski et al., 2019). The occurrence of isomorphic substitution
also results in ion exchange capacity, swelling behavior, and surface reactivity, allowing
interactions with other structural entities such as molecules, particles, and ions, through
different mechanisms (Tipa et al., 2022).

Carbon quantum dots are a relatively new type of carbon nanomaterial that has attracted
significant attention from the scientific community since their accidental discovery in 2004 (Xu
et al., 2004). Their excellent properties include simple and low-cost synthesis, good
biocompatibility, and tunable optical features (Ghosh et al., 2023; Li et al., 2022a; Siripothula
etal., 2025). CQD are zero-dimensional nanoparticles (<10 nm) characterized by a sp? core and
abundant functional groups on their surface, such as hydroxyl and carbonyl, and amine groups,

which contribute to their high hydrophilicity (Sukunta et al., 2025). However, some drawbacks
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of CQD are associated with nanoparticle aggregation, which leads to fluorescence quenching
and loss of stability, limiting their applications (Carbonaro et al., 2020; Wang et al., 2024c).
Integrating CQDs with layered hosts such as MMT offers a promising strategy to mitigate these
drawbacks. The high surface area and negatively charged layers of MMT facilitate interactions
with functional groups of CQD, helping to prevent the aggregation of these nanoparticles.
Moreover, MMT can provide a protective microenvironment that improves CQD
photostability, extending their lifetime in aqueous and biological media.

The association of carbon dots and clay minerals has been reported employing bentonite
(Jlassi et al., 2023), saponite (Chuaicham et al., 2022), and halloysite (Massaro et al., 2019),
however, the association of MMT and CQD is still scarce. Qu and coworkers reported the
synthesis of green-emissive carbon dot@montmorillonite (g-CDs@MMT) materials that were
prepared by embedding g-CDs into the structure of MMT clay. To obtain the CDs, a microwave
method was employed, using citric acid and urea as precursors in the presence of water. Due to
the confinement of g-CDs in the MMT clay matrix, g-CDs are uniformly dispersed in the
resulting g-CDs@MMT, which efficiently prevents the aggregation-induced luminescence
quenching of g-CDs (Zhai et al., 2019) . Yu and co-workers demonstrate the rapid synthesis of
nitrogen and sulfur co-doped carbon dot@montmorillonite (C-dots@PGV) by adsorption onto
Na'-MMT clay. The resultant C-dots@PGYV exhibited intense blue photoluminescence under
UV light, good dispersibility, and enhanced stability compared to C-dot aqueous solutions(Yu;
Yan, 2017) .

Despite the advances reported in the literature, studies dedicated to the fabrication of
MMT-CQD hybrid materials through in sifu synthesis are still lacking. In this context, this
thesis proposes to address this gap by investigating the preparation of MMT—-CQD hybrid
nanomaterials via two routes: the physical assembly of pre-synthesized CQDs with
montmorillonite, and the in situ formation of CQDs in the presence of the clay. Through these
approaches, this work aims to understand how the synthesis pathway influences the structural
organization, optical behavior, and biocompatibility of the resulting hybrid nanomaterials. The
results presented in this chapter are intended to establish structure—property relationships and

to provide information for applications of these materials in other fields.

5.2 MORPHOLOGICAL AND STRUCTURAL PROPERTIES

The diffraction patterns of MMT and the hybrid nanomaterials based on MMT and CQD

are exhibited in Figure 34. For pristine MMT, peaks at 26 = 7.3°, 19.8°, 28.3°, 35.0°, and 62.0°
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are observed in correspondence with the reflection planes (001), (100), (005), (110), and (300),
respectively. Considering the sheet thickness of MMT to be 0.96 nm (Azhar; Olad, 2014), the
basal spacing of 1.21 nm (20 = 7.3°) is observed, consistent with rich Na"™-MMT (Zhang et al.,
2017a). Considering the hybrid nanomaterials, it is possible to observe diffractions associated
with the presence of CQD. For MCQD-R1, the diffraction planes noted at 26 = 26.5° and 20 =
28.2° (in detail) are in correspondence with CQD and MMT, respectively. In the MCQD-R2-1
and MCQD-R2-16 hybrid nanomaterials, the diffraction planes observed at 20 = 26.5° and 26
= 26.6° are associated with CQD, while the peaks at 20 = 27.8° and 20 = 27.6°, respectively,
are related to the presence of MMT. In general, slight displacements in this region are observed,
suggesting minor structural alteration in the hybrid nanomaterials compared to their
counterparts. The intensity associated with CQD in MCQD-R1 seems to be lower compared to
MCQD-R2-1 and MCQD-R2-16, which may be related to its content in the hybrids.

Figure 34 - Diffraction patterns of montmorillonite, MCQD-R1, MCQD-R2-1, and MCQD-R2-16 hybrid
nanomaterials, and CQD

5.2° 27 1° C)g'g

6.7° MCQD-R2-16

Intensity (a.u.)

MCQD-R1

276°
j\.
/ B ® ® B 3
27.8°
6.7° oo MCQD-R2-1
8° 28.2°
/’.—,'—'-—&—,‘,

MMT
x3

(300)

10 20 30 40 50 60 70
2 theta (degree)

Figure 34 also shows that the hybrid nanomaterials exhibit displacements to lower
angles in 20 of the reflection plane (001) associated with MMT. Using the Bragg’s Law, the
increase in the interlayer spacing was calculated to be 0.34 nm for MCQD-R1 and 0.36 nm for

both MCQD-R2-1 and MCQD-R2-16. These results indicate that the expansion of MMT is not
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particular to a specific synthesis route, however, a higher increment is observed in the hybrid
nanomaterials obtained from the in situ approach. In a previous work reported by the group, the
average CQD diameter was determined to be approximately 4.8 nm (Cutrim et al., 2021), which
is significantly larger than the basal spacing increase observed in the hybrids (0.34—0.36 nm).
Therefore, the expansion of MMT cannot be ascribed to CQD intercalation. Instead, this minor
shift may result from possible structural relaxation and reorientation of interlayer water
molecules and/or the presence of ultrathin carbonaceous domains such as a single graphene
layer (thickness = 0.34 nm) generated during synthesis as demonstrated by (Chen et al., 2014).
The authors used MMT to adsorb crystal violet, followed by calcination under a N> atmosphere.
The XRD analysis demonstrates that the interlayer of the calcinated material was 0.38 nm, close
to the thickness of a single graphene layer (0.34 nm). Thus, these findings indicate that the
CQDs primarily interact with montmorillonite through surface and edge-site anchoring rather
than interlayer insertion.

Moreover, XRD analysis was carried out to investigate whether the increment in the
interlayer space occurs before or after thermal treatment. For this, CA and U were solubilized
in DMF, and then MMT was added. The mixture was kept under stirring for 1 h (R2-1)or 16 h
(R2-16) and then centrifuged. The resultant samples were analyzed, and from Figure 35, it is
possible to see that a time of contact of 1 hour was sufficient for the intercalation of species in
MMT. The MCQD-R2-16 shows a slight displacement for lower angles (20 = 6.48°), which
could be the result of a longer contact time. However, after the thermal treatment, both hybrid

nanomaterials presented the same value in 20 = 6.70°.

Figure 35 - XRD patterns of pure montmorillonite, the synthesis mixtures before thermal treatment, and the hybrid
nanomaterials (A) MCQD-R2-1 and (B) MCQD-R2-16

(A) MCQD-R2-1 (B) MCQD-R2-16
6.70 ———CA + U + MMT- R2-1 6.70° —— CA + U + MMT-R2-16
MMT —— MMT
3 El
© 8
> o b
= 6.59 ?
S o
E A E Y
7.27°
e
T T T v T v T ’ 1 T T T T 1 1
10 20 30 40 50 60 70 10 20 30 40 50 60 70

2 theta (degree)

2 theta (degree)

92



Elemental analysis was used to obtain the composition of MMT based hybrid
nanomaterials as well as to determine the amount of CQD in the hybrid nanomaterials. MCQD-
R1 possesses a content of 9.63% in weight (Table 7), which is similar to that observed for
SCQD-R1, which can be attributed to the leaching of highly soluble CQD nanoparticles during
the synthesis. Overall, the route one resulted in contents of CQD close to 10% for both clays.
MCQD-R2-1 and MCQD-R2-16 have 89.32% and 34.00% of CQD, respectively, implying that
a longer contact time between precursors and MMT did not allow a greater content of CQD,
which is the opposite tendency observed for hybrid nanomaterials based on SEP and CQD. This
counterintuitive result may be associated with the prolonged precursor—clay contact time.
Extended stirring (16 h) could favor precursor aggregation or partial carbonization, leading to
less efficient CQD formation and anchoring within the MMT structure.

In addition, excessive precursor adsorption on the external surface of MMT might block
interlayer sites, thus reducing the effective incorporation of CQDs during the hydrothermal
step. Similar behaviors have been reported in related nanocomposite systems (Li; Kaner, 2006)
where extended reaction times or excessive precursor concentration resulted in decreased
nanoparticle incorporation and poorer dispersion due to overgrowth or aggregation phenomena.
In this study, the comparison between R2-1 and R2-16 suggests that shorter contact time
facilitates more effective precursor utilization and homogeneous CQD nucleation in the

presence of montmorillonite, while prolonged contact time reduces incorporation efficiency.

Table 7 - Elemental composition in weight of CQD and the MCQD-R1, MCQD-R2-1, and MCQD-R2-16 hybrid
nanomaterials

Sample C (%) H (%) N (%) Amount of CQD (%)
CQD 71.57 4.86 23.57 100
MCQD-R1 4.33 3.35 1.95 9.63
MCQD-R2-1 62.93 5.45 20.94 89.32
MCQD-R2-16 22.10 3.54 8.36 34.00

To understand the possible interactions between MMT and CQD in the hybrid
nanomaterials, FT-IR analysis was conducted (Figure 36). The spectrum of pure
montmorillonite exhibits a band located at 3623 cm! attributed to the OH stretch of structural
Al-OH bonding, while the bands centered at 3438 cm™ and 1635 cm™! represent the -OH
stretching and bending vibrations of the interlayer water molecules. Additionally, the vibration
at 1117 cm! is related to the stretching of the Si-O out-of-plane (Caccamo et al., 2020; Tyagi;
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Chudasama; Jasra, 2006). The most intense bands in the MMT spectrum appear at 990 cm™ and
516 cm’!, representing the in-plane stretching and bending vibrations in the Si-O bond,
respectively. The bands at 915 cm™ and 884 cm™! originate from AIAIOH and AlFeOH bending
vibrations, respectively. Moreover, the band at 798 cm™ corresponds to the deformation
vibration of the Si-O bond of quartz and/or silica, which is present as an associated phase. The
band at 615 cm™! is assigned to the coupling vibrations of the Al-O group of the MMT structure,
and the band at 463 cm™ corresponds to the deformation of the Si-O-Si groups (Funes et al.,

2020; Madejova, 2003; Wojcik-Bania; Matusik, 2021).

Figure 36 — FTIR spectra of pure montmorillonite, MCQD-R1, MCQD-R2-1, and MCQD-R2-16 hybrid
nanomaterials in the range of 4000 to 400 cm™!
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The MCQD-R1 hybrid nanomaterial possessed a spectrum similar to MMT, however, it
is possible to see displacements in the bands and new features in the spectrum associated with
CQD. The band related to the Al-OH stretching remains at 3623 cm™!, while the band associated
with the stretching of interlayer water is shifted from 3438 cm™ to 3390 cm™!. This displacement
might suggest interactions between MMT and CQD, however, it is important to consider the

contribution of hydroxyl groups from the CQD surface in this band. For pure MMT and MCQD-
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R1 hybrid, it is possible to see the bending vibration -OH at 1635 cm’!, nevertheless, a feature
appears at 1655 cm™', as can be seen in detail, which are in correspondence with the stretching
vibration of the C=0 bond that appears at 1624 cm™! in pure CQD. These displacements suggest
strong interactions between MMT and CQD, which might have led to the increase in interlayer
spacing observed in the XRD as a consequence of the perturbation introduced by the interaction
of CQD groups, in particular, C=0, and the interlayer water of MMT.

The MCQD-R2-1 hybrid possesses a spectrum more similar to CQD due to a higher
content of carbon quantum dots. A broad band between 3600-3000 cm™! is observed, covering
the range of the stretching vibrations of -NH and -OH functional groups present in the CQD
surface. The bands at 2931 cm™ and 2796 cm™ represent the asymmetric and symmetric C-H
stretching vibration, which appear at 2925 cm™ and 2796 cm™ in pure CQD. As the material
has a similar spectrum compared to pure CQD, the band at 1637 cm™ might be ascribed to the
stretching vibration of C=O bonds, and a displacement for higher wavenumbers is observed,
once it appears at 1624 cm™! in the CQD spectrum. In addition, this band became sharper in the
MCQD-R2-1 spectrum, which might be indicative of the formation of new bonds as reported
by (Fang et al., 2018).

The bands associated with the asymmetric and symmetric stretching of the COO™ group
for pure CQD are located at 1558 cm™ and 1347 cm! in the MCQD-R2-1. The displacements
described previously suggest the involvement of these groups in interactions between MMT
and CQD. The band at 1490 cm!, ascribed to C=C stretching vibration in the sp* core of CQD,
became more intense, and the vibration of the bond C-N shifted from 1277 cm™ in pure CQD
to 1282 cm™! in the hybrid. In addition, it is possible to observe the rise of a band in 718 cm™! in
the MCQD-R2-1 spectrum that is ascribed to vibrations associated with the aromatic ring,
suggesting possible modifications in the structure of CQD.

For MCQD-R2-16, the band ascribed to the vibrations of interlayer water is located at
3361 cm™. The bands related to the stretching vibrations of C=0 bonds and with the asymmetric
and symmetric stretching of the COO™ group for CQD are exhibited at 1626 cm™, 1593 cm™
and 1362 cm™!, respectively. It is worth mentioning that the greater shift of the bands associated
with the vibrations of the carboxyl group is found for MCQD-R2-16, which suggests that a
longer synthesis time might affect the interactions between MMT and CQD. The band
associated with vibrations of the aromatic ring shifts from 708 cm™ to 722 cm™!, similar to what
was observed for MCQD-R2-1. Notably, the Si-O in-plane stretching and bending vibrations
observed at 990 cm™! in pure MMT appear at 997 cm™ in MCQD-R1, 1024 cm™! in MCQD-R2-

1, and 1000 cm™ in MCQD-R2-16. These slight shifts suggest modifications in the local
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environment, likely arising from strong interactions between CQDs and the MMT layers.
Overall, FT-IR corroborates those interactions vary from weak water-mediated effects (R1) to
stronger chemical bonding (R2), depending on synthesis time.

Beyond the descriptive evidence, a mechanistic understanding of the MMT—-CQD
interactions can be established based on the combined XRD, FTIR, and elemental data.
Considering the CQD size (~ 4.8 nm) and the absence of corresponding shift in the (001) basal
reflection, interlayer intercalation can be ruled out. Thus, the dominant interactions occur at the
external surfaces and edge sites of montmorillonite. In Route 1 (physical mixing), the
association between the components is primarily mediated by weak, water-bridged hydrogen
bonding, consistent with the lower CQD loading and limited spectral perturbations. In contrast,
Route 2 (in situ synthesis) favors the nucleation and anchoring of CQDs directly on the clay
surface, enabling multiple bonding modes: (i) electrostatic adsorption facilitated by
exchangeable cations (e.g., Na*) acting as charge compensators in the diffuse layer, which
reduces repulsion between the anionic CQD surface groups and the negatively charged clay
planes (Sheng et al., 2019); (ii) hydrogen bonding with surface silanols and coordinated water
molecules (Wang; Wilson; Aristilde, 2024); and (ii1) acid—base or ligand—surface interactions

at AI-OH and Mg—OH edge sites.

5.3 THERMAL ANALYSIS

Thermal analysis was recorded in the range of 30-900°C under a synthetic air
atmosphere to evaluate the thermal stability of the nanomaterials, complementing the study of
the clay-carbon quantum dots hybrid nanomaterials. The thermal profile of pure CQD was
presented in section 4.3. Neat montmorillonite showed a first weight loss of 7.1% occurring
between 30 °C and 80 °C (Figure 37A), corresponding to the Tmax in the DTG curve at 59.3 °C,
which represents the removal of free and interlayer water (Jiang et al., 2024). The literature
reports these processes to occur up to 250°C in MMT (Carazo et al., 2018). The following Tmax
are observed in the DTG curve at 651.9 °C and 860.2 °C, corresponding to the dihydroxylation
process that is related to the release of water originating from -OH groups structurally bound in
the lattice (Balek et al., 2006). In this step, MMT loses approximately 6.04% in weight,
generating a residue of 86.84%. It is worth mentioning that the temperature intervals of
dihydroxylation, as well as the amount of water released, depend on the nature of the adsorbed

cations and surface hydration (Derkowski; Kuligiewicz, 2022).
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For MCQD-R1, the first weight loss possesses Tmax at 59.5 °C; however, the lowest rate
of weight loss only occurs at approximately 200 °C, as can be seen in Figure 37B. This step can
be attributed to the removal of free water (from both CQD and MMT) and interlayer water
present in MMT. The following weight loss takes place from 200.0 °C to 440.0 °C, with Tmax
in the DTG curve at 345.1 °C, which could be associated with the removal of functional groups
of CQD. The next step occurs up to 692.5 °C in the DTG curve (Tmax at 624.0 °C) with a weight
loss of 5.2% in correspondence with the dihydroxylation of the MMT, indicating that the
association of CQD and the layered clay in the hybrid MCQD-R1 reduced the Tmax associated
with this event. The Tmax at 724.7 °C in the DTG curve is associated with the weight loss of
1.8%, however, this step cannot be related directly to CQD or MMT. The hybrid nanomaterial
generated a residue of 82.4%, resulting in a difference of only 4.4% from pure MMT due to the
low content of CQD.

Figure 37 - TG and DTG of (A) MMT, (B) MCQD-R1, (C) MCQD-R2-1, (D) MCQD-R2-16 hybrid nanomaterials
with a heating rate of 10 °C.min"! under a synthetic air atmosphere
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MCQD-R2-1 exhibited the thermal profile most similar to CQD among the three
hybrids, probably due to its higher CQD content. The first step is observed in Figure 37C from
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30 °C to 182 °C with a weight loss of 11.8%, which is related to the removal of free water from
both CQD and MMT. This weight loss is related to the Tmax at 44.6 °C and another Tmax at
approximately 300 °C, appearing as a shoulder that might be associated with the water release
from the interlayer of MMT. In the following step, great weight loss occurs up to 635 °C, where
the hybrid MCQD-R2-1 loses approximately 50.3% (Tmax at 489.1 °C), which could be
associated with the degradation of the CQD structure. The shift of Tmax compared to pure CQD
might suggest that the removal of functional groups takes place at a higher temperature,
representing a gain of stability. The next step is related to the Tmax at 700.0 °C in the DTG
curve, indicating the dihydroxylation process of MMT. At 900 °C, a residue of 29.7% in weight
was generated, the lowest considering all the hybrid nanomaterials based on clay in this work,
which is related to the higher amount of the CQD in the MCQD-R2-1.

As can be observed in Figure 37D, the MCQD-R2-16 hybrid nanomaterial possesses the
most complex thermal profile. From 30 °C to 155 °C occurs the first step related to removal of
physiosorbed water of both MMT and CQD, resulting in the weight loss of 7.3%. The following
Tmax in the DTG curve takes place at 247.6 °C and 283.3 °C, representing the removal of
interlayer water, which appears only as a Tmax at 59.3 °C for pure MMT. These temperature
differences might be associated with interactions of the functional groups of CQD and the
interlayer water of MMT, which the FT-IR results can also corroborate. The Tmax exhibited at
496.3 °C might be associated with the degradation process of CQD, and the Tmax at 563.3 °C
corresponds to the dihydroxylation of MMT. A weight loss appears to start at approximately
830 °C, however, the maximum weight loss rate probably occurs at temperatures higher than
900 °C in accordance with the second weight loss related to the dihydroxylation that takes place
at 860.2 °C to pure MMT. This indicates that the interaction of CQD and the MMT lattice might

have dislocated the Tmax associated with this event to a high temperature.

5.4 OPTICAL PROPERTIES

To investigate the optical properties of the hybrid nanomaterials, UV-Vis and
photoluminescence spectroscopy analyses were performed on the MCQD samples. The UV—
Vis spectra show that all hybrid materials exhibit a band in the visible region, which is
associated with the presence of CQDs (Figure 38). However, in the case of MCQD-R1, the
intensity of this band is lower than that observed for the other materials, even when analyzed at
a higher concentration, and it displays a shift from 547 nm (pure CQD) to 528 nm. This shift
suggests that interactions between MMT and CQDs occur at the surface level, in agreement
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with the FT-IR findings. The band at 243 nm appears to be broader than for CQD, which could
be related to a contribution of MMT that exhibits a band at 243 nm (Appendix A).
MCQD-R2-1 possesses a band at 543 nm, exhibiting a slight blueshift compared to
CQD, and the higher intensity of this band is a result of the high amount of CQD in this hybrid
nanomaterial. Moreover, the band at 348 nm for CQD changes to 345 nm, and the band at 239
nm loses its definition, which suggests modification at the core of CQD. For MCQD-R2-16,
the center of the visible band remains unaltered compared to CQD, however, in the UV region,
a blue shift is observed for the band at 338 nm. These results indicate that the presence of MMT
in the synthesis media results in small changes in the electronic states of the hybrid

nanomaterials compared to CQD.

Figure 38 - UV-Vis spectra of CQD (25.0 mg.L"), MCQD-R1 (100.0 mg.L"), MCQD-R2-1 (50.0 mg.L™") and
MCQD-R2-16 (50.0 mg.L!) hybrid nanomaterials
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UV-Vis spectroscopy was also used to investigate the stability of MCQD hybrid
nanomaterials since alterations in the absorption spectra can indicate changes in size,
aggregation, and overall stability. The investigation was also conducted for CQD and discussed
at section 4.4 of this thesis. From the results observed in Figure 39, MCQD-R1 exhibited the
greater stability profile considering all three hybrid nanomaterials, and CQD as well, presenting
an absorbance value of 0.66 after 56 days, compared to 0.44 for CQD. The reduction in the
absorbance for the hybrid nanomaterials is more pronounced in the first week, especially in the
first four days, behavior similar to that observed for pure CQD. MCQD-R2-1 and MCQD-R2-
16 hybrids exhibited a similar profile for two weeks, reaching absorbance values of 0.69 and
0.68, respectively, which were higher than what was observed from CQD (Abs = 0.51).
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After that, the absorbance of MCQD-R2-1 slowly decreased, reaching a value of 0.52
after 56 days of experiment. MCQD-R2-16, however, showed a destabilization trend after ~21
days, reaching absorbance values close to pure CQDs. This reduced stability may be related to
the lower CQD content determined by elemental analysis, which suggests that prolonged
precursor—clay contact time can hinder efficient CQD anchoring within the MMT layers.
Additionally, stronger but less homogeneous interactions between CQD functional groups and
MMT, as indicated by FT-IR shifts, may favor localized aggregation, thereby reducing colloidal
stability.

Figure 39 - Stability of CQD, MCQD-R1, MCQD-R2-1, and MCQD-R2-16 hybrid nanomaterials evaluated by
UV-Vis spectroscopy over time
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The photoluminescence spectra of CQD and the hybrids were obtained by excitation of
aqueous dispersions at different wavelengths. As can be observed in Figure 40, the hybrid
nanomaterials possess emission behavior similar to that observed for CQD, but some
differences need to be pointed out. For MCQD-R1 hybrid nanomaterial, a minor shift is noted
for the red emission, however the blue-green emissions seem to have lost their definition and
intensity. MCQD-R2-1 possesses an emission profile quite similar to that observed for CQD
with the emissions in blue-green region more defined (Figure 40E-F), which could be related
with the higher content of CQD. The MCQD-R2-16 demonstrated the most significant
alteration in the emission profile among the hybrid nanomaterials. For the blue-green emission,
an excitation-dependent behavior is observed, which could be associated with modifications in
the contributions of the core and surface states. Regarding the red emission, a red shift is noted

for the maxima in both green and red emission, which changes from 522 nm and 629 nm in
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CQD to 535 nm and 656 nm in the hybrid nanomaterial, respectively. This result might be

associated to the higher nitrogen incorporation (lower C/N ratio), which could influence surface

states (Kundu et al., 2018) .

Figure 40 - Emission spectra of CQD (A, B), MCQD-R1 (C, D), MCQD-R2-1 (E, F), and MCQD-R2-16 (G, H)
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The PLE spectra were recorded to unveil the excited states involved. The PLE spectra
of the hybrid nanomaterials (Figure 41A-D) reveal similar profiles compared to CQD with
slight shifts in the center of the bands. For MCQD-R1, it is possible to observe a shoulder close
to 434 nm, indicating possible alterations in n-n* transitions in the aromatic center of CQD. For
MCQD-R2-1 a new transition is observed around 500 nm. For MCQD-R2-16, it is possible to
observe an increase in the width of the PLE band, which suggests the arising of new transitions

due to the presence of MMT in the hybrid.

Figure 41 - PLE spectra of CQD (A), MCQD-R1 (B), MCQD-R2-1- (C), and MCQD-R2-16 (D) hybrid
nanomaterials
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Time-resolved PL was measured for the samples under 450 nm excitation to investigate
the origin of the emission. Table 8 summarizes the lifetimes, calculating the decay times of
individual components and their respective overall contributions. A longer lifetime is observed
for the red emission in hybrid nanomaterials compared to CQD, which is related to the increase
of decay time of component 12, indicating that the association with MMT results in greater
involvement of functional groups in the emission. The green emission of MCQD-R2-1 shows

a lower contribution of the surface state, 7.33% compared to 43.15% for CQD, resulting in the
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faster decay time. Considering the red emission, the contribution of the surface state cannot be
appreciated, that is, the emission is uniquely governed by the component associated with the
core state. In the MCQD-R2-16 exhibit the longer tav for the red emission due to an increase
in the contribution of the surface state, which increased from 5.60% in CQD to 11.93%. The
association of CQD and MMT resulted in hybrid nanomaterials with longer red emission

lifetimes, which could be interesting for applications that explore this property.

Table 8 - Lifetime measurements of CQD, MCQD-R1, MCQD-R2-1 and MCQD-R2-16 hybrid nanomaterial

under excitation of 450 nm

Samples Aem (NM) 71 (nS) T2 (ns) TAV (DS)
0.91 6.14
CQD 528 (56.85%) (43.15%) 529
626 0.88 4.17 160
(94.40%) (5.60%) '
1.57 5.66
MCQD-RI 530 (40.17%) (59.82%) 302
1.58 5.095
560 2.29
92.67° 7.339
MCQD-R2-1 ( 7 21@ ( %)
' - 2.22
590 (100%)
1.09 5.46
551 o 4.04
. 29.239
MCQD-R2-16 (70.77%) (29.23%)
600 0.91 4.46 )13
(88.07%) (11.93%) '

A comparative analysis of the two synthetic routes reveals complementary advantages
and clear structure—property correlations. Route 1 preserves the crystalline integrity of
montmorillonite and provides stable dispersions, but the interaction between the components is
predominantly weak and water-mediated, resulting in lower CQD loading and moderate optical
response. In contrast, route 2 enables direct CQD nucleation on the clay surface, strengthening
interfacial coupling through electrostatic and hydrogen-bonding interactions, which leads to
higher incorporation efficiency, enhanced photoluminescence, and improved colloidal stability.
However, excessive precursor—clay contact time, as in MCQD-R2-16, promotes partial
aggregation and limits anchoring efficiency. Overall, Route 2 offers superior control over
interfacial chemistry and resulting functional properties, while Route 1 stands out for its

simplicity and structural preservation.
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5.5 HEMOLYSIS ASSAY

Considering the comparative analyses, the MCQD-R2-1 hybrid was selected for further
evaluations. This material exhibited the most favorable balance of properties, including a higher
CQD content, homogeneous dispersion along the clay fibrils, and the absence of excessive
agglomeration observed in MCQD-R2-16. These structural features resulted in enhanced
stability and optical performance, making MCQD-R2-1 the most representative candidate for
subsequent assays. According to Figure 42, MMT presented a hemolysis rate of 1.08% even at
a high concentration of 5,000 mg.L™!, while MCQD-R2-1 hybrid nanomaterial exhibits a
hemolytic activity of 3.99%, which is lower than the recommended value of 5% by the ISO
10993-4 standard (INTERNATIONAL ORGANIZATION FOR STANDARDIZATION,
2009). The materials tested did not trigger a hemolytic reaction, suggesting their

biocompatibility and significantly enhancing their potential applications in biological systems.

Figure 42 - Hemolysis percentage of CQD, MMT, and the MCQD-R2-1 hybrid nanomaterial. The hemolysis
percentage was evaluated at concentrations ranging from 5000 to 36.0625 pg/mL in the erythrocytes of sheep. The
results correspond to averages + of individual samples tested in triplicate. (*) p<0.05, compared to the positive
control (Triton X-100 at 1%).
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5.6 CONCLUDING REMARKS

Based on the structural, optical, and hemocompatibility results obtained in this study, it

can be concluded that the combination of montmorillonite and carbon quantum dots through
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distinct synthesis approaches leads to the formation of hybrid nanomaterials with preserved
crystalline integrity of both components. XRD and FT-IR analyses revealed that while Route 1
primarily promotes interactions mediated by interlayer water molecules, the in situ synthesis
(Route 2) induces stronger chemical interactions involving the carbonyl and carboxylate groups
of CQDs, with slight variations depending on the contact time with the clay. Elemental analysis
confirmed that Route 2 incorporated a higher amount of CQD, likely due to the CQDs
nucleating in close proximity to clay surfaces/edges, favoring multipoint anchoring
(electrostatics + H-bonds + edge acid—base). Thermal analysis demonstrated that the hybrids
exhibit modified degradation profiles and, in some cases, enhanced thermal stability compared
to pristine CQDs, highlighting the influence of montmorillonite on the thermal behavior of the
composites.

Optical characterization indicated that the hybrids retain the independent emission
features of CQDs, with subtle spectral shifts and variations in lifetime decay related to the
interactions in the hybrids and nitrogen incorporation, particularly in MCQD-R2-16. Stability
tests showed that the presence of MMT mitigates CQD aggregation over time, especially in
MCQD-R1 and MCQD-R2-1, enhancing their potential for long-term applications. Moreover,
hemolysis assays confirmed that the selected hybrid, MCQD-R2-1, possesses a hemolysis ratio
below 5%, confirming its hemocompatibility. It is worth highlighting that, despite its relatively
low CQD loading, MCQD-R1 exhibited exceptional colloidal stability, which demonstrates the
ability of MMT to prevent nanoparticle aggregation even under less favorable incorporation

conditions.
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DRUG-CLAY-CQD HYBRID NANOMATERIALS
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This chapter describes the association of montmorillonite or sepiolite with 5-fluorouracil,
followed by their integration with carbon quantum dots to form hybrid nanoplatforms, focusing
on their structural and compositional evaluation by XRD, FT-IR, elemental analysis, and EDS

to elucidate loading mechanisms and drug—carrier interactions.
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6.1 INTRODUCTION

Clay minerals have been extensively used since ancient times for both cosmetic and
therapeutic purposes (Massaro et al., 2018). For instance, clay is used as an active ingredient in
oral treatments for diarrhea, as gastrointestinal protectors, and as antacids (Carretero; Pozo,
2009; Lopez-Galindo et al., 2011). Their antacid effect arises from the ability of the clay surface
to adsorb protons from gastric acid while releasing non-toxic ions such as Mg?* and AI’*. As
gastrointestinal protectors, clay minerals can increase thickness of the mucosal barrier, adhere
to gastric and intestinal membranes, and consequently reduce irritation and gastric secretion.
Their antidiarrheal action, on the other hand, is linked to their capacity to reduce liquid content
in the colon and possibly adsorb enteropathogens (Yang et al., 2016).

In addition, clay minerals are also widely applied as pharmaceutical excipients in
different pharmaceutical dosage forms intended for oral (Bravo et al., 2023; Wu et al., 2025)
and topical administration (Swain et al., 2022; Zhang et al., 2022d). More recently, they have
attracted attention as efficient carriers for bioactive molecules (Borrego-Sanchez et al., 2018).
Among the different clay minerals used in pharmaceutical formulations, MMT stands out as
one of the most widely employed. Structurally, it is a 2:1 phyllosilicate consisting of an
octahedral sheet of aluminum sandwiched between two tetrahedral sheets of silicon coordinated
with oxygen atoms. This arrangement creates an interlayer space between the triple-sheet
layers, which accounts for nearly 90% of its accessible surface area and is available for
interaction with water and other molecules, thereby endowing MMT with a remarkable
adsorption capacity (Borrego-Sanchez et al., 2018). Furthermore, the interlayer space can
accommodate and stabilize bioactive compounds, improving their photostability, thermal
stability, and dispersion, essential requirements for enhancing the performance of molecules in
biological systems (Rebitski et al., 2018).

Although less commonly employed than MMT in the biomedical area, fibrous clays
such as SEP also offer great potential for pharmaceutical applications. This mineral is
characterized by a 2:1 ribbon structure composed of external tetrahedral silicon sheets and a
central octahedral sheet containing magnesium. Unlike layered clays, SEP displays a periodic
discontinuity in these T:O:T layers, which gives rise to an architecture of alternating blocks and
tunnels, along with structural channels exposed on the external surface. This unique
morphology results in a remarkably high specific surface area (approximately 320 m? g™!) and
an abundance of silanol groups (=Si—OH) located at the edges of the external blocks. The

presence of these silanol groups on the outer surface endows SEP with remarkable versatility
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for functionalization, allowing interactions with a broad range of organic species, including
drugs and polymer matrices, through hydrogen bonding or covalent attachment. This unique
surface chemistry makes SEP an excellent platform for the design and development of diverse
hybrid materials. A comparison of the different features of layered and fibrous clay is

summarized in Table 9.

Table 9 - Main differences between layered and fibrous clays

Layered Clays Fibrous Clays
I-nanodimensional particle 2-nanodimensional particle
High charge density Low charge density
High CEC Low CEC
Low density of silanol groups High density of silanol groups
High internal surface area Low internal surface area
Particles in layer stacks Particles in bundles
Swelling clay Non-swelling and non-exfoliable clay

Source: Nomicisio et al. (2023)

These differences influence the ability of clay minerals to bind active compounds,
however some mechanisms can be generalized, and include: i) intercalation within clays
interlaminar space through cation exchange reaction; ii) adsorption on the layer surfaces of
clays via electrostatic interactions; iii) binding of biomolecules at active sites among other
interactions such as iv) hydrogen bonding, Van der Waals interactions, ligand exchange, and
cation/water bridging (Pena-Paras; Sanchez-Ferndndez; Vidaltamayo, 2018; Tipa et al., 2022).

The interactions between clay and drugs can enhance the bioavailability of poorly
soluble drugs and improve their permeability, promoting greater drug absorption across
physiological barriers (Nomicisio et al., 2023). Owing to these features, clays are considered as
promising nanocarriers for the loading of diverse classes of drugs, including antibiotics,
anticancer (Hemmatpour et al., 2023), antioxidant, and anti-inflammatory. A hybrid system
based on oxaprozin, a poorly water-soluble anti-inflammatory drug, cyclodextrins, and clays
was investigated using sepiolite, attapulgite and bentonite, with SEP being selected for its
greater drug adsorption capacity. The study demonstrated that the dissolution efficiency of
oxaprozin increased when incorporated into the clay, a result attributed to drug—clay

complexation or to the extremely fine dispersion of the drug within the clay structure (Mura et
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al., 2016). These findings highlight the potential of SEP-based hybrids as an effective strategy
to enhance the therapeutic performance of poorly soluble drugs. Vitamin A, an important
molecule in several physiological functions, is easily oxidized. In the study developed for
Calabrese et al. (2016), this molecule was immobilized in two different clays, MMT K-10, SEP
and MCM-41 by impregnation. The kinetics of the release exhibited dependence on the
structural features of the support material and the pH. For MMT K-10 and MCM-41, Vitamin
A starts to degrade after two hours of release. On the contrary, for SEP no oxidation of Vitamin
A occurs, which demonstrates their ability to prevent oxidation (Calabrese et al., 2016).
Beyond the interactions established between clays and drugs, the incorporation of CDs
into clay—drug systems introduce additional interaction pathways, resulting into new
functionalities. CDs possess a high density of surface functional groups, such as hydroxyl,
carboxyl and amino moieties, which can simultaneously interact with both the clay and the drug
molecules via hydrogen bonding, electrostatic interactions or covalent coupling, leading to the
formation of more complex and multifunctional systems. Recent studies have demonstrated that
the integration of CDs with clay minerals enhances drug loading capacity, modulates release
profiles and improves colloidal stability. In addition, the presence of CDs can endow the hybrids
with photoluminescent properties, enabling simultaneous drug delivery and bioimaging (Mehdi
et al., 2018; Prashanth et al., 2022). Therefore, the incorporation of CDs into clay—drug hybrid
nanomaterials not only strengthen drug—carrier interactions but also enables the development
of multifunctional nanocarriers capable of combining delivery, protection, imaging and

improved biocompatibility in a single platform.

6.2 RESULTS AND DISCUSSION

The features of the neat host matrices, SEP and MMT, have been previously studied,
and 1n this chapter, the characterizations of the hybrid nanomaterials SEP-5FU and MMT-5FU
are explored. For the loading of SFU onto SEP, any alteration in the pH values of the drug
solution occurred as reported by Akyuz, Akyuz, and Akalin (2014). Figure 43 shows the
diffraction patterns of SEP, 5FU, and the SEP-5FU hybrid nanomaterials obtained using
different initial concentrations of SFU. Characteristic reflections assigned to the (110) plane of
SEP are observed in all samples, indicating that the structure of the materials was maintained.
Pure 5FU exhibits an intense, sharp peak at 20 = 28.5° due to its crystalline nature, however
this diffraction plane cannot be noted in the diffractogram for hybrid nanomaterials. This does

not imply the unsuccessful loading of the drug onto SEP, since interaction with this clay might
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occur at the surface level, in this case, other characterization techniques are more adequate to

evaluate the clay-drug interactions.

Figure 43 - XRD diffraction patterns of SEP, SEP-5FU hybrid nanomaterials with different ratios of the drug,
and 5-Fluorouracil
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Considering layered clays, such as MMT, the pH of the drug solution plays a crucial
role in the intercalation mechanism. The alkaline environment, especially pH values higher than
9, favors SFU intercalation as reported by other works (Ciftci et al., 2020; Garea et al., 2015;
Lin; Jian; Lee, 2000) Besides that, high drug loading capacities in high pH values can be
associated with the formation of more stable structures and greater susceptibility to interactions
due to ionization of 5-FU molecules in alkaline environments. However, a decrease in loading
capacity is observed at pH values higher than 10, which can be explained by the inhibition of
the adsorption of SFU molecules as a result of the competitive effect with OH ions (Ciftci et
al., 2020; Luo et al., 2016). Taking this into consideration, in this study, pH = 10 was chosen,
allowing different deprotonated 5-FU forms (5-FU" and 5-FU?) to coexist, as can be seen in

Figure 44.
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Figure 44 - (A) The 5-FU species distribution and (B) its respective forms (neutral, ionized, and deprotonated) as
a function of pH. Data obtained using MarvinSketch software version 22.22
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The XRD patterns of the pristine MMT and MMT-5FU hybrid nanomaterials are
exhibited in Figure 45. Pristine MMT showed a typical XRD pattern with the basal spacing of
1.21 nm (20 = 7.27°), and after SFU loading, a shift in the position of the reflection plane (001)
towards lower angles in 20 is observed in all hybrid materials, indicating the successful
intercalation of SFU (Kevadiya et al., 2012). The increase in the basal spacing values varies
from 1.25 to 1.27 nm (Table 10), and the basal spacing does not seem to increase gradually with
the increase in the amount of drug. Besides that, it is not possible to observe the arising of any
characteristic peak that could be associated with SFU, which could indicate that the majority of
the drug associated with MMT is intercalated. This result might indicate that the intercalation
mechanism of SFU into MMT occurs by the replacement of sodium ions in the interlayer space
by 5FU molecules. However, Lin, Jian and Lee (2000) reported the existence of two other
mechanisms of interaction of MMT and 5-FU were: 1) 5-FU adsorbs onto the free surface of
MMT, and ii) 5-FU replaces clay OH groups to form ionic bonds with AI** and Mg?" in the
MMT.

The thickness of a single layer of MMT is reported to be 0.96 nm, thus, in the prepared
MMT-5FU hybrid nanomaterials, the basal spacing increased by around 0.30 nm after SFU

intercalation. Considering that the dimensions of 5-FU are (0.30 nm x 0.53 nm x 0.49 nm)
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(Wang et al., 2005), it is likely that the drug is conformed as a monolayer in the MMT interlayer
space, adopting a planar arrangement, justifying the value of 0.30 nm for the increase of MMT
basal spacing. The intercalation is a strong indication that MMT acts as an efficient carrier,
accommodating the drug within its crystalline network without compromising the structural

stability of the clay.

Figure 45 - XRD patterns of pure montmorillonite and MMT-5-FU hybrid materials with different initial

concentrations of 5-FU
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Table 10 - Basal spacing for pure montmorillonite and MMT-5-FU hybrid nanomaterials calculated using Bragg’s

Law
Material Basal spacing (nm) Increase (nm)
MMT 1.21 -
MMT-5FU 25:100 1.27 0.31
MMT-5FU 50:100 1.26 0.30
MMT-5FU 100:100 1.27 0.31
MMT-5FU 150:100 1.25 0.29
MMT-5FU 200:100 1.26 0.30

For MMT-5FU 100 and MMT-5FU 150, it is possible to observe that an additional

peak close to 20 = 6.3°, representing an increase in the interlayer space of 0.44 nm, which is

not in good agreement with the other dimensions of SFU. This might indicate that the drug

accommodates in the interlayer space in a tilted way (partially perpendicular to the layer),
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forming a second phase in the MMT-5FU 100 and MMT-5FU 150 hybrid nanomaterials that
coexist with the planar orientation discussed before in the hybrid nanomaterials. The possible
arrangement of 5FU in the hybrid nanomaterials is presented in Figure 46. It is important to
mention that the tilt orientation starts to occur in the hybrid nanomaterial that possesses the
same amount of MMT in the reaction media (100 mg) or higher (150 mg), despite the fact that
this behavior was not observed for MMT-5FU 200.

Figure 46 — Schematic illustration of the pure MMT intercalated with Na™ ions (turquoise spheres), and MMT
intercalated with 5-FU molecules (MMT-5FU hybrid nanomaterial) in different orientations (planar and tilt)
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The amount of drug in the SEP-5FU and MMT-5FU hybrid nanomaterials was
calculated using elemental analysis, and the composition of SFU (C = 36.88%; H = 2.18%; N
= 21.43%) was taken as a reference for calculation. The drug loading content and entrapment
efficiency for SEP-based materials are presented in Table 11. SEP-5FU 25:100 exhibited DLC
of 3.70%, and in spite of the low rate of retained drug, it represented the highest EE due to the
lower amount of initial drug. As the initial concentration of SFU increases, the DLE also rises,

reaching the highest value of 5.88% in SEP-5FU 100:100 hybrid nanomaterial. Above this
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concentration, a slight decrease in DLE is observed, however, the value remains around 5.5%
for the hybrid nanomaterials. This may indicate a saturation of active sites of SEP for the
adsorption of new SFU molecules, even with an increase in the initial drug concentration from
50.0 mg.L! to 200.0 mgL"!, which also resulted in progressively lower EE. The SEP-5FU
50:100 was the selected hybrid nanomaterial for the following experiments, considering its

good DLC without the necessity of a high amount of SFU.

Table 11 — Drug loading content and entrapment efficiency in SEP-5FU hybrid nanomaterials evaluated using
elemental analysis

Drug loading Entrapment
Material

content (%) efficiency (%)
SEP-5FU 25:100 3.70 19.15
SEP-5FU 50:100 5.34 15.98
SEP-5FU 100:100 5.88 11.44
SEP-5FU 150:100 5.56 9.13
SEP-5FU 200:100 5.61 8.19

For MMT-5FU hybrid nanomaterials (Table 12), an overall tendency is not observed
for DLC and EE. MMT-5FU 25:100 possesses a DLC of 3.47% and an EE of 17.35%, the
highest value for this group of material, which is similar to that observed for SEP-5FU 25:100.
In opposition, the increase of the initial SFU concentration leads to a general decrease in the
DLC except for MMT-5FU 150:100 material, which shows a DLC of 4.96%. The previous
XRD discussion revealed that MMT-5FU 150 has different intercalation phases of SFU, which
could result in a higher content of SFU in the material, which also resulted in the second-high
value of EE = 8.27%. Even though MMT-5FU 100 presented a similar structure, this was not
reflected in a higher amount of drug in the material. Considering the good DLC and EE, and
the distinct structural arrangements, the MMT-5FU 25:100 and MMT-5FU 150:100 hybrid

nanomaterials were selected for the following experiments.

Table 12 - Drug loading content and entrapment efficiency in MMT-5FU hybrid nanomaterials evaluated using
elemental analysis

Drug loading Entrapment
content (%) efficiency (%)
MMT-5FU 25:100 3.47 17.35

Material
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MMT-5FU 50:100 1.73 5.21

MMT-5FU 100:100 2.18 4.37
MMT-5FU 150:100 4.96 8.27
MMT-5FU 200:100 2.96 4.43

The loading of 5-FU into MMT was also investigated using an energy-dispersive X-ray
spectrometer coupled with SEM. The analysis aims to determine the Si/Na ratio in the MMT-
5FU hybrids and compare it to the value obtained for pure MMT. The hypothesis suggests that
during the intercalation process, sodium ions are exchanged for SFU molecules, resulting in a
decrease in sodium content and an increase in the Si/Na ratio. For this evaluation, different
points of each sample were analyzed, as demonstrated in Figure 47. For pure MMT, the Si/Na
ratio was calculated to be 24.85 + 2.90, while for MMT-5FU 25 was 39.46 + 6.50,
demonstrating an increase in the ratio due to the interaction of SFU (Figure 47B). The DLC
behavior follows the same tendency observed for Si/Na, including the increase in value for
MMT-5FU 150 that presents a Si/Na of 34.23 + 3.51, corroborating the XRD and CHN results.
These results suggest that the decrease in sodium content was due to the intercalation of SFU,
and that the preferred mechanism of association between MMT and 5FU occurs through

intercalation.

Figure 47 — (A) Representation of different points in EDS measurements for pure MMT and (B) graph with drug
loading content (%) and Si/Na ratio in MMT-5FU hybrid nanomaterials as a function of SFU initial amount
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FT-IR analyses were performed to understand the interactions between the clay minerals
and 5-FU molecules. In the spectra of the hybrid nanomaterials, it is noted a profile quite similar
to pure SEP (Figure 48A), however, in detail (Figure 48B) it is possible to see contributions
associated with the drug. The band that appears at 1661 cm™!, assigned to O-H bending modes
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in zeolitic water, shift to approximately 1654 cm™! in the hybrid nanomaterials. In addition, a
feature at 1252 cm™ is observed in the spectra of hybrid nanomaterials related to the starching
vibration of C-F bond that is observed at 1243 cm™ in 5-FU. A band at 689 cm™! is observed in
the hybrid nanomaterials in association with the out of plane bending vibration N-H bond
(Rastogi et al., 2000; Rastogi; Palafox, 2011). Although the characteristic bands of SFU were
observed at low intensity in hybrids and subtle displacements were observed, indicating

interactions between the C-F and N-H groups of 5-FU.

Figure 48 — FT-IR spectra of SEP and SEP-5FU hybrid nanomaterials with different ratio of drug in the range of
(A) 4000 cm™! to 400 cm™! and 1800 cm™! to 400 cm’!
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Similarly, MMT-5FU hybrid nanomaterials (Figure 49A) possessed a profile quite
similar to pure MMT. However, in detail (Figure 49B) it is possible to see the presence of a
new feature around 777 cm’! in all hybrids, which is ascribed to the out of plane bending
vibration of C=0 bond. The arising of this band is also reported by Golubeva et al. (2020).
Moreover, the presence of this band may suggest that interactions involving this group takes
place in the intercalation of 5-FU in the interlayer space of MMT. The intercalation process is
likely governed by a combination of electrostatic interactions between partially protonated 5-
FU species and the negatively charged clay layers, together with hydrogen bonding involving
carbonyl and imide groups. The relative contribution of these interactions depends on the pH-

dependent speciation of 5-FU. From a functional point of view, the stabilization of the drug

116



inside the lamellas protects against rapid degradation in aqueous medium, besides allowing a

controlled release due to diffusion through the layers of clay.

Figure 49 - FT-IR spectra of MMT and MMT-5FU hybrid nanomaterials with different ratio of drug in the range
of (A) 4000 cm™ to 400 cm™ and 1800 cm™! to 400 cm™!
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One relevant aspect to consider is the feasibility of incorporating CQDs into the clay—
SFU systems to create a hybrid platform with enhanced properties. The introduction of CQDs
could provide additional functionalities, particularly the photoluminescent behavior observed
for the SEP—CQD hybrids in Chapter 5, which may enable monitoring of cellular internalization
and drug distribution in biological tissues through fluorescent bioimaging. To maximize these
functionalities, the hybrids containing the highest CQD content were selected for association
with the clay—5FU systems. Therefore, SCQD-R2-16 and MCQD-R2-1 were chosen as
precursors for the preparation of the SCQD-R2-16-5FU and MCQD-R2-1-5FU hybrid
nanomaterials.

In the Figure 50A is presented the diffractogram of the SCQD-R2-16-5FU as well as
neat SFU, CQD, SEP and SCQD-R2-16 hybrid nanomaterial. As discussed previously, the
presence of CQD in SCQD-R2-16 using XRD was confirmed by the presence of the peak at 26
= 26.8°. In the case of SCQD-R2-16-5FU, this peak is also noted, as ascribed in Figure 50A.
However, any additional peak related to 5-FU was observed, indicating that it is necessary
additional characterization to identify the presence of the drug. In Figure 50B, the

diffractograms of MMT, MCQD-R2-1, and the MCQD-R2-1-5FU hybrid nanomaterial are
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shown. A shift of the (001) reflection plane toward lower angles is observed from 26 = 7.3°
(doo1 = 1.21 nm) in pure MMT for 20 = 6.7° (door = 1.32 nm) in MCQD-R2-1, and 26 = 6.0°
(door = 1.47 nm) for MCQD-R2-1-5FU. As discussed in Chapter 6, the increase in the interlayer
spacing during the in situ CQD synthesis results from anchoring at surface and edge sites, and
this expanded the structure was subsequently used to obtain MCQD-R2-1-5FU, which
exhibited an additional increase of 0.50 nm in the interlayer space. This value is consistent with
the dimensions of 5-FU, suggesting that the drug intercalates in a vertical orientation,
representing a larger expansion compared with MMT-5FU materials. Therefore, these results
indicate that the interlayer expansion induced by the in situ synthesis in MCQD-R2-1 facilitates
the stabilization of 5-FU within the MMT galleries in a vertical arrangement, confirming the

successful intercalation of the drug.

Figure 50 - XRD diffractogram of (A) 5-FU, CQD, SEP, SCQD-R2-16, and SCQD-R2-16-5FU hybrid
nanomaterials and (B) 5-FU, CQD, MMT, MCQD-R2-1, and MCQD-R2-1-5FU hybrid nanomaterials
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To elucidate the interactions occurring in the clay—CQD and 5-FU systems, FT-IR
analyses were performed. Figure 51 shows the spectra of 5-FU, CQD, SEP, SCQD-R2-16, and
the SCQD-R2-16-5FU hybrid nanomaterial. The bands associated with the in-plane Si—O
stretching vibration appear at 974 and 1005 cm™ for pure SEP, while in SCQD-R2-16-5FU
these bands are observed at 974 and 1002 cm™. For SCQD-R2-16, similar modification was
observed, being attributed to the alterations of surrounding environment of the clay. Regarding

the CQDs, the characteristic band at 1340 cm™, attributed to the asymmetric and symmetric
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stretching of the COO~ groups, shifts to 1386 cm™ in SCQD-R2-16-5FU, indicating that the
interactions previously identified in SCQD-R2-16 (shift to 1379 cm™) are preserved in the
hybrid. Additionally, the bands associated with —OH and —NH groups appear less intense in
SCQD-R2-16-5FU compared to SCQD-R2-16, which may reflect a reduction in CQD content.
This decrease could be related to the washing step in the synthetic procedure, leading to the
removal of non-conjugated CQD nanoparticles, as also suggested by TEM observations. The
presence of 5-FU in the hybrid is confirmed by the band at 1651 cm™, corresponding to the
C=0 stretching vibration (1644 cm™ in pure 5-FU), and with the signal at 462 cm™ related to
in plane bending vibration (469 cm™ in pure 5-FU). Additional characterizations will be carried
out for the MCQD-R2-1-5FU hybrid material to further elucidate the interaction mechanisms

and quantify the amount of drug incorporated into the systems.

Figure 51 — FT-IR spectra of SFU, CQD, SEP, SCQD-R2-16, and SCQD-R2-16-5FU hybrid nanomaterials in the
range of 4000-400 cm!
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6.3 CONCLUDING REMARKS

The results presented in this chapter demonstrate that both sepiolite (SEP) and
montmorillonite (MMT) are effective hosts for the incorporation of 5-fluorouracil (5-FU). For

SEP-based systems, XRD confirmed the preservation of the fibrous structure after drug
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association, while elemental analysis revealed drug loading contents up to 5.88% for SEP-5FU
100:100, followed by a plateau at higher initial concentrations, indicating saturation of surface
silanol sites. FT-IR analyses evidenced subtle band shifts related to C—F and N—H vibrations,
supporting surface adsorption as the dominant interaction mechanism.

In contrast, the results obtained for MMT clearly indicate the intercalation of 5-FU
within the clay interlayer space. XRD showed a systematic expansion of the basal spacing from
1.21 nm (pure MMT) to 1.25-1.27 nm in MMT-5FU hybrids, consistent with a planar
monolayer arrangement of 5-FU. For selected compositions (MMT-5FU 100 and 150), an
additional reflection corresponding to an expansion of ~0.44 nm suggested the coexistence of
a tilted drug configuration. Elemental analysis and EDS corroborated these findings, with the
Si/Na ratio increasing from 24.85 +2.90 (MMT) to 39.46 + 6.50 for MMT-5FU 25, confirming
cation exchange as a major intercalation pathway.

The incorporation of CQDs further modified the structural organization of the hybrids.
In MCQD-R2-1-5FU, the basal spacing increased to 1.47 nm, corresponding to an interlayer
expansion of ~0.50 nm, indicative of vertical 5-FU intercalation facilitated by the pre-expanded
galleries generated during in situ CQD synthesis. FT-IR spectra confirmed the simultaneous
presence of clay, CQD, and drug, evidencing preserved CQD—clay interactions and successful
drug incorporation. Overall, the findings reveal that differences in clay architecture, together
with CQD integration, might influence drug accommodation and the resulting loading
efficiency. However, further studies, including quantitative drug loading in CQD-containing
systems, release kinetics, and spectroscopic and thermal analyses, are required to elucidate the
interaction mechanisms and to correlate structural features with functional properties as
nanocarriers. At this stage, the role of CQDs i1s mainly structural and optical, and further studies

are required to confirm their effectiveness as real-time imaging probes in drug delivery.
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ZIF-8/CQD hybrid nanomaterials
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Chapter 7 Abstract

This chapter aims to make a brief review of MOF, addressing their concept and main

characteristics, highlighting the subclass of ZIF and one of its members, ZIF-8. Additionally,

the methods of association with CQDs are also reviewed. This chapter is also intended to

discuss the results obtained from the hybrid nanomaterial CQD@ZIF-8 in relation to its

morphology, structure, and optical properties.
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7.1 INTRODUCTION

Metal-organic frameworks are crystalline porous materials formed through the
coordination between metal ions and organic ligands, giving rise to periodic networks with
well-defined pores (Rasheed et al., 2020; Zeggai et al., 2025). Their modular nature allows
precise control over pore size, topology, and chemical composition. As a result, MOFs exhibit
exceptionally high surface areas (up to 7000 m2.g’') and permanent porosity, distinguishing
them from conventional porous materials such as activated carbons and zeolites (Qian et al.,
2020; Yusuf; Malek; Kailasa, 2022). Among the various subclasses of MOFs, zeolitic
imidazolate frameworks have attracted considerable attention due to their structural similarity
with aluminosilicate zeolites. In these materials, the coordination between transition metal ions
and imidazolate linkers gives rise to framework topologies similar to those of zeolites, while
preserving the compositional and structural diversity of MOFs (Zhang et al., 2021; Zhang et
al., 2023a).

CDs are zero-dimensional nanomaterials with sizes typically below 10 nm and a
structure that can be described as core—shell structure, in which the core may be amorphous,
composed of mixed sp? and sp® hybridized carbon, or partially graphitic with a predominance
of sp? domains (Bazazi et al., 2024; Li; Gong, 2022). Their surfaces are functionalized with
oxygen- and nitrogen-containing groups such as hydroxyl, carboxyl, and amino moieties
introduced during synthesis. These surface functionalities play a key role in determining the
physicochemical behavior of CDs, including solubility, surface charge, and interactions with
the surrounding environment (Sukunta et al., 2025). The optical properties of CDs are strongly
influenced by particle size through quantum confinement effects, as well as by surface
chemistry (Ozyurt et al., 2023). Consequently, control over morphology, size distribution, and
surface chemistry enables the preparation of CDs with desirable properties, including high
quantum yield, tunable emission, photostability, and low toxicity (Elugoke et al., 2024; Ghosh
etal., 2023).

Despite these optical characteristics, CDs tend to aggregate at high concentrations,
leading to the aggregation-induced quenching (AIQ) effect that can severely weaken their
fluorescence and limit practical applications(Li et al., 2024b). While CDs remain
homogeneously dispersed at low concentrations, increasing concentration promotes particle
aggregation and enhances non-radiative pathways (Yang et al., 2022). One possible mechanism
associated with the AIQ effect is related to the predominantly planar aromatic structures of CD

chromophores. In the aggregated state, strong n-r stacking interactions between adjacent carbon
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cores lead to energy level splitting into quasi-continuous bands, which favors non-radiative
transitions and ultimately results in fluorescence quenching (Hu; Li; Gong, 2024; Kang et al.,
2022). Therefore, preventing the accumulation of CDs is a key challenge for maintaining their
optical performance. In this context, combining CDs with porous host materials has emerged
as an effective strategy to overcome AIQ (Zhang et al., 2020).

This association can be achieved through pore confinement or through surface
interactions with host materials, which restrict particle mobility and reduce interparticle
interactions among CDs (Li et al., 2021). Even when confinement within pores is not possible
due to dimensional incompatibilities, interactions between CDs and the host matrix can promote
a more homogeneous distribution (Yang et al., 2022; Zhang et al., 2023b). Among available
host materials, MOFs are particularly attractive due to their high specific surface area, tunable
structure and pore diameters, and modified surface (Jia; Gu; Li, 2022; Yin et al., 2021). Their
ordered architecture allows CDs to be located either within internal pores or at specific sites of
the framework, depending on the synthesis strategy. In consequence, the formation of hybrid
materials provides an effective alternative for preserving the optical properties of CDs while
suppressing AIQ (Zheng; Cui; Qian, 2023).

The formation of MOF—CD hybrid materials leads to functional behavior that cannot be
achieved by the individual components (Zhang et al., 2023b). From a functional perspective,
the integration of CDs within MOF frameworks provides an effective pathway for the
development of multifunctional hybrid nanomaterials, allowing their properties to surpass those
of the counterpart materials. As a result, MOF-CD hybrids can exhibit enhanced or even new
functionalities compared with the individual components (L1 et al., 2024b). For example, MOFs
typically exhibit low electrical conductivity, which can be improved through association with
CDs that modulate charge transport via interfacial interactions (Zhang et al., 2023b).

Several synthetic approaches have been developed to integrate CDs into MOF
structures. In ship-in-a-bottle strategies (or in situ CDs), CDs precursors are introduced into
pre-formed MOFs and subsequently transformed into CDs within the confined pores. This
approach limits particle growth and promotes uniform size distribution (Li et al., 2021). In
bottle-around-ship methods (or in situ MOF), pre-synthesized CDs are used as nucleation
centers around which the MOF framework grows, leading to encapsulation during
crystallization. In situ encapsulation involves the simultaneous formation of both carbon dots
and the MOF from their respective precursors, while impregnation methods rely on diffusion

and adsorption of CDs into existing pores or onto external surfaces. Each method results in
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different spatial distributions and interfacial interactions between CDs and the MOF host (Lone;
Rohit, 2025; Zhang et al., 2023b)

ZIF-8, a zeolitic imidazolate framework composed of Zn** centers coordinated by 2-
methylimidazolate ligands, was selected as the host material in this study for the preparation of
ZIF-8/CQD hybrid nanomaterials. The high porosity of ZIF-8 can facilitate the dispersion of
CQDs and contribute to the suppression of aggregation-induced quenching. In addition, the
chemical stability of ZIF-8 provides a stable environment that supports the preservation of CQD
optical properties. In this work, a bottle-around-ship approach was employed, in which CQDs
were synthesized from citric acid and urea under solvothermal conditions in the presence of
ZIF-8 precursors. Under these conditions, ZIF-8 nanocrystals retained their crystalline structure
and rhombic dodecahedral morphology, while the generated CQDs became associated with the
ZIF-8 framework. The resulting hybrid nanomaterial exhibits dual-emission behavior under
different excitation wavelengths and shows low toxicity. Preliminary results further indicate
improved stability of the ZIF-8/CQD hybrid compared with the individual components,

suggesting its potential for use in a range of applications.

7.2 METAL-ORGANIC FRAMEWORKS

Metal—organic frameworks are a class of porous materials constructed through the self-
assembly of ordered metal ions or clusters, commonly referred to as secondary building units
(SBU), which are connected by organic ligands (linkers), resulting in complex architectures
that can extend from one-dimensional to three-dimensional (Benny et al., 2024; Shatery; Omer,
2022). Some representative SBUs and organic linkers are illustrated in Figure 52. The organic
linkers are most frequently carboxylic acid or nitrogen-containing molecules, which can be
classified according to the number of available coordination sites they provide: ditopic (two
sites), tritopic (three sites), or polytropic (more than three sites) (Alshammari; Jiang; Cordova,
2016; De Villenoisy et al., 2023). Compared with conventional porous materials such as zeolites
and carbons, one distinctive feature of MOFs is the high degree of tunability arising from their
modular construction, which allows, in principle, an almost unlimited combination of inorganic
and organic building units. This level of structural control enables precise tailoring of
framework composition, topology, and pore environment to achieve targeted functionalities

(Jiao et al., 2019).
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Figure 52 - Representative SBU and organic linkers
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Despite their relatively recent development, the background of MOF chemistry is based
on over a century of early studies on transition-metal coordination complexes (Kirlikovali et
al., 2023). In 1965, Tomic reported the MOF kind of structures (coordination polymers) formed
from carboxylic linkers and Zn, Ni, Al, and Fe. In this study, they investigated the role of the
metal ion in thermal stability and the coordination sites on the linkers (Tomic, 1965). Later, in
1989, Hoskins and Robson proposed innovative materials by linking tetrahedral or octahedral
centers with rod-like connecting units with more rigid coordination networks with large porous
channels. The structures had potential for application in ion exchange, however, these structures
were not stable to remove solvent guest molecules from the pores (Hoskins; Robson, 1989).

The term "'metal-organic framework' was first introduced in 1995 by Yaghi and Li, who

described the hydrothermal synthesis of a crystalline structure resembling zeolites through the
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polymeric coordination of copper with 4,4’-bipyridine and nitrate ions (Yaghi; Li, 1995).
Another work from the Yaghi group published in 1999 has contributed to establishing this class
of materials as a prominent area of research. MOF-5, the object of this study, is composed of
octahedral Zn4sO(-COOQO)s SBUs joined by ditopic BDC (1,4-benzenedicarboxylate) linkers to
give a 3D framework structure with alternating interconnected pores of 15.1 A and 11.0 A in
diameter and a pore aperture of 8.0 A. MOF-5 allowed for gas sorption measurements, revealing
a porosity of 61% and a BET surface area of 2320 m?/g. An important feature of this material
is that the pores have no walls. This provides an unprecedented openness of the structure that
allows guest molecules with great mobility without clogging the pores (Li et al., 1999).

Initially, MOFs were named according to the discovery order, such as MOF-5, MOF-9,
MOF-253, etc. Later, they were named after the place of their discovery, for example, the
University of Oslo (UiO-66, UiO-67, UiO-68, etc.), Hong Kong University of Science and
Technology (HKUST-1, etc.), Materials Institute Lavoisier (MIL-53, MIL-101, etc.), Instituto
de Tecnologia Quimica Metal-organic framework (ITQMOF), Leiden Institute of Chemistry
(LIC-1), Seoul National University (SNU), Jilin University China (JUC), Cambridge University
KRICT (CUK-1), Washington State University (WSU-5) and Pohang University of Science
and Technology (POST), etc (Fatima et al., 2023; Li et al., 2024a). This wide class of MOFs
was also consolidated by the study of (Furukawa et al., 2013) that reported the development of
over 20,000 different MOFs studied in the past two decades, with the number continuing to
grow each year.

The synthesis of MOFs can be influenced by diverse factors, including the nature of metal
center, that can coordinate in different geometry (octahedral, tetrahedral, square planar, etc.)
during the synthesis process. In contrast, the organic linker is already prepared before the
synthetic process, including cyanide, pyridyl, carboxylate, azolates, sulfonates, phosphonates,
and hydroxyl. Therefore, the pore size and shape of MOFs are defined by the preferred
coordination geometry and the organic linkers as well as by their connectivity (Wuttke et al.,
2017). As a representative example (Deng et al., 2012), reported the expansion of the well-
known structure IRMOF-74, M(2,5-DOT) where M is Zn?', Mg?>" and DOT is
dioxidoterephthalate, from the original DOT link of one phenylene ring to create a series of
links with two, three, four, five, six, seven, nine, and eleven phenylene rings, resulting in an
isoreticular series termed IRMOF-74-1 to XI. The systematic elongation of the ligand structure
resulted in MOFs with pore apertures ranging from 14 A to 98 A, which allowed the
incorporation of large molecules such as vitamin B2, metal organic polyhedron-18, myoglobin,

and green fluorescent protein in the pores of IRMOF-74-1V, V, VII, and IX, respectively.
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These entities are primarily linked through coordination bonds, along with some weaker
interactions like Van der Waals forces and hydrogen bonds. These additional interactions
provide greater flexibility to the porous crystalline structures (Alshammari; Jiang; Cordova,
2016; Katoch; Goyal; Gautam, 2019). In addition, these interactions force not only stabilize
MOF structure but also play a major role in the accommodation of various guest molecules (De
Villenoisy et al., 2023; Gangu; Jonnalagadda, 2021). Several methods such as hydrothermal or
solvothermal synthesis, mechanochemical, slow diffusion, ultrasonic, microwave, and
electrochemical have been employed in the production of highly ordered MOF (Joseph et al.,
2021; Kaushal et al., 2021).

MOFs have generated considerable interest as advanced porous materials due to their
design flexibility and outstanding properties, including high surface area, reaching values of
7800 m?*g, tunable and high porosity and thermal stability (degradation temperature between
450 °C — 500 °C) (Fatima et al., 2023; Honicke et al., 2018; Jiang et al., 2022). These materials
can exhibit up to 90% free volume, pore sizes typically ranging from 3 A to 98 A, covering the
full pore size gap between microporous zeolites and mesoporous silicas (Jiao et al., 2019;
Katoch; Goyal; Gautam, 2019). Moreover, the permanent porosity of MOFs enables the
adsorption of guest molecules, thereby facilitating extensive host—guest interactions. As a
result, MOFs are considered promising candidates for a wide range of applications, including
gas adsorption and separation (Duong et al., 2020), catalysis (Daturi et al., 2024), drug delivery
(Schnabel; Ettlinger; Bunzen, 2020), and sensing (Ma et al., 2025).

7.2.1 Zeolitic Imidazolate Frameworks

Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs that integrate the
structural characteristics of both zeolites and MOFs. They are constructed according to the
principles of reticular chemistry, in which the tetrahedral framework of zeolites, composed of
silicon (Si) or aluminum (Al) atoms bridged by oxygen, is replaced by tetrahedrally coordinated
metal cations such as Co?", Zn*', or Cu?>" (Noh; Lee; Kim, 2018). These metal centers are
interconnected by imidazolate or derivative linkers, resulting in hybrid frameworks that exhibit
zeolite-like topologies (Feng et al., 2021).

In these structures, the metal ions coordinate through the nitrogen atoms of ditopic
imidazolate ligands, forming neutral three-dimensional networks with tunable nanoscale pores
The resulting M—IM—M connections (where M denotes the tetrahedrally coordinated metal ion

and IM represents the imidazolate ligand) exhibit an angle of approximately 145°, closely
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resembling the Si(Al)-O-Si(Al) angle in conventional zeolite frameworks (Figure 53) (Zhang
et al., 2020; Zheng et al., 2023).

Figure 53 - (a) Bridging angle (145°) of Si—O—Si in zeolites. (b) The M—Im—M in ZIFs, which is a requisite for
synthesizing zeolite-type structures, as presented in ZIF
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Source: Adapted from Zheng et al. (2023)

The structure of ZIFs largely depends on the choice of the imidazole ligand incorporated
into the framework. A wide variety of imidazole ligands can be selected based on their
functional groups and molecular size, which lead to markedly different framework
architectures. In 2006, Park and co-workers synthesized ZIFs 1-12 with diverse structures by
incorporating different ligands and metal atoms (Table 13). For example, they obtained
Zn(MeIM). with a sodalite (SOD) topology, Zn(IM). with a merlinoite structure, and
Zn(PhIM); with a rhombic dodecahedron (RHOD) topology. Furthermore, distinct framework
topologies can be achieved even for the same structural composition (i.e., identical metal and
linker) by modifying the synthetic parameters or introducing structure-directing agents. In the
same study, for instance, the authors reported body-centered tetragonal (BCT) and deformed
ferrite (DFT) zeolite topologies for Zn(IM): (Park et al., 2006).

Structural diversity can also be introduced by incorporating two or three different
ligands into the framework in varying ratios. For example, the gmelinite (GME) zeolite
topology has only been obtained for ZIFs containing two types of imidazole ligands. (Banerjee
et al., 2009) synthesized ZIF-78 to ZIF-82 using a combination of 2-nitroimidazole and five
different functionalized imidazoles, all of which exhibit the GME topology (Figure 54).
Moreover, the pore aperture and cage size can be significantly increased by combining small

and bulky imidazole ligands within the same framework.
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Table 13 — Composition, and topology of ZIF series of compounds

ZIF Metal source Composition Topology
ZIF-1 Zn(1I) Zn(IM), CRB
ZIF-2 Zn(1I) Zn(IM)2 CRB
ZIF-3 Zn(10) Zn(IM); DFT
ZIF-4 Zn(1I) Zn(IM), CAG
ZIF-5 Zn(11), In(11T) In2Zn3(IM)12 GAR
ZIF-6 Zn(10) Zn(IM), GIS
ZIF-7 Zn(1l) Zn(PhIM), SOD
ZIF-8 Zn(1I) Zn(MeIM)» SOD
ZIF-9 Co(II) Co(PhIM) SOD

ZIF-10 Zn(10) Zn(IM), MER
ZIF-11 Zn(1I) Zn(PhIM), RHO
ZIF-12 Co(II) Co(PhIM) RHO

Source: Adapted from Park et al. (2006)

Figure 54 — Structure of ZIFs and their respective topology

Source: Adapted from Banerjee et al. (2008)
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The great interest in ZIFs arises from their outstanding physicochemical properties,
including high crystallinity, permanent porosity, rich structural diversity with tunable pore sizes
and adjustable functional groups, high specific surface area, and exceptional chemical/thermal
stability, which result from strong nitrogen—metal bonds (Noh; Lee; Kim, 2018; Sun et al.,
2022). These characteristics make ZIFs highly attractive for practical applications, leading to
their extensive use as porous materials in fields such as energy storage (Ikhioya et al., 2024;
Karim et al., 2024; Yetiman et al., 2022), separation (Deng; Dai; Deng, 2020; Kachhadiya;
Murthy, 2021; Zhang et al., 2022c¢), catalysis (Kang et al., 2023; Wang et al., 2021b, 2023b),
and adsorption (Ismail; Onaizi; Vohra, 2023; Li et al., 2020; Nazir et al., 2022) .

7.2.1.1 Zeolitic Imidazolate Framework-8

As one of the most representative members of the ZIFs, Zeolitic Imidazolate
Framework-8 (ZIF-8) is produced when 2-methylimidazole coordinates Zn?*, resulting in a
sodalite topology. ZIF-8 features a space group of interconnected six-membered ring windows
with an accessible diameter and pore width of 3.4 A and 11.6 A, respectively (Bergaoui et al.,
2021; Nazir et al., 2025). They possess exceptional surface area (>1600 m?.g"!), and remarkable
thermal stability (up to 400 °C), besides the particular stability in water and even mild NaOH
aqueous solution, which is rarely seen in MOFs (Noh; Lee; Kim, 2018; Wang et al., 2024a). It
was fabricated for the first time by Chen group (Huang et al., 2006), and later, a systematic
study was performed by Yaghi’s research group and officially named ZIF-8 (Park et al., 2006).

Figure 55 — Crystal structure of ZIF-8: Zn (polyhedral), N (sphere), and C (line)

Zn*

mIM
Source: (Lee et al., 2015)

ZIF-8 is typically synthesized at room temperature using solvents such as ethanol,
methanol, DMF, or diethylformamide, with zinc nitrate serving as the Zn?" source (Kukkar et
al., 2021). This procedure generally yields highly crystalline materials with a cubic topology.

Although the synthesis route is easy, a detailed understanding of the nucleation and growth
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mechanisms is essential to control the physicochemical properties of the final product. The rates
of both nucleation and crystal growth are influenced by various synthesis parameters, which in
turn affect particle size, morphology, surface area, and porosity.

A mechanistic pathway for ZIF-8 nucleation has been proposed by (Oztiirk; Filez;
Weckhuysen, 2017) involving three principal steps: (i) coordination of 2-methylimidazole
ligands to Zn?" centers; (ii) deprotonation of the coordinated ligands; and (iii) polymerization
of the resulting deprotonated Zn(mim)4 units. The deprotonation step is particularly critical, as
it enables the formation of Zn—N-Zn bridges that initiate the nucleation process.
Complementarily, (Liu et al., 2021) proposed an initial prenucleation stage, in which the
reaction medium undergoes phase separation to form solute-rich domains. These domains
subsequently condense into dense, metastable amorphous aggregates of Zn(mim)4 units, which
act as precursors for the crystallization of ZIF-8.

The morphological evolution of ZIF-8 crystals during growth is illustrated in Figure 56,
ZIF-8 crystals may adopt either a cubic morphology, where all six facets are [100]-oriented, or
a thombic dodecahedral morphology, characterized by 12 equivalent rhomboid facets oriented
along [110]. The rhombic dodecahedral form represents the most thermodynamically stable
morphology. During crystal growth, intermediate truncated polyhedral can be observed,
indicating the progressive transformation from cubic to rhombic dodecahedral shapes. For
instance, a truncated rhombic dodecahedron presents 12 hexagonal [110] facets and six square

[100] facets (Troyano et al., 2019).

Figure 56 - Schematic of the morphological evolution of ZIF-8 crystals, from cubic to truncated dodecahedra
(TRD) to rthombic dodecahedra (RD) (top). FESEM images of colloidal ZIF-8 crystals of cubic, TRD or RD
morphology (middle and bottom). Scale bars: 250 nm (middle) and 1 mm (bottom).
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7.3 MOF/C-DOTS HYBRID NANOMATERIALS

7.3.1 General strategies for fabrication of MOF/carbon dots hybrid nanomaterials

Various CD/MOF materials with different properties have been synthesized using
distinct construction strategies. According to previous reports, four main routes are well-
stablished: in situ CD synthesis, in situ MOF synthesis, in situ CD/MOF synthesis, and
impregnation method. The differences among these strategies are not only in the synthesis steps,
but also in the ways CDs are combined with the MOF, which gives the resulting hybrid
nanomaterial different characteristics and properties. The next section describes these

approaches and the main features of each one.

7.3.1.1 In situ CD synthesis

The in situ CD synthetic process, also known as “ship in a bottle” approach, involves
mixing the initial CD precursors with a pre-synthesized MOF, followed by applying the chosen
method to generate the CDs. This strategy can limit the growth of the CD nanoparticles but
prevents their aggregation by immobilizing them in the MOF pores (Zhang et al., 2023).

(Yi et al.,, 2024) described the successful fabrication of a bifunctional MOF-
encapsulated cobalt-doped CD (Co-CD/PMOF) using the “ship in a bottle” strategy. The
porphyrinic MOF was prepared mixing ZrCls (17 mg), Fe-TCPPCl (24 mg) and DMF as
solvent, following by heating at 120 °C for 24 h. For the preparation of Co-CD/PMOF, the
resultant PMOF composed of Zr/Fe nodes was dispersed in deionized water, and then CA,
CoCl; and ethylenediamine (EDA) were added to the mixture and transferred to an autoclave
and heated at 180 °C for 10h. During this synthesis, the Co-CDs were doped in situ within the
pore channel of PMOF, and their uniform size distribution with an average of diameter of 11
nm was observed by TEM images. In contrast, Co-CD/PMOF showed a typical rod-shaped
structure with ~1 um width and ~4 pm length but it was noted CD agglomeration into large
particles. XPS analysis evidenced the presence of abundant Co-N4 active sites provided by
doped Co-CDs, and the synergistic effect between fully exposed Fe-N4 and Co-Ns active
centers, which results in excellent peroxidase-mimic catalytic activity of the resultant material
Co-CD/PMOF.

In the study conducted by (Gu et al., 2017), MOFs with different pore sizes were
employed as host templates for the synthesis of CDs. Initially, the MOFs were loaded with
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glucose, an inexpensive carbon source that can be carbonized at low temperatures. Due to the
small molecular size of glucose, it can infiltrate the MOF pores from the liquid phase, forming
a glucose-MOF hybrid that is subsequently heated at 200 °C under a nitrogen atmosphere for
2 h. Since the MOF framework remains stable at this temperature, the CDs generated by
calcination are confined within the MOF pores, resulting in CD@MOF. The CD size could be
controlled by selecting the appropriate MOF template, namely HKUST-1, ZIF-8, or MIL-101,
with pore sizes of approximately 1.35 nm, 1.9 nm, and 3.4 nm, respectively (Figure 57). To
characterize the morphology of the resulting CDs, the CD@MOF samples were digested by
KOH solution, dissolving the MOF and resulting in a suspension of CD nanoparticles. The
TEM images revealed average CD sizes of 1.5 nm, 2.0 nm, and 3.2 nm for CD@HKUST-1,
CD@ZIF-8, and CD@MIL-101, respectively, which correspond closely to the pore sizes of the
MOF templates. When glucose powder was calcined under the same conditions without an
MOF template, the resulting CDs exhibited an average diameter of approximately 4.5 nm and
an irregular size distribution. These findings demonstrate that porous MOFs serve as effective
templates for the controlled synthesis of uniform, nanometer-sized CDs. Using a similar
approach, (Lin et al., 2018) and (Gholizadeh; Shahsavari; Gholami, 2021) employed glucose as
a precursor, followed by calcination under a nitrogen atmosphere, to obtain MIL-53(Fe)/CQDs

and CDs/MIL-88B(Fe)/Bi2Ss, respectively.

Figure 57 — TEM images of CDs prepared with the templates HKUST-1 (a), ZIF-8 (b), and MIL-101 (c). d—f)
Size distributions of the CDs obtained with the templates HKUST-1 (d), ZIF-8 (e), and MIL-101 (f). g)
Comparison between the size of CDs templated by MOFs and the corresponding simulated MOF pore size

; § sy 5.0
a b qc : g

—@-— simulated MOF pore size
—%— CDs size templated by MOF

-,
Y 2

3 . o Lo .
= - e ;

S s e
o T2 IN PR AN 3 o

o R¥) Y 5

o 24%1.35 nMs+

£ o« .

c +% da a4 P

@ s s

o

7

Q

B I T
ESar AL S O ZIF-8
Ll fas

3

""" 027 - HKUST-1

12 1.6 20 s : 16 2 :
particle size (nm) particle size (nm)

Source: Gu et al. (2017)

Meng et al. (2019) describe the preparation of a ternary hybrid material in which CdS
and CDs are formed inside the pores of MIL-101 using the “ship in a bottle” strategy. MIL-
101, using Cr(NOs);-9H20 and terephthalic acid is dispersed in n-hexane while aqueous
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solutions containing Cd(Ac)2, Na:S and glucose are added dropwise. According to the authors,
the hydrophilic nature of the MIL-101 pores favors the incorporation of aqueous precursors into
the internal cavities, enabling encapsulation inside the pores rather than deposition on the
external surface or remaining in solution. After precursor filtration, the solid heated at 200 °C
under a nitrogen atmosphere, promoting the in situ carbonization of glucose and leading to the
formation of CD. Subsequently, a hydrothermal treatment at 180 °C enables the reaction
between Cd** and S* species already present inside the framework, resulting in the formation
of CdS. The HRTEM images show that CdS have particle sizes of approximately 3 nm and
exhibit clear lattice fringes with an interplanar spacing of 0.336 nm, corresponding to the (002)
crystallographic plane of hexagonal CdS. In addition, CDs with a narrow size distribution
around 3 nm are also observed, displaying no visible lattice fringes, suggesting their amorphous

structure. In addition, TG analysis estimates a CD content of approximately 5.2% in weight.

7.3.1.2 In situ MOF synthesis

The in situ MOF synthesis, also known as “bottle around ship” approach, consists of
preparation of CDs first and then assembling with MOF precursors around them. This strategy
allows the encapsulation of CDs within the MOF matrix, which reduces their agglomeration.
More importantly, since CD can be pre-synthesized, their size and structure can be adjusted
considering a specific application (Zhang et al., 2023b).

In 2016, Xu et al. synthesized CDs@ZIF-8, in which CDs prepared by a rapid thermal
method were directly introduced into a zinc nitrate and 2-methylimidazole reaction medium,
enabling their incorporation into the ZIF-8 framework during in situ crystallization (Xu et al.,
2016). For comparison, a control material denoted as CDs+ZIF-8 was prepared by physically
mixing preformed ZIF-8 with CDs, in which the carbon nanoparticles are only weakly
associated with the MOF surface. XRD patterns of CDs@ZIF-8 show diffraction planes that
are consistent with those of pristine ZIF-8, indicating that the presence of CDs does not alter
the crystalline structure of the framework. FT-IR spectra contain the characteristic vibrational
bands of ZIF-8 together with signals associated with the CDs, supporting the coexistence of
both components without evidence of new bond formation. TEM images show that CDs@ZIF-
8 retains the rhombic dodecahedral morphology of ZIF-8 with particle sizes around 40 nm,
while the CDs are not directly observed, which was attributed to their size. Dynamic light
scattering (DLS) analysis shows that CDs@ZIF-8 suspensions present aggregation with an

increased hydrodynamic diameter of 550 nm, which is attributed to reactions between
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Zn(Hmin) moieties at particle surfaces during drying, leading to Zn—min—Zn linkages between
nanoparticles. PL measurements indicate that CDs@ZIF-8 preserves the emission profile of
free CDs, with a maximum near 480 nm, and maintains fluorescence after repeated washing, in
contrast to CDs+ZIF-8, confirming stable incorporation of CDs within the ZIF-8 matrix. Lin et
al. (2014) reported branched poly(ethyleimine)-capped CQDs (BPEI-CQDs) into ZIF-8 using
the in situ strategy at room temperature.

Peng et al. (2024) reported the synthesis of a hybrid fluorescent material based on CDs
combined with a zirconium metal-organic framework, denoted as CDs@MOF-808, followed
by post-synthetic modification with Eu®*" ions. In this approach, CD were synthesized
independently and subsequently introduced into the solvothermal synthesis of MOF-808. XRD
analysis shows that the diffraction patterns of CDs@MOF-808 shows negligible changes with
the addition of CDs, indicating that the incorporation did not significantly affect the
characteristic reflection planes of MOF-808. FT-IR spectroscopy further support hybrid
formation through the enhancement of absorption bands at 1661 cm™ and 1553 cm™, attributed
to C=0 and C=N vibrations associated with surface functional groups of the CDs, while the
characteristic vibrational features of the MOF ligands remain unchanged, indicating that CD
incorporation occurs without altering the coordination between zirconium centers and the
trimesate ligands. The specific surface area measured by BET decrease from 1984.1 m? g! for
pristine MOF-808 to 653.9 m? g for Eu/CDs@MOF-808, accompanied by a reduction in
average pore size from 3.64 to 2.96 nm, indicating a reduction in the porous network available.
Optical characterization shows dual-emission behavior under 290 nm excitation, with a blue
emission band at 440 nm arising from the CDs and a red emission band at 614 nm attributed to
Eu** via ligand-to-metal energy transfer. The incorporation of Eu** introduces a stable reference
emission, enabling ratiometric fluorescence while maintaining the framework structure.

In the study developed by (Dai et al., 2024), a hybrid material referred to as ZIF-Cu/C-
dots was synthesized by integrating copper-doped carbon dots (Cu/C-dots) into ZIF-8. The
hybrid material was produced by dispersing Cu/C-dots in a 2-methylimidazole solution
followed by the rapid addition of zinc acetate. According to authors, during this process, Cu/C-
dots participated directly in framework formation through competitive coordination with Zn**
ions. The presence of oxygen-containing surface groups on Cu/C-dots favored Zn—O
interactions, accelerating nucleation compared to the synthesis of pure ZIF-8. XPS results
revealed shifts in Zn2p and Ols binding energies, suggesting coordination between Zn*" and
oxygenated groups from Cu/C-dots. SEM analysis showed that pristine ZIF-8 exhibits a regular

12-hedral morphology with smooth surfaces and an average particle size of approximately 695
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nm. After incorporation of Cu/C-dots, the resulting ZIF-Cu/C-dots displayed increased surface
roughness and larger particle sizes, which scaled with Cu/C-dot content (Figure 58). At high
loadings, particle growth became irregular, suggesting disruption of controlled ZIF
crystallization. In this study, the hybrid material exhibited pH-responsive release behavior,
antioxidant enzyme-mimicking activity, and antibacterial effects associated with Zn** release,

contributing to improved wound healing in diabetic models.

Figure 58 - (A) Schematic illustration of the formation of ZIF-Cu/C-dots and their (B) particle size statistics. (C)
SEM images of ZIF and ZIF-Cu/C-dots-1-5. (D) EDS element mapping of ZIF and ZIF-Cu/C-dots

A B 25

»
°
1

Cu/C-dot Zn?*

.
‘¢ 4

¢ 1
t.‘ i
2- Methvllmidazole o ’
- PPy

A * H o»‘*
ZIF-Cu/C-dots ¥ F S
¢ «v‘“ e“ 4 x\*

-
o
1

Diameters (pm)
>
1

o
U
1

o
o
|

Stlrrlng

ZIF-Cu/C-dots-1 ZIF- Cu/C dots-2 ZIF-Cu/C-dots-3 ZIF-Cu/C-dots-4 ZIF-Cu/C-dots~5

5000 x

ZIF-Cu-dot-3

Wt.%: 46.5 .%: 25. Wt.%: 1.8

Source: Adapted from Dai et al. (2024)

The “bottle around ship” or in situ method presents the advantage of ease of synthesis,
which makes it applicable to the preparation of most CD@MOF hybrid materials, enabling the
incorporation of pre-synthesized CDs into MOFs while minimizing surface agglomeration.
However, a drawback of this strategy is that the fluorescence of the CDs may be partially
quenched by metal ions used as MOF precursors during the synthesis, leading to a decrease in
fluorescence intensity. Therefore, the successful application of this method depends on the
careful selection of compatible MOFs and CDs, as well as control over synthesis conditions to

136



ensure compatibility between framework growth and optical performance (Li et al., 2021;

Zhang et al., 2023).

7.3.1.3 In situ CD/MOF synthesis

In this method, MOF and CD are synthesized simultaneously by mixing their precursors
together and reacting by specific conditions to generate CD@MOF. The one-step synthetic
approach offers advantages in terms of integration, scalability, and reduced consumption of
time, solvents, and energy, making it a more efficient and environmentally friendly
methodology (Lone; Rohit, 2025). However, its success requires precise control of the synthesis
conditions to preserve both the fluorescence of the CDs and the crystallinity of the MOF
framework. In this context, key aspects must be considered, including the compatibility of the
synthesis conditions for both CDs and MOFs, the absence of interference of CD formation with
MOF crystallization, the avoidance of fluorescence quenching by MOF precursors, and the
potential formation of CDs outside the MOF cavities (Li et al., 2021).

In a pioneering contribution, Shatery & Omer (2022) reported for the first time the in
situ synthesis of blue-emissive carbon dots (bCDs) encapsulated within a chromium-based
MOF (MIL-101(Cr)), using 2-aminoterephthalic acid both as the organic linker for the MOF
and as the carbon precursor for the CDs. This dual role enabled the one-pot hydrothermal
formation of the hybrid nanomaterial bCD@Cr-MOF, where the porous MOF architecture
acted as a host matrix to entrap and stabilize the luminescent nanoparticles during crystal
growth. Moreover, the confinement of bCDs in the MOF framework improved the stability of
the bCD@Cr-MOF, preventing aggregation and extending its shelf life to at least four weeks
without loss of fluorescence intensity. Morphological and structural analyses confirmed the
simultaneous formation and integration of 5-10 nm spherical bCDs inside 120-150 nm rod-
like MOF crystals. Importantly, the association of bCDs with the MOF generated clear
synergistic effects: while free bCDs typically undergo strong photoluminescence quenching in
the presence of various biomolecules and metal ions, their encapsulation minimized this effect,
resulting in selective and stable quenching only in the presence of uric acid. This property was
successfully applied to bioanalytical assays for the selective and reliable detection of uric acid.

Wang et al. (2025) describe the synthesis of multicolor CDs@ZIF-8 through a
controlled in situ solvothermal carbonization process (Figure 59). In the first step, the
precursors of ZIF-8 were mixed with o-phenylenediamine (OPD), the carbon source, promoting

the formation of ZIF-8 crystals while OPD molecules became trapped within the growing
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porous structure. The p-OPD@ZIF-8 was subsequently treated under solvothermal conditions
in DMF at 200-240 °C for periods between 3 and 12 hours. Within this temperature range, the
confined OPD molecules underwent gradual carbonization, producing CDs of increasing size
(2.8-6.7 nm). At the same time, the emission wavelength of CDs shifted from blue to red (424-
650 nm), mainly owing to the quantum size effect of CDs dominating the photoluminescent
properties of CDS@ZIF-8.The proposed mechanism of CD formation emphasizes the
cooperative effects of spatial confinement, chemical bonding, and electronic stabilization. The
ZIF-8 network acts as a nanoreactor that limits particle growth and suppresses the aggregation-
induced quenching. The study also suggests that chemical bonds such as C—N and C-O form at
the CD—ZIF interface, increasing the rigidity of the hybrid framework and reducing vibrational
energy loss. This explanation is consistent with improved thermal and photostability. An
additional factor proposed by the authors is the partial diffusion of Zn?** ions from the ZIF-8
lattice into the carbon network, which creates electronic trap states that regulate radiative

recombination.

Figure 59 - Schematic diagram of multicolor CDs@ZIF-8 with high stability prepared by an in situ solvothermal
method
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Yao, Xu and Xia (2018) reported the encapsulation of CDs within a UiO-type zirconium
MOF via a solvent free strategy. In this approach, ZrOCl.-8H-0, 2,5-dihydroxyterephthalic
acid, and tetraethylammonium bromide (TEAB) are ground together and then crystallizes in an
autoclave 180 °C for 24 hours. During this process, UiO-66(OH): crystallizes while CDs form

in situ and become confined within its pores. The PXRD patterns validated the successful
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preparation of UiO-66-(OH),, and CDs with spherical morphology in 3-8 nm sizes were
discovered in high-resolution TEM (HRTEM). In addition, compared to UiO-66(OH),, the
surface area of CDs@UiO-66-(OH), decreased, indicating that CDs was successfully
encapsulated in UiO-66(OH),. Optically, the material exhibits blue emission at 464 nm that is
independent of excitation wavelength, demonstrating uniformity in size distribution and
emissive sites produced by porous confinement, resulting in the application of fluorescence

sensors for temperature, pH and Fe** ions.

7.3.1.4 Impregnation method

In the impregnation method, also known as physical mixing strategy, both CD and MOF
are pre-synthesized and mixed directly to form CD/MOF hybrid nanomaterials. Due to size and
affinity, the CD can access to the pores of MOF and interact with its surface to form hybrid
nanomaterials (Li et al., 2022). Nevertheless, weak interaction may lead to leaching of CD
nanoparticles and result in limited encapsulation efficiency (Lone; Rohit, 2025) .

Si et al. (2020) employed a simple impregnation strategy to obtain a core-shell
CQD@ZIF-8 material. A solution of CQD synthesized with glucose as the carbon source
(Figure 60) was added dropwise to a methanolic suspension of ZIF-8, followed by sonication
and stirring for 24 h at room temperature to achieve adsorption equilibrium. FT-IR spectroscopy
showed bands corresponding to the functional groups of both CQD and ZIF-8, suggesting the
successful loading of CQD onto ZIF-8 nanoparticles. Specifically, this might be indicated by
the bands at 3520 cm™ and 1628 cm™ associated with the stretching vibration of hydroxyl
groups and C=C, respectively, in the CQD structure. Moreover, Field Emission Scanning
Microscopy (FESEM) images were used to demonstrate the rhombic dodecahedron
morphology of ZIF-8, while TEM images revealed that the CQD with 3-5 nm were decorating
the ZIF-8 surface, further supporting the core-shell structure.
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Figure 60 - Schematic Illustration of the synthesis of CQDs@ZIF-8. The insert exhibits the absorption and
excitation-dependent fluorescence spectra of the CQD solution. Optical photograph: CQDs solution under UV
light (365 nm) illumination
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Yanget al. (2019) obtained amine-CQD@UiO-66 nanomaterials with a similar
methodology. Initially, blue fluorescent amine-CQD was prepared using citric acid and
ethylenediamine in deionized water, and UiO-66 nanocrystals were obtained by mixing DMF
solutions of ZrCls, 1,4-benzenedicarboxylic acid (H.BDC), polyvinylpyrrolidone (PVP), and
acetic acid (HAc). The final material was synthesized by the immersion of UiO-66 in the
presence of amine-CQD for 12 h at room temperature. The XRD patterns of the resulting amine-
CQD@UI10-66 agreed well with those of the pristine UiO-66 nanoparticles, indicating their
structure was not disturbed during the post-synthetic loading treatment. Regarding PL, amine-
CQD showed a maximum emission at 440 nm, and the amine-CQD@U10-66 showed a slight
redshift to 444.5 nm. After storage for 10 days, no obvious PL quenching was observed,
implying good stability in the fluorescence properties of the final material. The work discussed
above might be an example of the advantages of using this strategy to obtain CD@MOF
materials. As the synthetic process of MOF and CD does not interfere with each other,
CD@MOF materials can benefit from retained crystallinity and fluorescence. Moreover, it is
important to take the size of the CD into consideration. If the size of CDs is larger than the pore
diameters of the MOFs, CDs cannot go through the cavities of MOFs, restraining the formation
of CD@MOF composites (Hammad et al., 2024).

Another zirconium metal-organic framework was used by Chen and coauthors (2019)
to incorporate graphene quantum dots into the mesopores of the PCN-222 (porous coordination

framework) to obtain GQD-PCN-222 via direct impregnation (Figure 61). Free PCN-222
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microcrystals were synthesized using ZnClo, TCPP (tetrakis(4-carboxyphenyl)porphyrin), and
benzoic acid in the presence of DMF. Meanwhile, GQD, with an average size of 3.1 nm was
synthesized in aqueous solutions using a direct current microplasma electrochemical reactor
operated at ambient conditions. For the synthesis of GQD-PCN-222, initially, it was mixed 7.53
mL of the GQD solution was mixed with 9.72 mL of a 0.1 M HCI aqueous solution in a
scintillation vial. Following this, 25 mg of activated PCN-222 was added to the mixture, and
the suspension was kept at room temperature for 7 days to obtain the final material. As revealed
in the nitrogen-desorption isotherm and BET calculations, PCN-222 possesses mesoporous
characteristics and a surface area of 2420 m?/g. After the incorporation of GQD into the PCN-
222, the BET surface area decreases to 1010 m?/g. A remarkable reduction in pore size in the
mesoporous region from 3.2 to 2.7 nm also were noted, but such reduction does not occur in
the microporous region; this observation indicated that the graphene quantum dots are presented
in the mesoporous channels of the framework in GQD-PCN-222 rather than adsorbed on the
external surface of MOF crystals (Chen et al., 2019).

Figure 61 - Incorporation of Graphene Quantum Dots via direct impregnation
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As the characteristics of both CDs and MOFs can be pre-adjusted, the prepared
CD-MOF with the physical mixing method can be more easily targeted for application. With
this methodology, the distribution of CD involves diverse forms like adsorbing on the MOF

surface and/or occupying the pore space of the framework.
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7.4 RESULTS AND DISCUSSION

The XRD pattern of ZIF-8 shows reflections at 26 = 7.30°, 10.37°, 12.70°, 14,71°,
16.44°, and 18.01°, which correspond to the (011), (002), (211), (022), (031), and (222)
diffraction planes, respectively (JCPDS Card No: JCPDS 00-062-1030), which are in good
agreement with previous reported findings (W. D. C. Santos et al., 2023). For the synthesis of
ZIF-8/CQD hybrid nanomaterials, 200 mg and 400 mg of CQD were used in the in situ
synthesis. As observed in Figure 62A, the diffractogram of the sample ZIF-8/CQD 400 shows
the absence of the main reflection plane of ZIF-8, indicating that the crystallization of the
zeolitic imidazolate is significantly hindered. This behavior can be attributed to the high
concentration of CQDs in the reaction medium, which may interfere with nucleation and crystal
growth. On the contrary, the diffraction pattern of ZIF-8/CQD 200 (Figure 62B) is consistent
with pure ZIF-8, confirming the successful formation of ZIF-8 crystalline phase in the presence
of a lower amount of CQD. Nevertheless, no diffraction peaks of CQD were observed, which
could be related to the low content of CQD (dilution effect) and low crystallization (Si et al.,
2020). Moreover, the sharp and intense diffraction peaks observed for both pristine ZIF-8 and
the ZIF-8/CQD 200 hybrid nanomaterial indicate a high degree of crystallinity, suggesting that
the incorporation of CQDs at this concentration does not compromise the structural integrity of

the ZIF-8 framework.

Figure 62 — Diffraction patterns of (A) ZIF-8 and ZIF-8/CQD 400, and (B) ZIF-8 and ZIF-8/CQD 200 hybrid
nanomaterials
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FT-IR measurements were used to gain valuable information regarding the
incorporation CQD into ZIF-8 (Figure 63). The ZIF-8 spectrum showed bands at 2978 cm™ and
2906 cm™! corresponding to the stretching vibration of the C-H bond of imidazole and methyl
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group in 2-MI, respectively. At 1673 cm™ and 1583 cm! it is observed the bands associated
with the stretching vibration of C=C and C=N in the imidazole ring, respectively (Tuncel &
Okte, 2021). The band at 1425 cm™! is related to the elongation of the imidazole ring, whereas
the band at 1146 cm™ is ascribed to C-N stretching vibration. The out-of-plane bending
vibrations of the imidazole ring are in correspondence with bands at 1311 cm™!, 996 cm™, and
757 cm’. Similarly, the band at 691 cm™ occurs due to the out of plane bending vibration of
the imidazole ring (Gao et al., 2023). In addition, the intense band exhibited at 422 cm! is
attributed to Zn-N stretching vibrations, which suggests the coordination between the metal ion

and the organic ligands (Tuncel; Okte, 2021).

Figure 63 - FT-IR spectra of ZIF-8, ZIF-8/CQD hybrid nanomaterial, and CQD recorded in ATR mode in the
range of 4000-400 cm’!
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After the incorporation of CQD, the FT-IR spectrum of ZIF-8/CQD 200 showed features
of both ZIF-8 and CQD. It is possible to identify a wide band at 3500-3200 cm™! associated with
-OH and -NHj3 stretching vibration of CQD in the ZIF-8/CQD 200 spectrum. In addition, the
bands associated with vibrations of C-H bond of imidazole ring and methyl group at 2978 cm”
'and 2906 cm™ are preserved. The antisymmetric and symmetric stretching vibration of COO"
group appears at 1555 cm™ and 1343 cm™ in CQD, respectively, shifting to 1564 cm™ and 1378

cm’! indicating possible interactions involving this group. Moreover, in the hybrid nanomaterial
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bands at 1146 cm'1, 996 cm’!, and 757 cm™! related with the starching of C-N bond and the
bending modes of imidazole ring. Furthermore, the band attributed to the Zn-N bond is
evidenced in the spectrum of the hybrid. These results indicated the preservation of both CQD
and ZIF-8 features, and the main alterations observed are suggestive of interactions involving
the oxygen-containing groups of CQD in the ZIF-8/CQD 200 hybrid nanomaterial.

Figure 64 shows the TG/DTG profiles of ZIF-8 and the ZIF-8/CQD 200 hybrid
nanomaterial evaluated under a synthetic air atmosphere. Pristine ZIF-8 exhibits high thermal
stability up to 300 °C, with a weight loss of only 5.45%, which can be attributed to the removal
of guest molecules occluded within the pores and/or adsorbed on the ZIF-8 surface (e.g., H.O
and CO»). In addition, the presence of residual methanol from the synthesis process cannot be
discarded. Above this temperature, a gradual mass loss is observed up to 614 °C, accompanied
by two DTG maxima (Tmax) at 449.4 °C and 532.15 °C (James; Lin, 2016). The first Tmax
corresponds to the thermal instability of the ZIF-8 nanocrystals, indicating the beginning of
framework decomposition. After reaching this decomposition temperature, the weight-loss with
a Tmax at 532.15 °C is associated with the collapse of the ZIF-8 structure and partial
carbonization under extreme thermal stress. Beyond this stage, no significant mass loss is
detected, resulting in a final residue of 31.55% at 900 °C, which can be ascribed to the formation

of ZnO (Missaoui; Kahri; Demirci, 2022).

Figure 64 — TG and DTG curves for (A) ZIF-8 and (B) ZIF-8/CQD 200 hybrid nanomaterial up to 900 °C under a synthetic
air atmosphere
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For ZIF-8/CQD 200 hybrid nanomaterial, the TG curve shows a weight loss of 11.03%
with Tmax at 58.75 °C and 194.4 °C, in correspondence with removal of physorbed water
molecules at the surface of CQD nanoparticles and within the pores/surface of ZIF-8. Above

this temperature, is observed a gradual and intense loss of approximately 64.26% in weight up
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to 560 °C. The Tmax at 430.1° observed is related with the removal of functional groups of CQD
surface, and the most intense DTG peak at 514 °C is in corresponded with decomposition of
ZIF-8 structure. It is worth mentioning that the Tmax associated with structural collapse is shifted
t0 449.4 °C in pure ZIF-8 to 514.0 °C in ZIF-8/CQD 200 material, indicating that the association
between ZIF-8 and CQD not only permits the formation of a crystalline structure as observed
in XRD, but improves their thermic stability. At the end of analysis, the remaining mass fraction
was 24.28%, indicating a reduction compared to pure ZIF-8, which could be attributed to the
presence of CQD that possesses a lower thermal stability profile. Using thermogravimetric
analyses, the CQD content in ZIF-8/CQD 200 hybrid was calculated to be 41.18% in weight,
indicating that the in situ approach was efficient for incorporating CQDs during MOF
formation.

The morphology of ZIF-8 and ZIF-8/CQD 200 hybrid nanomaterial was investigated by
SEM images. Figure 65 shows the formation of rhombic dodecahedron-shaped crystals of ZIF-
8 with uniform size distribution. Moreover, ZIF-8/CQD 200 hybrid nanomaterial maintains the
polyhedral structure, however the distribution appears to be more heterogeneous with large
particles compared to ZIF-8, which can be attributed to the incorporation of CQD in the
structure. The size distribution of the materials confirmed this interpretation. For ZIF-8 (Figure
65E), the mean diameter the particles were 111.29 + 16.82 nm compared to 132.46 + 31.05 nm
for ZIF-8/CQD 200, indicating that the presence of CQD in the ZIF-8 synthesis led to an
increase in the diameter of the particles. This effect was also observed in the work of Li et al.,
(2025) that found values of particles sizes of approximately 122 nm for ZIF-8 and 150 nm for
ZIF-8@CDs, which they attributed to the strong binding between ZIF-8 and CDs.
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Figure 65 - SEM of ZIF-8 at magnification of (A) 25,000 and of (B) 50,000, and ZIF-8/CQD 200 hybrid
nanohybrids at magnification of (C) 25,000 and of (D) 50,000

)

(A)

304 (E) Mean: 111.29 nm (F) Mean: 132.46 nm

§ SD: 16.82 354 SD: 31.05
25 i

Count
N
o
Count
N N w
o (6] o

\\

|~ Nt w

60 80 100 120 140 160 40 80 120 160 200
Size distribution (nm) Size distribution (nm)

Nz adsorption-desorption isotherms were used to evaluate the textural properties of the
synthesized materials at -196 °C (Figure 66). ZIF-8 presents a type I isotherm according to the
IUPAC classification, which is characteristic of microporous materials and agrees with other
previous reports (Li et al., 2022). ZIF8/CQD 200 also exhibits type I isotherm, suggesting that
the structure of ZIF-8 remains unaltered after the introduction of CQD which confirms the

results discussed from XRD data. Moreover, the isotherm curves show a secondary rise at
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higher pressure (when P/Po = 0.75), indicating the existence of mesopores in the structure of
the materials.

From the isotherm data, it was also possible to determine the specific surface, the
volume and pore diameters of ZIF-8 and ZIF8/CQD 200 material. The data displayed in Table
15, demonstrated that the specific surface is and pore volume decrease from 758.33 m?/g and
0.58 cm?®/g in pure ZIF-8 to 264 m%*/g and 0.20 cm’/g in ZIF8/CQD 200, respectively,
confirming the attachment of CQD into the surface of ZIF-8, that acting blocking their pore
channels and limiting the access of nitrogen used in the measurements(Santos et al., 2024) . In
opposition, the pore diameter of the samples remains almost unchanged, indicating the CQD
was not able to enter in the pores structure of ZIF-8. According to the set of results obtained, it
can be inferred that incorporation of CQDs into the ZIF-8 structure may occur through two
main pathways: (i) physical encapsulation within the microporous framework during
nucleation, or (ii) surface adsorption and coordination with unsaturated Zn sites, being
necessary complementary techniques, such as XPS or confocal fluorescence mapping in order
to distinguish between these mechanisms. This possible incorporation may influence the optical

behavior and stability of the hybrid nanomaterial, as discussed in the following section.

Figure 66 — Nitrogen adsorption-desorption of ZIF-8 and ZIF8/CQD 200 hybrid nanomaterial at 77 K
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Table 14 - Textural properties of ZIF-8 and ZIF8/CQD 200 hybrid nanomaterials

Sample Surface area (m?/g) Pore volume (cm3/g) Pore diameter (nm)
ZIF-8 753.33 0.58 3.07
ZIF8/CQD 200 26491 0.20 3.08
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7.4.1 Optical properties

Absorption spectroscopy was performed to gain insight about the incorporation of CQD
into ZIF-8. Figure 67 shows the UV-Vis spectra of ZIF-8, CQD, and ZIF-8/CQD 200
dispersions in methanol. For CQD, the absorption profile in methanol is similar to that observed
in water (Chapter 4), however their behavior is thoroughly discussed by Zaini et al. (2023) .
Two main absorption bands are observed in the UV region, corresponding to m—n* (272 nm)
and n—n* (400 nm) electronic transitions. The n—n* transition involves the excitation of an
electron from a non-bonding (n) orbital to an anti-bonding (n*) orbital. This transition occurs
at lower energy levels and is therefore associated with the absorption of longer wavelengths

(~300-400 nm).

Figure 67 - UV-Visible spectra of CQD (100 mgL-'), ZIF-8 (100 mgL-") and ZIF8/CQD 200 (100 mgL™") dispersed
in methanol
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In CQDs dispersed in methanol, the n—n* transition is primarily attributed to the
presence of oxygen-containing surface functional groups, such as carboxyl and hydroxyl
groups. These moieties act as electron acceptors, enabling the formation of excited states
through n—n* transitions. Upon energy absorption, an electron from an n orbital is promoted to
a* orbital, resulting in light absorption. Conversely, the n—n* transition involves the excitation
of an electron from a bonding = orbital to an anti-bonding n* orbital. This process occurs at
higher energy levels and corresponds to absorption in the shorter wavelength UV region (~200—
300 nm). The n—n* transition is mainly associated with the presence of sp>-hybridized carbon
atoms in the carbon core of the nanoparticles, and their delocalized = electrons participate in
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these transitions. Beside these two features, the band in the visible region of the spectrum can
be ascribed to lower-energy states of N-related functional groups on the surface of CDs
(Carbonaro et al., 2019). Regarding ZIF-8, it is possible to observe a slight absorbance around
270 nm that could be attributed to intraligand (M-MeIM) charge transfer (Li et al., 2019). In
the spectrum of ZIF-8/CQD 200, features corresponding to both the CQD and ZIF-8 can be
observed, however the intensity of their bands appears to be reduced, which can be related with
the low amount of CQD in the final material. Moreover, the UV band related with oxygen
containing groups is dislocated from 400 nm in CQD to 342 nm in the hybrid nanomaterial,
whereas the visible band at 548 nm at CQD is shifted to 532 nm, which potentially suggests
electronic interactions or altered environments upon coordination or integration of the CQD
within the ZIF-8 structure (Azizi et al., 2025).

UV-Vis spectroscopy was also employed to evaluate the stability of CQD and the ZIF-
8/CQD 200 hybrid nanomaterial in solution by monitoring the intensity of the visible band as a
function of storage time. Considering the results exhibited in Figure 68, ZIF-8/CQD 200
material demonstrated superior stability compared to pure CQD over 56 days. In detail, a
pronounced decrease in absorbance was observed after the first week from 1.0 to 0.75, a
behavior that can be generalized for the materials based on CQD in this study. After this, it is
noted a slow decrease in the absorbance, reaching an absorbance value of 0.62 after 56 days of
assay, while pure CQD showed a decrease to 0.44 over the same period. Moreover, the spectral
profiles recorded over the assay period (Appendix B) did not show significant shift in the band

maxima, indicating the absence of major structural or electronic alterations in the materials.

Figure 68 — Stability of CQD and ZIF-8/CQD 200 hybrid nanomaterial evaluated by UV-Vis spectroscopy over
time
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Figure 69 shows the emission spectra of CQD and the ZIF-8/CQD 200 hybrid
nanomaterial dispersed in methanol, obtained under excitation wavelengths ranging from 350
to 590 nm with 20 nm increments. For CQD, a progressive increase in emission intensity is
observed with increasing excitation wavelength, reaching a maximum upon excitation at 530
nm, with the emission centered at 618 nm. CQDs dispersed in methanol exhibit excitation-
independent emission behavior similar to that observed in aqueous dispersions, however, the
emission maximum is centered at 629 nm in water, while a blue shift is observed in methanol.
In this case, the higher polarity of the solvent (water compared to methanol) induces a red shift
in the PL spectrum (Lee et al., 2019). This behavior is attributed to a solvatochromic effect,
reflecting the solvent-dependent stabilization of the emissive states. Zaini et al. (2023)
discussed that the solvent molecules help stabilize and reduce the energy level of the excited
state by reorienting (a process known as solvent relaxation) around the excited CQDs
fluorophore. Therefore, there is a reduced energy gap, which results in a redshift of the
fluorescence emission. The energy level of the excited state of the excited state is proportionally
reduced when the solvent polarity is increased, whereas decreasing the polarity of solvents
reduces the solvent effect on the excited-state energy level.

When CQDs are associated with ZIF-8, the emission profile is considerably modified,
with the emergence of two distinct emission bands. A blue emission, appearing at
approximately 450 nm, has been reported to originate from the organic 2-methylimidazolate
linkers coordinated to Zn** ions (Wang et al., 2018), leading to ZIF-8/CQD hybrid systems with
dual-emission features (Yang et al., 2022). However, in the hybrid nanomaterial analyzed here,
the second emission band exhibits a maximum intensity at 523 nm upon excitation at 410 nm.
This wavelength is different from those typically reported for pristine ZIF-8, indicating that this
emission can be attributed to the CQDs. Nevertheless, the contribution of the 2-
methylimidazolate ligands to this emission band cannot be completely disregarded. The
enhanced intensity observed for this band compared to pure CQDs may arise from interactions
between the sp*-hybridized C=C conjugated domains of the CQDs and the 2-methylimidazole
ligands within the ZIF-8 framework, which may promote additional radiative recombination

pathways.

150



Figure 69 - Photoluminescence emission (PL) (A, B) and excitation (PLE) (C, D) spectra of CQD and ZIF-8/CQD
200 hybrid nanomaterial dispersions in methanol under different excitation wavelength
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Moreover, the emission band centered at 618 nm for pure CQDs exhibits a slight red
shift to 624 nm in the ZIF-8/CQD 200 material, while maintaining the same optimal excitation
wavelength. This red shift can be attributed to the ability of ZIF-8, acting as a host matrix, to
modify the microenvironment surrounding the CQDs, leading to changes in their electronic
energy level structure and, consequently, in the fluorescence emission wavelength. In addition,
charge transfer after CQDs is associated with ZIF-8, altering the charge distribution within the
CQDs and further contributing to the observed shift in the emission wavelength (Li et al.,
2024b).

The photoluminescence excitation spectra of both CQDs and the ZIF-8/CQD 200 hybrid
nanomaterial were analyzed to elucidate the excited states involved in their emission processes.
For the CQDs, the excitation band observed at 334 nm (Figure 69C) can be attributed to
electronic transitions associated with oxygen-containing surface groups, such as carboxyl and
hydroxyl functionalities. The excitation bands appearing at 501 nm and 530 nm are attributed
to the visible emission centered at 618 nm, which is associated with functionalized surface of

CQD functionalization. These results indicate that the visible emission of CQDs in methanol
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originates from multiple emissive states. In contrast, the ZIF-8/CQD 200 hybrid material
(Figure 69D) exhibits a more intense excitation band centered at 414 nm that can also be
associated with transitions involving oxygen-containing groups. However, the observed shift
relative to pure CQDs likely reflects interactions between the CQDs and the 2-methylimidazole
ligands within the ZIF-8 framework. This excitation transition can be related to the emission

band observed at 523 nm in the ZIF-8/CQD 200 hybrid nanomaterial.

7.4.2 Hemolysis assay

The hemolysis assay is one of the indicators to study the biocompatibility of
nanoparticles. As observed in Figure 70, erythrocytes exposed to Triton X-100 in the positive
control group ruptured, leading to a high rate of hemolysis. In this study, the hemolysis rate of
ZIF-8 and ZIF-8/CQD 200 was evaluated at concentrations of 19.5 pg.mL"! to 5000 pug.mL"'.
ZIF-8 demonstrated a hemolysis rate of 0.45% at higher concentration, suggesting good

biocompatibility.

Figure 70 - Hemolysis percentage of ZIF-8, and ZIF-8/CQD 200 hybrid nanomaterial. The hemolysis percentage
was evaluated at concentrations ranging from 5000 to 19.5 pg/mL in the erythrocytes of sheep. The results
correspond to averages + of individual samples tested in triplicate. (*) p<0.05, compared to the positive control
(Triton X-100 at 1%).
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For ZIF-8/CQD 200 hybrid nanomaterial, an increase in the hemolysis rate is observed,
reaching 3.86% at the concentration of 5000 mg.mL™' (Figure 70B). Despite the increase in the
percentage, the hemolysis remains below the recommended value of 5% (as mentioned in
Chapter 4), which opens up the possibility of applying these materials in the biomedical field.
In the study developed by (Zhou et al., 2024), CDs, ZIF-8 and CD@ZIF-8 was tested from 10
to 200 mg.mL!, and in all cases the hemolysis rate was less than 3%, indicating their low
toxicity. It should be mentioned that the contact with the extracellular media leads to
disassembly of ZIF-8 structure and the release of Zn ions (Lin et al., 2021). This effect may
lead to interactions between Zn** and CQDs, which reduces the availability of the functional

groups that contribute to their good biocompatibility (Tian et al., 2020).

7.5 CONCLUDING REMARKS

The ZIF-8/CQD hybrid nanomaterial was successfully obtained by an in situ MOF
approach, and the results demonstrated that CQD initial amount strongly affects the framework
formation. XRD analysis showed that the use of 200 mg of CQDs allowed the preservation of
the ZIF-8 crystalline structure, whereas a higher CQD content (400 mg) suppressed the
crystallization. FT-IR spectrum revealed that ZIF-8/CQD 200 retained the characteristic Zn—-N
vibration at 422 cm™! and imidazolate bands, while additional features related to CQD surface
groups were observed. Shifts in the COO™ stretching vibrations suggest interactions between
oxygen-containing groups of CQDs and the ZIF-8 framework without disrupting metal-ligand
coordination.

Thermogravimetric analysis revealed an increase in the main decomposition
temperature from 449 °C for pristine ZIF-8 to 514 °C for ZIF-8/CQD 200, indicating enhanced
thermal stability. The CQD content in the hybrid was estimated to be 41.18 wt%, confirming
efficient incorporation during synthesis. SEM images showed that the rhombic dodecahedral
morphology of ZIF-8 was preserved, although with a broader particle size distribution. BET
measurements revealed a reduction in surface area from 753 to 265 m? g, indicating surface-
associated CQDs rather than pore confinement. Optical analyses demonstrated dual-emission
behavior and improved dispersion stability over 56 days of assay. Hemolysis assays showed a
maximum hemolysis of 3.86% at 5000 pg mL™, remaining below the 5% recommended,

supporting the biocompatibility of the hybrid material.
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8 GENERAL CONCLUSIONS

This thesis explored carbon quantum dots integrated with three porous supports
(montmorillonite, sepiolite, and ZIF-8) in order to investigate how the host matrix influences
the properties of CQD-based nanohybrids. The results demonstrate that the nature of support
plays a key role in modulating the properties of the final materials, with these effects being
governed predominantly by interfacial interactions rather than by physical confinement. In
sepiolite-based systems, CQDs interact primarily with surface silanol groups and zeolitic water,
leading not only to modifications in surface-related emissive states but also to significant
changes in their structural organization. Raman analysis indicates an increase in graphitic
ordering, demonstrating that the presence of sepiolite can modulate the carbon domains in
CQDs.

In contrast, montmorillonite-based hybrids exhibit slightly structural modifications,
observed by the increase in basal spacing in all hybrid nanomaterials. In addition, these systems
show a significant red-shift in the maximum emission (e.g., from 629 nm to 656 nm), indicating
that the clay environment strongly influences the emissive states of CQDs. For ZIF-8-based
hybrids, the results provide strong evidence of surface-associated CQDs rather than pore
incorporation. The ZIF-8/CQD hybrids show a reduction in specific surface area (from 753
m?%g to 264 m?/g) and pore volume (from 0.58 to 0.20 cm?/g), while the average pore diameter
remains unchanged. This is consistent with CQDs coating the external surface rather than
entering the pores. In these systems, modifications in photoluminescence behavior, including
shifts in emission and changes in emission profiles, as well as improved dispersion stability,
are attributed to interfacial interactions and possible charge transfer processes. In addition, the
hybrid materials exhibit dual-emission behavior, suggesting the existence of multiple emissive
states, which opens possibilities for their application in ratiometric sensing platforms.

Overall, the results indicate that the support contributes directly to the modulation of
CQD properties via interfacial interactions, rather than acting as a host. While sepiolite
predominantly influences the structural organization and graphitic ordering of CQDs, MMT
and ZIF-8 mainly modulate their photoluminescence and stability in solution. The pore
structure of the support alone did not determine the final properties of the hybrids, instead their
optical properties were mainly influenced by surface chemistry. These results show that
controlling interfacial interactions, such as surface charge and bonding, is an effective way to
tune the properties of CQD-based nanohybrids. This work helps to better understand how these

materials can be designed by focusing on the role of interfacial interactions.
154



The properties of the hybrid nanomaterials suggest potential for future applications. The
preservation and tunability of photoluminescence, together with the emergence of dual-
emission behavior in hybrids, indicating suitability for optical sensing applications, particularly
in ratiometric platforms, and cellular imaging. Furthermore, the demonstrated compatibility of
CQDs with both clay-based and MOF-based support, allows their integration into more
complex systems such as drug-loaded hybrids, highlights the potential for the development of

multifunctional platforms combining imaging and therapeutic functionalities.
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APPENDIX A — UV-Visible spectra of clay minerals

Figure A — UV-Vis spectra of (A) sepiolite and (B) montmorillonite dispersions in water (20 mg.L™")
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APPENDIX B — UV-Visible spectra of ZIF-8/CQD over the stability assay period

Figure B — Spectra of CQD and ZIF-8/CQD 200 hybrid nanomaterial in solution over the

period of stability assay

1.2

1.0

0.8

0.6 1

0.4 1

Normalized absorbance (a.u.)

0.2 1

0.0

e Daly 0

== Day 4

s Daly 7

= Day 14
=== Day 21
e Day 28
ms Day 35
= Day 42
e Day 49
s Day 56

CcQb

—— 77—
200 300 400 500 600 700 800 900

Wavelength (nm)

1.2 - ——Day0
== Day 4

- === Day 7
=2 1.0 - = Day 14
N2 —— Day 21
= e Day 28
2 0.8 = Day 35
2 = Day 42
£ Day 49
E 0.6 = Day 56
g
5 0.4 1
Z

0.2 4

ZIF8-CQD 200
00 T T T
200 400 600 800

Wavelength (nm)

184



APPENDIX C — Cell viability of SEP-5FU hybrid nanomaterial using A549 cells (human

cancer cells)

Figure C - MTT assay of SEP-5FU hybrid nanomaterials at concentrations ranging of 1000 to
1.93 ug.mL™" using A549 cells (humam cancer cells). The ICso was calculated to be 475.9 +
245.9 ug.mL"! for pure 5-FU and 0,8428 + 0.584292 pg.mL"!
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