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RESUMO

NANOMATERIAIS 0D E 2D BASEADOS EM PONTOS QUANTICOS DE GRAFENO
E MXENES APLICADOS EM SENSORES E SUPERCAPACITORES. Quantum dots
de grafeno (GQDs) sdo pequenos fragmentos de uma ou poucas camadas de grafeno
com dimensfes laterais menores que 100 nm. Além de possuirem algumas
caracteristicas similares as do grafeno, como elevada razdo area superficial/volume e
estabilidade quimica, os GQDs apresentam um bandgap entre suas bandas de
valéncia e de conducéo eletrbnica. A presenca do bandgap da origem a uma das
propriedades mais investigadas dos GQDs: sua fotoluminescéncia, que possibilita a
aplicacdo destes materiais em sensores luminescentes. Neste sentido, em um
primeiro trabalho, a sintese hidrotermal de GQDs a partir do grafeno oxidado (GO) foi
estudada na busca por um material com maior intensidade da fotoluminescéncia
visando sua aplicacdo em sensores luminescentes. A temperatura da sintese, o pH e
a concentracao da solucdo de GO foram avaliados para otimizagdo do rendimento
guéantico dos GQDs. Um valor otimizado de 8,9% foi obtido. A influéncia de cada
parametro na composicdo e propriedades dos GQDs foi realizada a partir da
caracterizacao fisico-quimica dos materiais. Os materiais sintetizados foram utilizados
na deteccdo de ions Fe®* em solucdes aquosas por supressdo de luminescéncia,
obtendo-se um limite de detec¢éo de 0.136 uM. Assim como os GQDs, a descoberta
de uma nova classe de materiais denominados MXenes foi inspirada na descoberta
do grafeno. MXenes sdo materiais 2D, nos quais camadas de um metal de transicao
sdo intercaladas por camadas de carbono e/ou nitrogénio. Tais materiais tém
demonstrado alta capacidade de armazenamento de energia, sendo muito utilizados
em dispositivos como supercapacitores e baterias. No entanto, o acoplamento das
camadas do material e a estreita janela de potencial geralmente alcancada séo fatores
gue limitam a performance desses materiais nesses tipos de aplicagcdes. Em outro
trabalho, nanodiamantes (NDs) foram utilizados para evitar o acoplamento das
camadas do MXene durante sua utilizagdo como supercapacitor. O efeito obtido com
os NDs permitiu uma maior difusdo de protons por entre as camadas do MXene
TisC2Ty, resultando em capacitancia de 235 F/g (561 F/cm3) ao ser utilizado em
eletrolito 3 M AICIs. Além disso, uma ampla janela de potencial de 1.2 V foi obtida

devido a reduzida atividade da agua no eletrdlito.
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ABSTRACT

0D AND 2D NANOMATERIALS BASED ON GRAPHENE QUANTUM DOTS AND
MXENES APPLIED IN SENSORS AND SUPERCAPACITORS. Graphene Quantum
Dots (GQDs) are small fragments of one or a few layers of graphene with lateral
dimensions inferior to 100 nm. GQDs present some characteristics similar to those of
graphene, such as a high surface area/volume ratio and chemical stability. In addition,
GQDs present a bandgap between their valence and electronic conduction bands. This
bandgap gives rise to one of the most investigated properties of GQDs: their
photoluminescence, which enables their application as luminescent sensors. In this
sense, in the first work, hydrothermal syntheses of GQDs from graphene oxide (GO)
were studied aiming at obtaining a material with greater photoluminescence intensity
for application in luminescent sensors. The synthesis temperature, pH of the GO
solution, and GO concentration were evaluated to optimize the quantum yield of GQDs.
An optimized value of 8.9% was obtained. The influence of each parameter on the
composition and properties of the GQDs was carried out from the physical-chemical
characterization of the materials. The synthesized materials were used in the detection
of Fe3* ions in aqueous solutions by luminescence quenching, obtaining a detection
limit of 0.136 uM. Like GQDs, the discovery of a new class of materials known as
MXenes was inspired by the discovery of graphene. MXenes are 2D materials, in which
transition metal layers are interleaved with carbon and/or nitrogen layers. Such
materials have demonstrated high energy storage capacity, being widely exploited in
devices such as supercapacitors and batteries. However, the restacking of the MXene
layers and the narrow potential window usually obtained limit the performance of these
materials in such applications. In another work, nanodiamonds (NDs) were used to
prevent the restacking of the MXene layers during its use as a supercapacitor
electrode. The pillaring effect obtained with the NDs allowed a greater diffusion of
protons between the layers of the MXene TisC2Ty, resulting in a capacitance of 235 F/g
(561 F/cm?3) when used in 3 M AIClIs electrolyte. Furthermore, a wide potential window

of 1.2 V could be used due to the reduced water activity in the electrolyte.
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1. Introduction

1.1. Graphene quantum dots

The discovery of graphene in 2004'2? and the confirmation of its
appealing properties have led to an increasing research interest in carbon-based
nanostructures.®* One of the youngest members of the carbon nanomaterials family
are the graphene quantum dots (GQDs), which first work was reported in 2008.° Since
then, GQDs have been extensively investigated and applied in several fields due to
their remarkable features.®’

GQDs are single or few layers of graphene fragments with lateral
dimensions inferior to 100 nm. In this way, they present a 0D graphene lattice in which
sp? carbon atoms are arranged in a hexagonal honeycomb network and can present
two types of edges, namely armchair and zigzag.*® However, they are usually obtained
containing oxygen functionalities attached to their core and edges. Although some
works differentiate the pristine GQDs from those containing oxygen functionalities,
calling the latter graphene oxide quantum dots (GOQDs),%1° the vast majority use
GQDs for small graphene sheets whether they contain oxygen functionalities or not.81
Usually, GQDs are reported presenting mainly hydroxyl (-OH), epoxy (C-O-C),
carbonyl (-C=0), and carboxyl (-COOH) groups.*?!3 As is the case for GO, while
carboxyl groups are mostly located on the edges and epoxy on the core of the GQDs,
hydroxyl and carbonyl may be present in both sites.1415

The interest in GQDs arises from their physical and chemical properties,
most of them similar to those of graphene. However, when graphene sheets are
converted into OD GQDs, the exciton Bohr radius becomes larger than its size,
changing the electron distribution and leading to quantum effects (quantum
confinement and edge effects) and size-dependent properties.®! In this way, unlike
graphene, which does not present a bandgap between the valence and conduction
bands, the size reduction of graphene sheets leads to a bandgap opening in GQDs.
The presence of this bandgap is responsible for the photoluminescence (PL) exhibited
by GQDs, which property makes them suitable for optical applications. Since the
bandgap in GQDs is dependent on their size, edge types, and surface chemistry, the
PL properties of the GQDs can be tailored by controlling such features.'-16 In this way,
the excitation and emission wavelengths and the PL intensity can be modulated

according to the application intended. Furthermore, from being made of carbon, GQDs



exhibit excellent biocompatibility, low cytotoxicity, negligible environmental impact, and
photostability, which makes them more eco-friendly than traditional semiconducting
guantum dots and fluorescent dye molecules, favoring their use in biomedical and
biological applications.®:17:18

Unlike other graphene-based materials, GQDs can be easily dispersed
in a wide range of solvents, including water, which facilitates their combination with
other materials and their use in varied applications.®'819 The dispersion is facilitated
by their reduced size, the oxygen functionalities that present charges and enable the
formation of intramolecular bonds between GQDs and the solvent molecules, and
zigzag edges that have a polar character due to the pair of free electrons.?9-22

GQDs' properties and structure are related to the synthetic route
employed to obtain the material. As is the case for other nanomaterials, GQDs can be
obtained by top-down and bottom-up methods.*”® The first consists of the
decomposition and/or exfoliation of carbon-based materials or cutting down graphene-
based materials under controlled conditions. Graphite,?® GO,?*?> carbon nanotubes
(CNTs),?® and carbon fibers?”:28 have been already reported as precursor materials for
GQDs top-down synthesis. Hydrothermal,?%3 solvothermal,3'3? electrochemical,3334
microwave,®>% and ultrasonic®” syntheses are some top-down methods used to
synthesize GQDs. As disadvantages, these methods generally involve several steps,
including precursor treatment, the use of strong acids and oxidizing agents, and high
temperatures.”3® The bottom-up methods consist of the pyrolysis or carbonization of
small organic molecules or compounds with an aromatic structure.”-3® Syntheses from
the opening of fullerene*®4! and pyrolysis of molecules such as glucose,*>43 citric
acid,** and glutamic acid*® are examples of bottom-up methods. In general, better
control of the GQDs morphology, size, and shape can be achieved with bottom-up

synthesis, which requires good control of the experimental conditions.516

Hydrothermal synthesis

Among the many synthetic routes to obtain GQDs, hydrothermal
synthesis using GO as the precursor material has been widely employed. Pan et al.
reported in 2010 the first hydrothermal synthesis for obtaining GQDs.?® In the
procedure, GO was thermally reduced to obtain micrometer-sized rippled graphene
sheets (GSs). Then, the GSs were oxidized in concentrated strong acids (H2SO4 and

HNOs3) to obtain smaller-sized sheets ranging from 50 nm to 2 um and provide oxygen-



functional groups that enabled solubilization in water. After hydrothermal treatment
under weakly alkaline conditions (pH = 8), GQDs presenting 9.6 nm average diameter
and blue luminescence were obtained. In this work, the authors proposed that the
cutting of the graphene sheets occurs through the presence of aligned epoxy and
carbonyl groups on the GSs' basal plane (Fig. 1.1). These defects were then attacked
during hydrothermal synthesis, cutting the sheets, and resulting in GQDs with
carboxylic groups on the edges. Later, the same group proposed another hydrothermal
route to obtain smaller and more crystalline GQDs.*” They used higher temperatures
to obtain the GSs and alkaline conditions (pH = 12), which yielded green-luminescent
GQDs with a lateral size of ca. 3 nm.

hydrothermal
ideoxidization]

FIGURE 1.1: Proposed mechanism for the hydrothermal cutting of oxidized GSs into
GQDs: a chain composed of epoxy and carbonyl pair groups is used to cut the sheet
under hydrothermal treatment. Adapted with permission from 25, Copyright 2010 John
Wiley and Sons.

Since their reports, many works using GO and hydrothermal synthesis to
produce GQDs use an adapted version or the same procedures reported in these
works,*8-%0 including precursor treatment, multiple steps, and the use of strong acids.
These works show that the synthesis conditions exert a direct influence on the
materials' properties, structure, and morphology.*®°? In this scenario, there is room for
the search for more viable, safer, faster, and simpler synthesis, as well as for studies
that provide a deeper knowledge concerning the influence of the synthesis parameters

on the GQDs' features.

Photoluminescence properties
One of the most investigated GQDs' properties is their PL, a
phenomenon in which energy is released as electromagnetic radiation (photons) by a

material subjected to excitation by a light source. When the fluorescent material
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absorbs an energy greater than its bandgap, electrons are promoted from the valence
to the conduction band, reaching an excited state. Upon returning to the ground state,
energy is released in the form of photons.>?

The PL intensity of GQDs can be estimated by calculating the quantum
yield (QY), which is given by the ratio: photons emitted by fluorescence/photons
absorbed by the material. In this way, the QY represents the probability of the material
returning from the excited to the ground state by luminescence (radiative emission)
rather than by nonradiative processes.>® As is the case for other carbon nanomaterials,
the QY of GQDs is typically low, usually inferior to 25% for GQDs without surface
passivation.>*5°

Although the GQDs' PL is related to the existence of the bandgap in these
materials, this PL mechanism in GQDs has not yet been completely elucidated. In
general, GQDs present an excitation-dependent PL behavior, which is related to the
multiple emission sources presented by the GQDs. The PL in GQDs can be divided
into two types of emissions: the intrinsic state emission, related to the GQDs'
morphology (size and edges), and the defect state emission, related to the
functionalities or vacancies created on their surface.>*% Because each one responds
in a particular way to the excitation used, one may be dominant over the others in a
certain wavelength, leading to excitation-dependent behavior.5*57

The size of the GQDs will reflect on the bandgap energy that, as a
consequence, will change the PL behavior of the GQDs. Materials with a larger
bandgap release more energy when the electron returns to the ground state, which
reflects in a shorter emission wavelength and a higher PL intensity.>® Such effect was
observed by Liu et al., in which a decrease in the PL intensity was observed as the
size of the GQDs increased.>® As a consequence, quantum confinement and edge
effects become less relevant, reducing the bandgap of GQDs and, consequently, their
photoluminescent properties. In theory, the bandgap of GQDs can vary from about 7
eV (the bandgap of benzene) to zero, the graphene bandgap.®® GQDs are reported to
emit light at several wavelengths, from ultraviolet (UV) to red, with emission at blue
and green regions being the most common.5%62 The GQDs edges also exert influence
on the PL behavior, since armchair and zigzag edges exhibit different quantum
confinement properties. GQDs with armchair edges present larger bandgaps than

those with zigzag edges, leading to a blue shift in the PL emission.5863



While the effect of size and edges of GQDs on their PL behavior is well
understood, there is no consensus about the effect of the functionalities present on the
GQDs' surface yet. Yang's group has suggested that the PL mechanism in GQDs
results from competition among various emission centers.?%6485 They proposed that
hydroxyl groups favor the blue PL emission, while the carbonyl and carboxylic groups
on the GQDs’ edges contribute to a green emission. Epoxy groups, in turn, have been
shown to act as traps providing non-radiative recombination and decreasing the PL
intensity of the material.®3652 Removing the oxygen functionalities of the GQDs'
surface also leads to PL behavior changes. Jang et al. showed that the chemical
reduction of GQDs led to blue emissions due to the formation of sp? domains, while
sp? carbon hybridization from the bonding with oxygen groups contributed to green
emissions.®® In addition, surface passivation®” and doping GQDs with heteroatoms has
been shown to affect the PL mechanism in varied ways, depending on the element
used, and the site of functionalization, for example.31:686°% Such strategies and the
GQDs reduction are also frequently used to enhance the QY of GQDs.

The GQDs' PL properties enable their use as fluorescent sensors. Many
analytes have been detected using GQDs as luminescent probes, including metal
ions,’®"t small molecules (such as dopamine, 2,4,6-trinitrotoluene (TNT), and picric
acid),’>’* and large biomaterials, including tumor cells and carcinoembryonic
antigen.’>’® In general, the analyte detection is made by quenching the GQDs
luminescence intensity upon physical or chemical binding that can change their
electronic structure. In this regard, the PL intensity, i.e., the GQDs' QY is very important
for achieving low limits of detection (LOD) and high sensitivity,””-’® which was also

explored in this PhD project.

1.2. MXenes

In addition to increasing the research interest in carbon-based
nanomaterials, the discovery of graphene also fostered the investigation for new two-
dimensional (2D) materials. One class of materials inspired by the graphene discovery
is the MXene family. MXenes are carbides and nitrides of transition metals presenting
the general formula of Mn+1XnTx, where M is a transition metal, X is either carbon and/or
nitrogen, and Tx represents the terminations on the surface of the outmost transition

metal layers.”®8 As shown in Fig. 1.2, many elements have been used to obtain



different MXenes. By combining different metal atoms with several possible
terminations, an unlimited number of MXenes can be obtained and, as a consequence,

materials with distinct properties can be synthesized.®°
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FIGURE 1.2: Periodic table showing possible MXenes compositions. Four typical
MXene structures are schematic illustrated at the bottom. Reproduced with permission
from 8, Copyright 2021 American Chemical Society.

Most of the MXenes reported so far have been obtained using MAX
phases as the precursor material (Fig. 1.3). MAX phases are layered ternary carbides
and nitrides presenting a Mn+1AXn formula, in which M is a transition metal, X is carbon
and/or nitrogen, while A is an element of the 1lIA or IVA group.”®8! In this way, the A
element in the MAX phase can be regarded as the layer that keeps the MXenes
together in the structure by M-A bonds. Therefore, unlike other 2D materials in which
only van der Waals forces keep them stacked, enabling the isolation of layers through
shear or other mechanical strategies, MXenes are usually obtained from the 3D
precursor by selectively etching the A element from MAX phases. The selective etching
is possible because the M-A bonding is weaker than the M-X bonds, making the A

layer more chemically reactive.82:83



MAX phases are layered ternary
carbides, nitrides, and carbonitrides
consisting of “M*“, “A“, and “X“ layers

MAX phase

-\ca\"‘)“ 5 5
so® Selective HF etching only of the

“A” layers from the MAX phase

Physically separated 2-D
MXene sheets after sonication

MXene sheets

FIGURE 1.3: Schematic illustration of MXenes synthesis: etching and delamination.
Reproduced with permission from 83, Copyright 2012 American Chemical Society.

The synthesis method employed is crucial for the MXene properties
obtained. Besides the morphological aspects such as size and defects that will play a
fundamental role in the MXene physicochemical features, the surface terminations of
MXenes are also highly dependent on the synthesis conditions.848% Although there are
some synthesis routes that do not require the use of fluoride-containing solvents, the
main MXene synthesis methods make use of fluoride-containing acidic solutions,:87
such as hydrofluoric acid (HF) or a mix of lithium fluoride and hydrochloric acid
(HCI).8%88 Since too high temperatures and strong etching agents can lead to the
formation of undesirable structures, such as rock salts and the etching of both the A
and M elements, the precise balance between temperature and the activity of the

etchant needs to be carefully controlled during synthesis.8%83

Titanium Carbide (TisC2Tx)

The first MXene reported was the titanium carbide (TisC2Tx) in 2011 by
Gogotsi and Barsoum groups. Since then, TisC2Tx has been the most studied MXene
and has been used in many different areas,’® such as in sensors,**9! energy storage

devices,?>®*  electromagnetic interference  shielding,®>®® and biomedical
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applications.®”%¢ Besides presenting high strength and stiffness, 849 good flexibility,
and large specific surface area,®*1% unlike most of the previous 2D materials, TisC2Tx
displays a metallic electrical conductivity, with values as high as 20 kS cm being
reported.89.101

Since top-down selective chemical etching using HF is the most reported
synthesis used to obtain TisC2Tx, the synthesized material presents surface termination
consisting of OH, O, and F in different ratios, depending on the synthesis conditions
used.”®8 |n addition to strongly influencing the material properties, the surface
terminations endow hydrophilicity to the MXene, enabling the preparation of aqueous
colloidal solutions and the use of a wide range of solvents, which is a severe limitation
for other 2D materials.80:102

The surface terminations are also crucial in the most explored application
of TisC2Ty, i.e., in energy storage. It has been demonstrated that the high capacitance
values reported in acidic electrolytes are related to the surface redox reactions
between the protons inserted into the MXene layers and the O terminations, which are
converted in OH groups (Eq. 1.1), resulting in the characteristic pseudocapacitive
behavior.13-105 QOther features, such as fast charge transport arising from the
electrochemically active sites, the negative surface charge, and the spontaneous
intercalation of cations, also contribute to the highlighted performance of the TisC2Tx

as supercapacitor.80.106,107
Ti3C,0,(OH)yF, + 8¢ + SHY & Ti3C,0,_5(0H),sF,  (Eq.1.1)

If, on the one hand, TisC2Tx has characteristics that enable achieving
good performance for energy storage, on the other hand, the material may present
some limitations. One of the drawbacks presented by TisC2Tx when used as a
supercapacitor electrode is the restacking of the MXene layers. The restacking limits
ion transport in thick films and impairs the intercalation of protons between the layers,
reducing the occurrence of redox reactions and decreasing the capacitance
performance.1%5198 |n this regard, some strategies to circumvent the MXene restacking
have been proposed. Xia et al., for instance, reported vertically aligned MXene sheets,
in which diffusion limitations are minimized and a high capacitance value is obtained.1%

Another alternative is the use of nanomaterials that can act as pillars between the



MXene layers, preventing restacking, increasing ions diffusion, and maintaining high
capacitance during measurements, 108110111

Using acidic electrolytes with TisC2Tx gives rise to high capacitance
values due to the presence of protons. However, such electrolytes can be usually used
only in relatively narrow potential windows (not higher than 1V).105112113 The
impossibility of using larger potential windows is due to the high amount of water
present in these electrolytes. In these cases, the decomposition of the electrode and
electrolyte occurs more easily, reducing the operating potential window of the
device.'* To enlarge the voltage window and as a consequence increase the energy
density of the supercapacitor, highly concentrated electrolytes can be used. In this
manner, the water activity is reduced making it difficult for parasitic side reactions to
occur, which enables the exploration of the extreme potential regions. On the other
hand, the low amount of water generally increases diffusion limitations of the
electrolyte and leads to moderate capacitance values.%®115116 The decrease in
capacitance also has a contribution of the absence of the hydrogen bond network
provided by the water that contributes to the energy storage mechanism.®? In this
scenario, there is room for the search for the precise combination between electrode
materials architecture and electrolyte composition, which was also explored in this PhD

project.
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2. Goals and Overview

The objective of this thesis was to harness the potential of emerging 0D
and 2D nanomaterials, specifically graphene quantum dots and TisC2Tx MXene,
respectively, with the aim of enhancing sensor capabilities (in the case of GQDs) and
optimizing energy storage devices (in the case of MXenes). In this regard, the goal
was to rationally design experiments and nanostructures to overcome existing
limitations regarding the synthesis of GQDs and the use of MXene as a supercapacitor.

As specific goals, we can cite:

— To evaluate parameters of GQDs hydrothermal synthesis aiming at optimizing the
guantum yield value of the material through a simpler and more viable synthesis;

— To characterize the synthesized GQDs in order to correlate their physical-chemical
properties with the parameters evaluated in the syntheses;

— To apply the synthesized GQDs as fluorescent sensors;

— To synthesize TisC2Tx and obtain a nanocomposite using a nanomaterial that can
act as pillars between the MXene sheet;

— To use the MXene-based hybrid material as a supercapacitor electrode to achieve

high capacitance and wide potential window.

Chapters Overview

Initially, hydrothermal synthesis was investigated to obtain GQDs with
optimized QY values. The influence of the concentration and the pH of the GO solution
and the temperature of the synthesis on the materials' properties was evaluated. Then,
the fluorescent detection of Fe3* was performed with selected materials. Chapter |
presents the main results, indicating that GQDs can be rationally synthesized aiming
at specific applications, and shows the detection performance of the synthesized
materials.

In Chapter Il, nanodiamonds (NDs) were used as pillars between the
TisC2Tx layers. The pillaring effect prevented the restacking of the MXene layers,
favoring proton diffusion, while the use of 3 M AICIz enabled the achievement of high
capacitance and a large potential window.

General conclusions and future perspectives are presented in the

sequence in which the evaluation of the results reported is provided.
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3. Chapter I. Graphene quantum dots synthesis and

photoluminescence sensing application*

*The content of this chapter is an adaptation of the
article entitled: “Rational hydrothermal synthesis of
graphene quantum dots with optimized
luminescent properties for sensing applications”
by M. H. M. Facure, R. Schneider, L. A. Mercante, and
D. S. Correa, published in Materials Today Chemistry.

Reference: Materials Today Chemistry 23 (2022)
100755.117



12
3.1. Abstract

Hydrothermal synthesis using graphene oxide (GO) as a precursor has
been used to produce luminescent graphene quantum dots (GQDs). However, such a
method usually requires many reagents and multistep pretreatments, while can give
rise to GQDs with low quantum yield (QY). Here, we investigated the concentration,
the temperature of synthesis, and the pH of the GO solution used in the hydrothermal
method through factorial design experiments aiming to optimize the QY of GQDs to
reach a better control of their luminescent properties. The best synthesis condition (2
mg/mL, 175 °C, and pH = 8.0) yielded GQDs with a relatively high QY (8.9%) without
the need of using laborious steps or dopants. GQDs synthesized under different
conditions were characterized to understand the role of each synthesis parameter in
the materials' structure and luminescence properties. It was found that the control of
the synthesis parameters enables the tailoring of the amount of specific oxygen
functionalities onto the surface of the GQDs. By changing the synthesis' conditions, it
was possible to prioritize the production of GQDs with more hydroxyl or carboxyl
groups, which influence their luminescent properties. The as-developed GQDs with
tailored composition were used as luminescent probes to detect Fe3*. The lowest limit
of detection (0.136 uM) was achieved using GQDs with higher amounts of carboxylic
groups, while wider linear range was obtained by GQDs with superior QY. Thus, our
findings contribute to rationally produce GQDs with tailored properties for varied
applications by simply adjusting the synthesis conditions and suggest a pathway to
understand the mechanism of detection of GQDs-based optical sensors.

3.2. Introduction

The last decade has witnessed an unprecedented number of
investigations on the synthesis and application of graphene-based materials owing to
their remarkable electrical and mechanical properties.>18119 Among many members
of the graphene family, graphene quantum dots (GQDs) have been attracting
enormous interest because of their tunable bandgap, owing to their reduced size
compared with standard graphene sheets.*3® The bandgap is responsible for the
photoluminescence (PL) properties of GQDs, which, in turn, depends on their

characteristics (e.g. functional groups, size, edges, and so on).4658.120 |n this regard,
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the synthesis method used to obtain GQDs is determinant for the material structure
and consequently their PL behavior.6:38.58

The syntheses of GQDs are broadly classified into top-down and bottom-
up methods. A highly used top-down strategy to produce GQDs is the hydrothermal
method using graphene oxide (GO) as the precursor material.#3° In this route, the GO
is ‘broken’ into tiny fragments under high temperature and high-pressure conditions in
a sealed autoclave.®3° The use of GO as a precursor leads to GQDs with different
oxygen functionalities, such as hydroxyl, carboxyl, carbonyl, and epoxy groups, which
has a prominent influence on their properties.*>° In this regard, the parameters used
in the hydrothermal synthesis, such as GO concentration, temperature, and pH, will
affect the GQDs composition and, therefore, are key in modulating their properties.*®

Hydrothermal synthesis using GO as the precursor material was first
proposed by Pan et al.?® in 2010 and was further improved in 2012,4 giving rise to
GQDs with quantum yields (QYs) of 6.9% and 7.5%, respectively. Since then, several
studies related to the production of GQDs by hydrothermal methods using GO have
been reported.#®*° To obtain GQDs with enhanced values of QY, some of these
procedures make use of precursor pretreatment and/or the addition of other reagents
to favor the GO sheets cutting. The enhancement of QY can lead to improved
performances, especially for sensing applications.®61.121 However, these approaches
generally use multiple steps, strong acid reagents, and other materials to induce GO
cutting, which makes the process laborious.?-122 |n this scenario, there is a need to
seek simpler syntheses that require fewer steps, milder conditions, a smaller number
of reagents but that still provide GQDs with comparable or enhanced QY values.*?! In
addition, understanding the influence of the most relevant synthesis' parameters is
mandatory to obtain tailored GQDs' structures with precise control.*8124 |n this way,
GQDs possessing the desired characteristics can be smartly produced to be used in a
given application.

Because of their large surface area-to-volume ratio, fast charge transfer,
and multiple analyte recognition possibilities (e.g. functionalized groups, heteroatom
doping, and n-m interaction), GQDs have been widely explored as a constituent
material in electrical, electrochemical and optical sensors.®6! Regarding optical
sensing, GQDs present advantages over commercial organic dyes and semiconductor
guantum dots, including better biocompatibility and resistance to photobleaching, as

well as lower toxicity, which prompt them to be used in biomedical and environmental
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applications. Moreover, the photostability of GQDs enables high sensitivity and
selectivity. In addition, GQDs are soluble in aqueous and many organic solvents.”8125
In this way, changes in the fluorescence intensity of GQDs upon analyte interaction is
a simple, fast, and reliable sensing method that does not require the use of expensive
instrumentation and laborious sample treatment.’® However, further investigations on
the fluorescence properties of GQDs are still necessary to thoroughly understand the
performance of these materials as PL sensors.":65

In this work, we report the use of the hydrothermal method and the
factorial design approach to rationally produce GQDs with controllable surface
chemistry and optimum PL features for sensing applications. The concentration of GO
(Cco), the temperature of the synthesis (T), and the solution pH were optimized to
obtain GQDs with higher QY values, as illustrated in Fig. 3.1(a). A QY of 8.9% was
obtained without the need of pretreatment steps or the use of specific reagents to act
as ‘scissors’ in the GO cutting process. To correlate the QY values with the materials
properties, GQDs produced by three selected syntheses conditions were fully
characterized using spectroscopy techniques and thermogravimetric analysis (TGA).
The behavior of the obtained materials was related to the amount of specific functional
groups present in the GQDs structure. Finally, the GQDs were applied in the PL
detection of Fe3®*, as illustrated in Fig. 3.1(b), presenting different performances in

accordance with their composition.
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FIGURE 3.1: Schematic illustration of (a) the hydrothermal synthesis optimization and
the production of GQDs with distinct composition and PL properties. (b) GQDs
application in fluorescent detection of Fe3*. GQD, graphene quantum dot; PL,
photoluminescence. Reprinted with permission from Facure et. al.''’, Copyright 2022
Elsevier.

3.3. Experimental Section

3.3.1. Materials

Graphite and potassium permanganate (KMnOas) were obtained from
Dinamica, Brazil. Sulfuric acid (H2SOa4), hydrochloric acid (HCI), sodium hydroxide
(NaOH), hydrogen peroxide (H202), ferric chloride hexahydrate (FeCls-6H20),
copper(ll) chloride dihydrate (CuClz2-2H20), tin(ll) chloride dihydrate (SnCl2-2H20),
aluminum chloride hexahydrate (AICIs-6H20), nickel(ll) chloride hexahydrate
(NiCl2:6H20), cobalt(ll) chloride hexahydrate (CoCl2-6H20), magnesium chloride
hexahydrate (MgCl2-6H20), zinc nitrate (Zi(NOs)2), mercury(ll) sulfate (HgSOa4),
cadmium nitrate tetrahydrate (Cd(NOs3)2:4H20), manganese(ll) acetate (C4HsMnOa),

lithium chloride (LiCl), potassium chloride (KCI), and sodium chloride (NaCl) were
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purchased from Sigma-Aldrich. The chemicals were used as received, and all aqueous
solutions were prepared using double-distilled water.

3.3.2. Syntheses of GQDs

GQDs were synthesized by hydrothermal method using GO as the
precursor material. The GO was synthesized through an eco-friendly modified
Hummers' method previously reported elsewhere.1?6-128 To be used in the GQDs
syntheses, a stock aqueous dispersion of GO (100 mL) was prepared with a
concentration between 4 and 6 mg/mL. Briefly, the GO powder obtained in the
Hummers' method was initially dispersed by ultrasonic probe sonication (Branson
Digital Sonifier SFX 550) (11 W) for 20 min. The dispersion was left stirring overnight
and then centrifuged at 8000 rpm for 30 min to remove the unexfoliated material.

The syntheses of the GQDs were carried out in a 50 mL Teflon lined
stainless steel autoclave. To obtain the optimization of the Cco, T, and pH used in the
GQDs syntheses, factorial experiments were designed changing these parameters
and fixing the reaction time (10 h) and the GO dispersion volume (40 mL). For the
GQDs syntheses, the GO stock dispersion was diluted to the desired concentration,
and the pH was changed using aqueous solutions of NaOH or HCI. Then, the
dispersion was sealed in the autoclave and heated at 1 °C/min to the temperature of
the synthesis, which was maintained for 10 h. The GQDs solution was obtained by
filtering the resultant product of the hydrothermal synthesis with 0.22 pum syringe filters.
The GQDs powder used in the characterization techniques was obtained by freeze-

drying (L108 Liotop) this filtered solution.

3.3.3. Characterization

Transmission electron microscopy (TEM) and high-resolution TEM
images of GQDs were obtained using a FEI Tecnai G2F20 microscope (accelerating
voltage of 200 kV). Atomic force microscopy (AFM) images of GQDs were obtained
using a Bruker MultiMode8 microscope. The samples were prepared by placing a small
drop of the GQDs suspensions (in water) on a carbon-coated copper grid and mica
substrates for the TEM and AFM images, respectively. For the AFM images, the GQDs
solutions were previously dialyzed using a membrane with nominal molecular weight
cut-offs of 2 kDa.
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The PL experiments were performed in a Shimadzu (RF-5301PC)
spectrofluorometer using a quartz cuvette. UV-vis absorption spectroscopy of the
solutions was performed using a Shimadzu (UV-1900) spectrophotometer. The
absorbance spectra were collected from 200 to 700 nm.

Fourier transform infrared (FTIR) spectroscopy was carried out in a
Bruker Vertex 70 equipment using the ATR mode for the freeze-dried GQDs powders.
64 scans were collected from 4000 to 400 cm™ at a 4 cm™! resolution.

X-ray photoelectron spectroscopy (XPS) analyses were performed using
an ESCALAB-MKII spectrometer with an X-ray source excitation of 1486.6 eV (Al Ka
radiation). The Cls spectrum (284.6 eV) was used as references for the binding
energies with an accuracy of £0.1 eV. Silicon wafers were used as substrates for the
GQDs deposition.

TGA was carried out using a TGAQ500 (TA Instruments) analyzer. The
freeze-dried GQDs (ca. 5 mg) were heated in platinum pans from room temperature to

800 °C at a ramp rate of 10 °C/min using nitrogen flux (40 mL/min).

3.3.4. QY measurements

The QY values of the GQDs in water were calculated using the

comparative method*?° through the following equation:
QY = QYp—

where | is the measured integrated fluorescence intensity, A is the optical density, and

I A
Arm” (Eq. 3.1)
R A nR

n is the refractive index of the solvent. A can be obtained by the GQDs absorbance
value recorded in the UV-vis spectrum at the wavelength used in the PL excitation
(1ex). The absorbance value should be inferior to 0.1 to minimize reabsorption effects.
| can be obtained through the area under the luminescence spectrum.®130 The
subscript R is referred to the reference. Here, quinine sulfate was used as the standard
reference in 0.1 mol/L H2SO4 (QYr = 54%). The QY values were obtained using lex =
320 nm.

3.3.5. Fe3* detection

A guartz cuvette was filled with 2 mL of the GQDs solution and Fe3* was

added in various concentrations using stock solutions with concentrations of 1 x 103
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and 10 x 10 mol/L, leading to a PL quenching. The measurements were performed
at room temperature (=25 °C) using a fixed lex at 320 nm and recording the PL
emission intensity at 442 nm. The interference tests were performed by adding 5 uL of
a 0.1 mol/L solution containing the other metal ions. All the sensitivity and selectivity

experiments were conducted in triplicate.

3.4. Results and discussion

3.4.1. Optimization of GQDs hydrothermal synthesis

A factorial design was used to evaluate the best conditions to optimize
the QY of the GQDs produced by the hydrothermal method. In this regard, previous
experiments were performed to evaluate the parameters to be used in the factorial
design and their values. Cco, T, and pH showed to be the most relevant parameters in
the QY of the synthesized GQDs. Table 3.1 shows the full 23 factorial designs with four

center points and the resultant QY of each synthesis.

TABLE 3.1: Factorial design for Cco, T, and pH parameters (variables) and the QY
values (response) of the GQDs obtained in each synthesis. The coded levels are in
parenthesis.

Experiment Cco (mg/mL) T (°C) pH QY (%)
1 1.25 (-1) 130 (-1) 4.5 (-1) 5.0
2 2.75 (+1) 130 (-1) 4.5 (-1) 4.2
3 1.25 (-1) 130 (-1) 9.5 (+1) 6.6
4 2.75 (+1) 130 (-1) 9.5 (+1) 6.0
5 1.25 (-1) 190 (+1) 4.5 (-1) 2.0
6 2.75 (+1) 190 (+1) 4.5 (-1) 1.6
7 1.25 (-1) 190 (+1) 9.5 (+1) 5.9
8 2.75 (+1) 190 (+1) 9.5 (+1) 55
9 2.00 (0) 160 (0) 7 (0) 8.0
10 2.00 (0) 160 (0) 7 (0) 7.8
11 2.00 (0) 160 (0) 7 (0) 8.3
12 2.00 (0) 160 (0) 7 (0) 7.3
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Analysis of variance was used to verify the significance of the parameters
and their interactions.3! At a 95% of confidence level, all the parameters were found
to be significant as well as the quadratic coefficient for Cco and the interaction between
T and pH. The model obtained can be expressed by Eqg. Al. The response surface
plots of the 23 factorial design with the effect of Cco and T and Cco and pH on the QY
of the GQDs are presented in Fig. 3.2(a) and (b), respectively. As can be noticed,
regardless of the T or pH values, the optimal Cco for obtaining a higher QY is around
2 mg/mL. However, in this first design, an optimal value for pH and T was not obtained.
In this way, based on the values of QY obtained in the first factorial design (Table 3.1)
and after further investigations to evaluate the values for T and pH, a reduced design
22 with two center points was proposed (Table 3.2), fixing the Cco at the optimal value
(2 mg/mL).
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FIGURE 3.2: Response surface plots obtained by the first design (23) showing the
effects of (&) T and Cco and (b) pH and Cco on the QY of the GQDs. (c) Response
surface plots obtained by the reduced design (22) showing the effects of pH and T on
the QY of the GQDs. The black dots represent the conditions in which the syntheses
of the factorial design were performed. (d) Variation of the QY obtained in the GQD
syntheses for different pH values (Cco = 2 mg/mL, T = 175 °C). GQD, graphene
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quantum dot; QY, quantum yield. Reprinted with permission from Facure et. al.l'’,
Copyright 2022 Elsevier.

TABLE 3.2: Factorial design for T and pH parameters (variables) and the QY values
(response) of the GQDs obtained in each synthesis. The coded levels are in
parenthesis.

Experiment T (°C) pH QY (%)
1 160 (-1) 7 (-1) 7.5
2 190 (+1) 7 (-1) 6.8
3 160 (-1) 10 (+1) 6.4
4 190 (+1) 10 (+1) 6.6
5 175 (0) 8.5 (0) 8.1
6 175 (0) 8.5 (0) 8.3

The same statistical treatment used in the first design was again
performed for the reduced design (22), which model can be expressed by Eq. A2. The
design resulted in an optimal value for T (=175 °C), as shown in Fig. 3.2(c). The
reduced design did not yield the best pH value. To find the optimum pH, the Cco and
T were fixed (2 mg/mL and 175 °C, respectively), and the pH of the synthesis was
varied. Fig. 3.2(d) shows that to obtain the highest QY, the optimum pH value for the
hydrothermal syntheses is 8.0. In the optimized condition, i.e. Cco =2 mg/mL, T = 175
°C, and pH = 8, the highest QY was found to be 8.9%.

As can be compared with other syntheses performed (Tables 3.1 and
3.2), the optimum synthesis yielded the highest QY value. Such value is comparable
or even superior to other syntheses reported in the literature, in which the GO is
pretreated or scissoring reagents are used, as shown in Table Al. In this way, by using
the optimum parameters for the hydrothermal synthesis, one can produce GQDs with
enhanced QY values without making use of multiple synthesis steps, additional
reagents, or laborious processes.

It is worth mentioning that to achieve even higher QY values, other
synthesis methods can be used, as well as doping or surface modification of the GQDs.
In general, the enhancement in the QY is generally associated with the improvement
of the electron density and the creation of additional electronic states that act as new
pathways for photon absorption and PL emission.*3?-13> Some GQDs reported in the
literature that use such strategies are shown in Table A2.
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3.4.2. Characterization of GQDs

TEM images and the corresponding size distribution (Fig. Ala-c) show
that the synthesized GQDs have a near-spherical morphology with an average size of
5.8 £ 0.9 nm. Furthermore, high-resolution TEM images (Fig. Ald) reveal the
crystalline nature of GQDs with an inter lattice distance of 0.21 nm, which corresponds
to (102) diffraction planes of sp? graphitic carbon structure.'3¢ Physical-chemical
characterizations of the GQDs were carried out to understand which features in their
structure are responsible for the QY increment and learn the influence of each of these
three parameters in the GQDs properties. To this end, three hydrothermal synthesis’
conditions yielding GQDs with different QY were chosen to be characterized and later
applied as optochemical sensors for Fe3* detection. Table 3.3 shows the parameters
used and the QY obtained in each synthesis condition. Hereafter, GQDs-1, GQDs-2,
and GQDs-3 will be used in reference to each synthesis condition shown in Table 3.3.
GQDs-3 is the material obtained using the optimal values of Cco, T, and pH, as

discussed in the previous section.

TABLE 3.3: Values of the parameters used in the GQD syntheses and the QY
obtained.

Sample Cco (mg/mL) T (°C) pH QY (%)
GQDs-1 1.25 190 4.5 2.0
GQDs-2 2.00 130 9.5 6.0
GQDs-3 2.00 175 8.0 8.9

AFM images of the GQDs are shown in Fig. 3.3. The images show that
the GQDs are well dispersed and the height of all the samples are between 0.5 and

1.5 nm, indicating the presence of 1-3 layers.3°
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FIGURE 3.3: AFM images of (a) GQDs-1, (b) GQDs-2, and (c) GQDs-3. The graphs
below the images show the height profile of the GQDs along the white lines in the
images. AFM, atomic force microscopy; GQD, graphene quantum dot. Reprinted with
permission from Facure et. al.*'”, Copyright 2022 Elsevier.

Fig. 3.4(a) shows the UV-vis spectra of GQDs-1, GQDs-2, and GQDs-3.
The spectra were recorded with the filtered solutions obtained from the hydrothermal
syntheses without dilution. The three materials presented a peak at 230 nm assigned
to the n-* transition of the C=C bonds in the GQDs core. In the region between 300
and 400 nm, it is possible to observe peaks related to the n-i* transitions of the
different oxygen functional groups in the GQDs structure.’®-13% Also, the UV-vis
analyses indicate that the Cco influences the amount of GQDs obtained. For instance,
the GQDs-1, which synthesis was performed with a Cco = 1.25 mg/mL, presented the
lowest absorbance, indicating a smaller concentration of the GQDs in solution. On the
other hand, the GQDs-2 and GQDs-3 synthesized with the same Cco (2 mg/mL)
showed very similar absorbance values, indicating similar GQDs concentrations. Thus,
the Cco seems to play two important roles in the obtained GQDs solution. Besides the
relationship with the amount of the synthesized GQDs, Cco = 2 mg/mL was shown to
be the ideal concentration for the production of GQDs with higher QY values, as shown
in Table 3.3. A possible reason may be associated with the interaction between GO
sheets. Concentrations higher than the optimum value can influence the mechanism
of sheet size reduction, while lower concentrations may not reach the best

thermodynamic conditions for the synthesis of GQDs.
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FIGURE 3.4: (a) UV-vis absorption and (b) PL emission spectra of GQDs-1, GQDs-2,
and GQDs-3. GQD, graphene quantum dot; PL, photoluminescence; UV, ultraviolet.
Reprinted with permission from Facure et. al.*'?, Copyright 2022 Elsevier.

The PL spectra of the GQDs obtained using Aex at 320 nm are shown in
Fig. 3.4(b). It can be observed that the PL intensity is in accordance with the QY values
of the GQDs (GQDs-3 > GQDs- 2 > GQDs-1). Moreover, the maximum emission
wavelengths (1em) for GQDs-1, GQDs-2, and GQDs-3 are located at 443 nm, 450 nm,
and 438 nm, respectively. The best Aex (320 nm) is in accordance with other GQDs
reported in the literature,?>67 and the distinct maximum Aem is another indication that
the chemical structure of the GQDs can be tuned through adjustments in the
hydrothermal synthesis parameters.38

It has been demonstrated that the optical properties of carbon
nanomaterials are highly determined by the partially sp2-hybridized carbon domains of
their sp3-hybridized amorphous cores.%140.141 Therefore, XPS was used to investigate

the chemical composition of the different GQDs. As depicted in Fig. 3.5, the C 1s
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spectra can be decomposed into three peaks, i.e. C=C/C-C, C-O, and C=0.117:142143
As shown in Table A3, the results reveal that the GQDs presented distinct peaks
intensities, suggesting different degrees of surface oxidation. Since XPS analysis does
not give information about specific oxygen functionalities, FTIR and TGA
characterizations were further performed to obtain more information about the

composition of each of the synthesized GQDs.
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FIGURE 3.5: C 1s XPS spectra of GQDs-1, GQDs-2, and GQDs-3. GQD, graphene
guantum dot; XPS, X-ray photoelectron spectroscopy. Reprinted with permission from
Facure et. al.1*’, Copyright 2022 Elsevier.

FTIR spectroscopy was used to further investigate the composition of the
GQDs and get more information about the oxygen functionalities present in their
structure. As shown in Fig. 3.6(a), all the GQDs spectra presented a peak at 1582 cm-
1 assigned to the C=C bonds in the GQDs graphitic core. The other peaks are related
to the functional oxygenated groups on their surface.4414> Compared to the GO
spectrum (Fig. A2), it can be noticed that the peaks related to the C=0 bonds (1665
cml) and the C-O-C of the epoxy groups (1000 cm-?) sharply decreased in intensity,
indicating low amounts of carbonyl and epoxy groups in the GQDs structure.?®14% This
is in accordance with Pan et al.,?® who proposed that the hydrothermal cutting
mechanism of the GO is associated with the epoxy and carbonyl groups. Moreover,
the decrease in the amount of the epoxy groups can favor the blue luminescence of

GQDs because when such groups are present, they contribute to non-radioactive
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emissions, decreasing the QY of the materials.®® The other peaks are related to the
angular O-H bonds deformation (1427 cm), the axial deformation of the C-O bond of

the carboxylic acid groups (1335 cm™), and the axial deformation of the C-O bonds in
aromatic carbons (1100 cm-1).127.146
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FIGURE 3.6: (a) FTIR spectra of GQDs-1, GQDs-2, and GQDs-3, (b) digital images
showing the influence of the temperature used in the hydrothermal synthesis in the
GQDs color, and (c) DTG curves of GQDs-1, GQDs-2, and GQDs-3. DTG, derivative
thermogravimetric; GQD, graphene quantum dot; FTIR, Fourier transform infrared.
Reprinted with permission from Facure et. al.''’, Copyright 2022 Elsevier.
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The peaks at 1427 cm™® presented the same intensity for GQDs- 2 and
GQDs-3, while for GQDs-1, this peak showed to be less intense. These results can be
attributed to the -OH groups in the core of the GQDs obtained through the ring-opening
of the epoxy groups at pH > 7.147-14% Because GQDs-2 and GQDs-3 were synthesized
using basic pH, they presented more -OH groups in the core of the GQDs, compared
to GQDs-1, that were obtained at pH 4.5. This peak is also related to the reminiscent
-OH groups of the GO.14>150 The intensity of the peaks at 1335 cm™ indicates that the
GQDs-2 have the highest amount of -COOH. As will be discussed further, this can be
attributed mainly to the higher pH (9.5) used in the synthesis. The peak at 1100 cm!
can be related to the -OH groups at the edge of the GQDs.#>1%0 The fact that the
GQDs-1 and GQDs-3 presented more -OH at the edges than GQDs-2 can be attributed
to the superior quantity of -COOH groups in GQDs-2. It is well known that carboxylic
groups in GO are located at the edges.4"15! Therefore, since GQDs-2 have a greater
amount of -COOH, they also presented a lower amount of -OH at their edges.

In this way, the QY of GQDs can be attributed to both T and pH. The
lowest QY of GQDs-1 is related to the acidic pH used in the synthesis that did not
induce the formation of -OH groups at the GQDs' core. As hydroxyl groups contribute
to radioactive blue PL emissions,®%-° the acid pH led to a low QY. Moreover, the higher
T (190 °C) favored the removal of some oxygen groups important to the fluorescent
behavior of GQDs-1, as can be observed in the peak at 1335 cm, also impairing the
QY obtained. The slightly inferior QY of GQDs-2 compared to GQDs-3 can be ascribed
by the functional groups present at the edges of the materials. Both presented -OH
functionalities at the core, however, GQDs-2 edges contain more -COOH groups that
contribute to green emission, leading to a decrease in the QY of GQDs with blue
emission.®® The GQDs-3, in turn, possess more -OH groups at the edges, contributing
more to a blue PL and a higher QY. As the syntheses of GQDs-2 and GQDs-3 were
performed with different pH and T, the PL responses can be associated with both
parameters. To clearly observe the influence of each of these variables on the QY of
GQDs, the FTIR characterizations were also performed using GQDs synthesized
keeping all parameters fixed and varying only the T or only the pH.

Fig. A3(a) shows the FTIR spectra obtained from GQDs synthesized
varying only the pH and maintaining T = 175 °C. It is possible to observe that acidic
pHs do not produce GQDs with many functional groups because the spectrum of the

synthesis performed at pH = 4.5 presented low-intensity peaks related to the oxygen
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functionalities. On the other hand, syntheses with high pHs seem to favor the presence
of -COOH (1335 cm™) instead of the formation of -OH groups. As can be seen from
the QY values obtained, the smaller amount of -OH in the GQDs prepared at higher
pH presented a lower QY value (5.9%) than the GQDs produced at acidic pH (6.7%).
Furthermore, very high pH values can favor the collapse of GO sheets in solution and
consequently induce GO aggregation,'®> hampering the formation of GQDs. Thus,
there is an optimal pH value for the syntheses of GQDs that mainly favors the formation
of -OH groups and leads to higher QY. As shown in the previous section, this optimum
pH is 8.0, i.e. a basic pH that favors epoxy ring-opening and the formation of -OH
groups but not excessively high to avoid GO aggregation and allow the GQDs
production.

The FTIR spectra obtained from the synthesized GQDs varying the T at
pH = 8, shown in Fig. A3(b), reveal that this parameter is crucial for the resulting
amount of hydroxyl groups (1427 cm™ and 1100 cm) in GQDs. The peak related to
the -COOH (1335 cm™) presented small intensity variations, possibly because all
syntheses were carried out at the same pH. It is possible to observe that -OH groups
in GQDs are favored at specific temperatures. Low T may not be sufficient for the
formation of GQDs functionalized with such groups, as the GO cutting into GQDs can
be impaired by the insufficient energy supplied to the system. Thus, the structure of
GQDs obtained at low T tends to be more similar to the structure of the GO. This can
be corroborated by the color of the GQDs synthesized at 130 °C, which yields a
brownish solution (Fig. 3.6(b)), resembling the color of the GO solution. At the other
extreme, high T promotes the removal of -OH groups. For higher T, GQDs solution
becomes more transparent (Fig. 3.6(b)), indicating the removal of the oxygen
functional groups. In this sense, there seems to be a trade-off about the increase in T.
Specifically, on one hand, a higher T seems to favor the cutting of the GO, attacking
the defects in the layers and favoring -OH and -COOH groups on the edges of the
GQDs.149150 On the other hand, too high temperatures lead to the removal of the
oxygen functional groups, including the -OH groups at the core, which have an
important contribution to a blue emission. The FTIR analyzes corroborate the results
obtained in the factorial designs, which showed optimum pH and T parameters.

TGA was used to better understand the structures of GQDs and evaluate
the presence and proportion of each of the oxygen functional groups. In the TGA

curves (Fig. A4), it is possible to observe that the thermal degradation behavior of all
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GQDs presented a similar behavior. The weight loss before 100 °C is related to the
desorption of water from the material. For higher temperatures, the oxygen functional
groups are gradually removed from the graphite structure of the GQDs, and the
graphite structure is decomposed at temperatures above 800 °C.141153 To better
analyze the evolution of the oxygen functionalities in the GQDs, the derivative
thermogravimetric (DTG) curves were obtained, as shown in Fig. 3.6(c). The first peak,
located between 100 and 170 °C, is related to the -OH groups present in the GQDs
core, which are less stable. The next peak, located between 170 and 250 °C, is related
to the epoxy groups, also in the core of the GQDs.'%315 The GQDs-1 presented the
least amount of in-plane -OH groups and the greatest amount of epoxy groups. This is
related to the pH used in the synthesis and the epoxy ring-opening,*® as discussed in
the FTIR analyses. Conversely, a higher amount of in-plane -OH groups and fewer
epoxy groups can be observed in the DTG curves for the syntheses at basic pH
(GQDs-2 and GQDs-3). The peak between 250 and 325 °C is related to carboxylic
groups, while the peak between 325 and 400 °C is related to C=0 groups.1°3154 As can
be noted, the GQDs-1 presented a smaller amount of these oxygen functionalities,
while the GQDs-2 sample presented the highest amount of -COOH groups, in
accordance with the FTIR analyses. Finally, the peak between 450 and 550 °C is
related to the -OH groups located at the edges of the GQDs. These groups are more
stable and therefore need higher temperatures to decompose.14>153.154 Once again,
the results are in agreement with those obtained through FTIR analyses, in which the
samples presented higher amounts of -OH groups as follows: GQDs-3 > GQDs-2 >
GQDs-1. Thus, the TGA and DTG analyses allowed the identification of the main
difference between the GQDs-2 and GQDs-3, namely the amount of -OH and -COOH
groups at the edges of the materials.

Although there is a relationship between the GQDs sizes and the types
of edges with the PL behavior of the material?®586> (which means that the oxygen
functionalities are not solely responsible for such behavior), the PL Alem for the -OH
and -COOH groups were fixed as an approach to evaluate the contribution of these
groups for the GQDs luminescence. The -OH groups contribute to blue emission, while
-COOH groups contribute to green emission.5%6465 Thus, the PL spectra of the
synthesized GQDs were deconvoluted into two peaks, fixing the Aem at 435 nm,
relative to the luminescent response of -OH, and at 462 nm, related to the response of

the -COOH groups. As can be noticed in Fig. 3.7, GQDs-2 present a higher maximum
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Aem (450 nm) in the PL response (77.4%) because of a greater contribution from the
large number of -COOH groups. GQDs-3, which have the highest QY value, have a
greater contribution from the -OH (59.1%), leading to the lowest value of maximum
Aem. However, it is important to note that both functional groups are important for

GQDs luminescence.
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FIGURE 3.7: Deconvoluted PL spectra of (a) GQDs-1 (b) GQDs-2, and (c) GQDs-3
using two peaks centered at 435 and 462 nm related to the -OH and -COOH groups,
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respectively. GQD, graphene quantum dot; PL, photoluminescence. Reprinted with
permission from Facure et. al.*'?, Copyright 2022 Elsevier.

In this way, the characterizations performed in this work enabled the
evaluation of how the composition of GQDs and their most important functional groups
contribute to their luminescent behavior. For instance, the -OH group contributes to a
higher QY as their emissions are at the blue region, while the -COOH groups are also
important for luminescence, but their emission occurs at longer A, which can lead to a

decrease in the QY value.

3.4.3. Fe3* detection

After getting knowledge on the GQDs structures, the materials were
explored as fluorescent probes to optically detect Fe®*. First, the pH that yields the
highest PL intensity for each GQDs sample was studied. As can be observed in Fig.
A5, the best pH value for GQDs-1 and GQDs-3 is 8.0, while for GQDs-2 is 6.0. These
results indicate that the protonation of GQDs plays an important role in fluorescence
intensity. The variation in GQDs fluorescence intensity may be attributed to the
protonation and deprotonation of oxygen functional groups on the GQD surface, which
change their electron distribution. The lower optimum pH value for GQDs-2 can be
explained in terms of the higher amount of carboxylic groups in this material since pKa
for carboxylic groups is smaller than the pKa for hydroxyl groups.155:156

Then, GQDs were used to detect Fe3* through PL quenching
experiments. Fig. 3.8(a, ¢, and e) show the PL spectra of GQDs-1, GQDs-2, and
GQDs-3, respectively, after successive additions of Fe3*. The limit of detection (LOD)
was defined as 3 o/S, where o is the standard deviation of the quenching obtained for
the lowest concentration of Fe3* added to the solution, and S is the slope of the
calibration curve.'5"158 Fig. 3.8(b, d, and f) show the PL quenching (l/lo) vs. the
concentration of Fe®* for GQDs-1, GQDs-2, and GQDs-3, respectively. The LOD and
the linear range obtained for each GQDs sample are presented in Table 3.4. All the
LOD obtained are lower than the maximum contaminant level allowed by the U.S.
Environmental Protection Agency for Fe3* in drinking water (5.37 uM).%° Interestingly,
the best LOD was obtained for GQDs-2, which is ten times lower than that for GQDs-
3. Although hydroxyl groups also participate in the Fe3* detection mechanism, the

better performance can be attributed to the elevated number of carboxylic acid groups



31

in GQDs-2. The binding of Fe3* ions to GQDs can be considered from the viewpoint of
the Pearson acid-base concept (hard-soft acid-base theory).169161 The higher amount
of carboxylate groups of GQDs offers hard binding sites to form complexes with hard
Fe3* metal ions. Because electron transfer is known to be an important pathway to
quench the fluorescence of GQDs probes,¢2163 the high affinity of Fe3* to carboxyl
groups leads to a stronger quenching effect and thus to a lower LOD. The performance
of the GQDs-2 for Fe3* detection was found to be superior to other reported GQDs

probes, as shown in Table 3.5, indicating its suitability as probes for optical sensors.
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320 nm laser before (left image) and after Fe3* addition (right image). PL quenching
responses (I/lo) vs. the Fe3* concentration using (b) GQDs-1, (d) GQDs-2, and (f)
GQDs-3 as detection probes. The insets show the linear regression curves used in the
limit of detection (LOD) calculation. GQD, graphene quantum dot; PL,
photoluminescence. Reprinted with permission from Facure et. al.''’, Copyright 2022
Elsevier.

TABLE 3.4: Values of limit of detection and the linear range for Fe3* detection for the
samples GQDs-1, GQDs-2, and GQDs-3.

GQDs-1 GQDs-2 GQDs-3
Limit of Detection (UM Fe3*) 1.72 0.136 1.36
Linear Range (uM Fe3*) 1-10 1-8.75 1-75

TABLE 3.5: Comparison of the Fe3* sensing performance of other works using GQDs.

GQDs Detection limit (uM) Ref.

GQDs 10 164

GQDs 7.22 165

GQDs 0.45 166
N-GQDs 0.09 167
S-GQDs 0.0042 168
GQDs-2 0.136 This work

Although the lowest LOD was observed for the GQDs-2, a wider linear
range was obtained for the GQDs-3 sample, which can be related to its higher QY. For
example, after the addition of 250 nmol of Fe3*, the quenching of the PL intensity for
GQDs-3 was found to be of ca. 70%, while for GQDs-1 and GQDs-2 it was over 90%.
The higher PL intensity of GQDs-3 enabled the acquisition of a wider linear range and
reliable measurements using higher amounts of Fe3*. In this sense, the control and
understanding of the parameters used in the hydrothermal synthesis and the tailoring
of the GQDs structure are of paramount importance for specific applications. In this
case, if the purpose is to detect the lowest amount of Fe3* in aqueous solutions, GQDs-
2 may be more suitable because of the lower LOD and the higher affinity between Fe3*
and the carboxylic functional groups. On the other hand, if the goal is to detect samples
containing Fe3* at elevated concentrations, the QY of GQDs-2 may not be appropriate,

and therefore, GQDs-3 will be the most suitable material for this purpose.
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The selectivity of GQDs-2 and GQDs-3 was tested against several other
metal ions, as shown in Fig. 3.9. The GQDs were found to be highly selective for Fe3*,
even when a mix of metal ions was used as potential interferents. This selectivity was
corroborated by other reports using GQDs as probes.165166.169 The high selectivity of
GQDs toward Fe* may be associated with the greater metal-ligand formation
constants of Fe®* with ligands containing carboxyl groups at neutral and basic pHs. In
this way, GQDs presented the highest affinity and a higher chelating speed of Fe3*
than other metal ions. Such behavior was also reported in other works.170-172
Therefore, a coordinated Fe/GQD complex may be formed, which will promote charge
transfer and inhibit exciton recombination,'63173 thus leading to PL quenching

behavior.
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FIGURE 3.9: PL intensity ratio (lo/l) of GQDs-2 and GQDs-3 for various metal ions and
mixes of metal ions with and without Fe3*. GQD, graphene quantum dot; PL,
photoluminescence. Reprinted with permission from Facure et. al.}'’, Copyright 2022
Elsevier.
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Therefore, by controlling the synthesis parameters, GQDs with specific
characteristics can be produced and used as sensitive and selective probes for Fe3*
detection at distinct concentrations ranges. Furthermore, the tailoring of the GQDs
structure can also be important for other applications. For instance, the performance
of GQDs as enzyme mimicking has been shown to be related to the oxygen functional

groups.t’ Specifically, the carboxylic groups act as binding sites, and the -C=0 groups
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are the active sites for decomposing H202 and generating «OH radicals, while the -OH

groups decrease the catalytic activity of the GQDs.

3.5. Conclusions

In this study, the hydrothermal synthesis' parameters to produce GQDs
with enhanced QY values were optimized using factorial design experiments. The
results indicated optimum values for Cco (2 mg/mL), T (175 °C), and pH (8.0), which
resulted in GQDs with QY of 8.9%. The syntheses did not use any precursor pre-
treatment steps or cutting reagents. The highest QY obtained is comparable or even
superior to other reported GQDs synthesized by more laborious hydrothermal
synthesis. The parameters used showed a significant influence on the GQDs
composition. The QY and the luminescent properties of the materials could be adjusted
by changing the amount of oxygen functionalities present in the GQDs, favoring the
production of GQDs with more hydroxyl or carboxyl groups at their edges. To illustrate
the potential applications, GQDs with distinct compositions were used as optical
probes for selective Fe3* detection. The performance of the various synthesized GQDs
was found to be associated with the functional groups present in the material. A lower
LOD of 0.136 uM was obtained for the GQDs with a majority of carboxylic groups
(GQDs-2), while a wider linear range was observed for the GQDs with higher QY
(GQDs-3). In this way, the role of each synthesis' parameter and its influence on the
GQDs compositions can be used to enhance the QY and tailor the GQDs properties

for varied applications using simpler and optimized chemical routes.
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4.  Chapter Il: Expanded voltage window of MXene/Nanodiamonds

supercapacitors in AlClz electrolyte*

*The content of this chapter is an adaptation of the
article entitled: “Pillaring effect of nanodiamonds
and expanded voltage window of TizC2aTx
supercapacitors in AlCls electrolyte” by M. H. M.
Facure, K. Matthews, R. Wang, R. W. Lord, D. S.
Correa, and Y. Gogotsi, published in Energy Storage

Materials.

Reference: Energy Storage Materials 61 (2023)
102919.17°
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4.1. Abstract

MXenes have demonstrated excellent performance as constituent
materials for supercapacitor electrodes. One of the most outstanding achievements is
the capacitance obtained with 2D TizC2Tx in H2SOa electrolyte, which is related to the
O/OH titanium surface termination redox process. However, the narrow (under 1 V)
potential window of highly acidic electrolytes is a limiting feature for many applications.
In this scenario, materials and electrolytes that produce high capacitance and large
potential windows are highly sought after. Herein, we used nanodiamonds (NDs) to
pillar the TisC2Tx structure and obtain superior capacitive storage in AICls electrolytes.
The pillaring effect prevents the restacking of MXene layers, reducing diffusion
limitations and resulting in a high-rate performance with a capacitance of 235 F/g (561
F/cm?®). The use of 3 M AICIs provided protons that contributed to the capacitance
obtained and allowed an expansion of the potential window to 1.2 V, due to the lowered
activity of water in the electrolyte. The results reflect the need for a proper combination
of electrode architecture and electrolyte formulation while providing a direction for the

exploration of more efficient, safe, and inexpensive supercapacitor devices.

4.2. Introduction

Among the many potential applications of MXenes,? energy storage has
aroused the most interest due to MXenes’ 2D morphology and attractive properties,
such as high electrical conductivity and a large redox-active surface.07112.176.177 Qn
the cell level, the performance of MXenes in energy storage applications depends on
the electrode architecture, surface chemistry, and electrolyte.1%3 Specifically for their
use as supercapacitor electrodes, the highest capacitance values were reported using
TisC2Tx (Tx represents surface terminations such as O, OH, and F) in
H2SO04 electrolyte. Such high performance is mainly attributed to the surface redox
process caused by the intercalation of protons between TisC2Tx layers and the
protonation/deprotonation of the MXene. The intercalated protons react with the O
terminations of MXene and form OH groups, thus changing the Ti oxidation state,
which results in the pseudocapacitive behavior.103-105

To obtain better performance, regarding not only capacitive values but

also higher energy densities at fast rates, an appropriate MXene interlayer distance is
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key to decreasing diffusion limitations and improving the accessibility of ions. In this
regard, spacer materials have been proposed as pillars between the layers, leading to
improved performances.1%>1%8 |n addition to reducing diffusion limitations by creating
fast ion transport pathways, spacers also prevent the usual and undesirable restacking
of the TisC2Ty layers.1%51% Among many alternatives that can be used as pillars
between MXene layers, carbon nanomaterials have shown to be a promising strategy.
For instance, carbon nanotubes,!**17® graphene-based materials’®8 and carbon
dots''® have been employed to prevent the self-restacking of MXene sheets.
Moreover, the synergistic effect obtained by combining MXenes and carbon materials
can result in better performance due to the large surface area, high conductivity, and
chemical stability characteristic of the composites produced.81182

Given the potential of these hybrid structures, the performance of new
combinations of MXenes with carbon nanomaterials not yet explored for use in energy
devices should be investigated. Specifically, the use of 0D nanoparticles is particularly
interesting due to its morphology and size. While 1D and 2D carbon materials may
present difficulties to be inserted between MXene layers, 0D particles can act as pillars
between the layers and occupy a smaller active area on the MXene compared to their
high-dimensional counterparts. In this scenario, the combination of MXenes with
nanodiamonds (NDs) has not yet been explored in supercapacitor electrodes. NDs are
0D particles with an sp? diamond core that may be partially covered by graphitic
or amorphous carbon®3184 and can give rise to improved capacitive energy storage
when combined with MXene. Unlike nanotubes or graphene, NDs are hydrophilic, have
=0 and -OH terminations,’® and can be easily mixed with MXenes in aqueous
solutions, not requiring the use of surfactants.

Although high capacitance values have been obtained with TisC2Tx in
H2SOa4, only relatively narrow potential windows (usually less than 1 V) have been
achieved with this electrolyte.195112.113 \Wjider voltage windows are crucial for obtaining
supercapacitors with superior energy densities (E), since it is proportional to the square
of the voltage (V), according to the formula for a double-layer capacitor:

2
E = % (Eq. 4.1)

in which C is the capacitance.''418 An alternative to expanding the working potential
window is the use of highly concentrated electrolytes. For instance, water-in-salt (WIS)

electrolytes have been shown to suppress oxygen and hydrogen evolution and
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TisC2Tx oxidation. Such behavior is attributed to the lesser amount of free water at
the electrode's surface and its reduced activity, which hinders the electrode's
degradation and the electrolyte's decomposition, leading to a wider potential
window.%3116 However, the use of WIS electrolytes with MXenes generally produces
moderate capacitance values.®®'> Therefore, an electrolyte capable of yielding a
wider stable potential window and high capacitance is highly desirable.

MXenes have been mainly explored in electrochemical systems using
monovalent cations, but there are still limited studies using aqueous multivalent cation
electrolytes.186.187 The multivalent cation electrolytes can lead to higher capacitance
and energy density values.818% Furthermore, some multivalent ions, such as Zn?* and
AR* have a strong Lewis acidic character, providing protons to water, which is
beneficial for obtaining higher capacitance values with TisC2Tx electrodes, as earlier
mentioned. However, using electrolytes containing Zn?* can limit the voltage window
since metal plating occurs under relatively high negative potentials.®® Therefore,
among different multivalent cations, Al®*-containing electrolytes represent an
interesting alternative not yet fully explored with MXenes. Being an abundant metal,
using aluminum in electrolytes can reduce the device fabrication cost while improving
safety and performance. 11192

In this work, we combined for the first time TisC2Tx and NDs to be used
in an electrochemical supercapacitor. The use of NDs as pillaring particles avoided
TisC2Tx layer restacking and reduced diffusion limitations. In addition, the current
collector-free MXene/ND 2D/OD hybrid electrode allowed the use of electrolytes
containing corrosive CI~ anions due to the chemical stability of TisC2Tx and NDs in
chloride solutions. The hybrid material was tested using different multivalent cation
electrolytes (CaCl2, MgCl2, ZnCl2, and AICI3) and the best capacitance values were
obtained in 3 M AICIs. The superior performance relies on the combination of
electrolyte formulation and electrode architecture design. The high capacitance values
obtained were ascribed to the presence of protons in the AlICIs solution. Furthermore,
unlike H2SO4 and HCI aqueous electrolytes, the AICIs concentration can be tailored to

produce quasi-saturated solutions that enable operation in a larger potential window.

4.3. Materials and methods
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4.3.1. Chemicals

The TisAlIC2 MAX phase was obtained from Carbon-Ukraine, Ltd.
Hydrofluoric acid (HF, 48.5-51%, Acros Organics), hydrochloric acid (HCI, 36.5-38%,
Fisher Scientific), and lithium chloride (LiCl, 99%, Acros Organics) were used in the
synthesis and delamination of the MXene. Sulfuric acid (H2SOs4, 98%), calcium
chloride (CaClz, anhydrous, 297%), magnesium chloride (MgClz, anhydrous, = 98%),
zinc chloride (ZnCl2, =2 98%), and aluminum chloride hexahydrate (AlCl3-6H20, 99%)
were obtained from Sigma-Aldrich and used to prepare the electrolyte solutions.
Commercial nanodiamonds (NanoBlox, Inc.) with a particle size of ~4 —5 nm, obtained
by detonation synthesis and acid purification, were used in this study. All the chemicals

were used as received.

4.3.2. TisC2Tx MXene synthesis

The TisC2Tx synthesis was adapted from the procedure described
elsewhere.19! Briefly, 1 g of MAX phase was added into a solution containing 12 mL of
HCI, 6 mL of DI water, and 2 mL of HF. The resulting mixture was stirred for 24 h at 35
°C and 300 rpm. Then, the multilayered MXene was washed through successive
centrifugation cycles until the pH reached a value = 6. The obtained multilayer MXene
slurry was then dispersed in 50 mL of a 0.5 M LICl solution. After stirring the mixture
for 24 h at 35 °C, centrifugation cycles (3500 rpm for 5 min) were performed to remove
the excess of LiCl. The transparent supernatant was discarded until the solution started
to present a black color, indicating the presence of delaminated TisC2Tx, which was
then collected. The collected TisC2Tx solution was concentrated through centrifugation
at 10,000 rpm for 10 min. Before obtaining the films through filtration, the
TisC2Tx solution (2 mg/mL) was probe-sonicated (Fisher FB505) at 250 W and 50%

amplitude for 10 min.

4.3.3. Supercapacitor electrodes production

The electrodes used in the electrochemical measurements were
obtained by vacuum-assisted filtration of the TizC2Tx and TisC2Tx/NDs dispersions in
water (1.5 mg/mL). For the TisC2Tx/NDs films, colloidal dispersions containing 5, 10,
and 30% of NDs in relation to the mass of TisC2Tx (% w/w) were used. They were

prepared by mixing the right volume of a 2 mg/mL dispersion of NDs with a 2 mg/mL
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dispersion of TisC2Tx and adjusting the concentration used in the filtration with DI
water. The mass of MXene was constant for all the films produced. From now on, the
films containing NDs will be referred to as TisC2Tx/NDs-Y%, with Y being the loading
of NDs used.

AC counter electrode films were prepared by mixing 95 wt% of YP50F
(Kuraray, Japan) with 5 wt% of polytetrafluorethylene. The obtained mixture was
dissolved in ethanol and dried overnight. The slurry was then rolled to produce

~100 um thick films, that were punched to obtain films with diameters of 5 mm.

4.3.4. Physicochemical characterization

Transmission electron microscopy (TEM) and the high-resolution TEM
(HR-TEM) images were obtained in a JEOL 2100F microscope operating at 200 kV.
The samples were prepared by drop-casting the MXene and the NDs aqueous
dispersion onto a lacey carbon-coated, Cu grid. Scanning electron microscopy (SEM)
images were obtained using a Zeiss Supra VP50 microscope. Cryo-fracture was
performed with liquid N2 and the fractured films were used to obtain the cross-sectional
images.

X-ray powder diffraction (XRD) analyses were performed with the
vacuum-filtrated films in a Rigaku SmartLab diffractometer, using a 40 kV/44 mA X-ray
source for the 20 range of 3—70°. X-ray photoelectron spectroscopy (XPS) analysis
was performed with the NDs powder in a PHI VersaProbe 5000 instrument (Physical
Electronics) using a 100 ym and 25 W monochromatic Al-Ka (1486.6 eV) X-ray
source. An Evolution 201 (ThermoScientific) spectrophotometer was used in the UV-
vis analysis. The spectrum was collected from 200 to 1000 nm using a quartz cuvette.
A Fisher Scientific Model 505 Sonic Dismembrator was used to sonicate the
TisC2Tx solution. The average flake size measurements of the TisC2Tx were performed

in a Malvern Panalytical Zetasizer Nano ZS using a polystyrene cuvette.

4.3.5. Electrochemical characterizations

Swagelok cells were used in all electrochemical experiments. The
TisC2Tx and TisC2Tx/NDs films were used as working electrodes, Ag/AgCI (for the
chloride electrolytes) and Hg/Hg2SOa4 (for H2SO4) as the reference electrodes, and
activated carbon (AC) as the counter electrode. The working electrodes were prepared
by punching discs with diameters of 3 mm from the MXene vacuum-filtrated films. To
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calculate the specific and volumetric capacitances, the discs were weighted using a
Mettler Toledo UMX2 microbalance and had their thickness measured with a digital
micrometer. Unless otherwise stated, all the results were obtained using electrodes of
~1 mg/cm?. Glassy carbon electrodes were used as current collectors in the
three electrodes cell and Celgard (25 ym thick 3501 polypropylene membrane) was
used as the separator between the counter and the working electrodes.

All the electrochemical experiments were performed using a
VMP3 potentiostat (BioLogic) at room temperature. The gravimetric specific
capacitance (C) was calculated using the anodic peak in the cyclic voltammograms
(CVs) using the following equation:
[idt
mv’

C =

(Eq. 4.2)

where i is the current measured as a function of time (t), m is the mass of the working
electrode used, and V is the voltage window.®3
The kinetics of the electrode charging was determined by calculating

the b value in the equation:

i, =av’, (Eq. 4.3)

where a and b are adjustable parameters, ip is the anodic peak current, and v is the
scan rate.!4

The electrochemical impedance spectroscopy (EIS) measurements
were carried out by sweeping the frequency from 500 kHz to 0.1 Hz at an amplitude of
10 mV.

4.4. Results and discussion

4.4.1. Materials characterization

TEM images were used to characterize TisC2Txand the NDs.
TisC2Tx flakes with a few micrometers in size are shown in Fig. 4.1a. The flakes are
uniform with no apparent defects on their surface and present well-defined edges. The
HR-TEM image (Fig. B1a) corroborates with the high-quality MXene synthesized. The
selected area electron diffraction (SAED) pattern (Fig. B1b) shows the hexagonal
atomic structure. The TEM analyses confirm the success of synthesizing high-quality

and crystalline MXene.'* In Fig. 4.1b we observe an agglomerate of NDs and isolated
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NDs particles around it. Fig. 4.1c shows the high-resolution TEM image of a few NDs
particles, revealing crystalline diamond cores surrounded by small regions

of amorphous carbon. 184194
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FIGURE 4.1: Transmission electron microscopy (TEM) images of (a) TisC2Tx and (b)
nanodiamonds (NDs). (c) High-resolution TEM image of a few ND particles. (d) C 1s
X-ray photoelectron spectroscopy (XPS) spectrum of the NDs. (d) X-ray diffraction
(XRD) patterns of the TisC2Tx and TisC2Tx/NDs hybrid films. Reprinted with permission
from Facure et. al.1”>, Copyright 2023 Elsevier.

The XPS survey spectrum of the NDs (Fig. B2) shows peaks related to
the presence of C, O, and N on the NDs’ surface. The atomic quantification was
estimated to be 87.3% of C, 12% of O, and 0.7% of N. The high-resolution C 1s
spectrum (Fig. 4.1d) presents a fitted peak centered at 285.3 eV. The XPS data were
fitted by three peaks, centered at 285.0, 285.8, and 287.2 eV. The peaks at 285.0 and
285.8 eV can be respectively ascribed to sp?- and sp3-hybridized carbon, while the
peak at 287.2 eV is attributed to C—N and defects on the NDs’ surface.® The first two
peaks represent 93.5% of the fitted data (54.7% of sp? carbons and 39.0% of
sp? hybridization) and the peak related to C—N and defects represents only 6.3%.
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The XRD pattern of the TisAlC2 MAX phase used to synthesize the
TisC2Tx is shown in Fig. B3a. After MXene synthesis, many of the MAX phase
crystallographic peaks vanish, and the resulting vacuum-filtrated MXene film pattern
presents only the (00l) peaks, confirming the synthesis of the TizC2Tx.1% The UV-vis
spectrum of the obtained TisC2Tx solution (Fig. B4a) shows a plasmonic peak around
770 nm, a peak at 320 nm, and a shoulder centered at 265 nm, also confirming the
successful synthesis of the TizC2Tx MXene.'%! In order to enhance ion accessibility and
improve the electrochemical performance of the materials, the size of the
TisC2Ty flakes was reduced using probe-sonication.*31%7 The dynamic light scattering
(DLS) technique was used to evaluate the reduction of the MXene flakes’ average size.
Despite the assumption made by the DLS technique that particles are spherical, which
does not hold true for 2D MXene layers,'% researchers have still utilized DLS to
evaluate changes in the MXenes patrticle size.1%81% Fig. B4b shows that the average
size of the flakes was reduced from 615 to 220 nm after 10 min of sonication.

MXene and NDs dispersions were used to obtain the hybrid films by
vacuum filtration. A cross-sectional SEM image and a digital picture of the obtained
flexible free-standing TizsC2Tx/NDs-10% film are shown in Fig. B5. The cross-sectional
image (Fig. B5a) shows the layered structure of the TisC2Tx/NDs-10% film which is
similar to the morphology observed in other reported MXene films,10186 showing that
the incorporation of the NDs did not impair an orderly stacking of MXene flakes during
vacuum filtration. XRD was used to further characterize the structure obtained in the
vacuum-filtrated films. The XRD patterns in Fig. 4.1e show that the films containing the
NDs presented the same profile, with the presence of only (00l) peaks. Incorporating
the NDs changed the (002) peak position, width, and intensity (Fig. B3b), which shows
that the NDs were successfully intercalated between the MXene layers. In the
TisC2Tx/NDs-5% film, the (002) peak is centered at 20 =5.1°, indicating that the
average d-spacing increased from 13.8 A (26 = 6.4° for the TisC2Tx film) to 17.3 A. The
TisC2Tx/NDs-10% film presented little variation in the position of the (002) peak,
compared to the film without NDs, of only 0.2°, while the (002) peak of the TizC2Tx/NDs-
30% film is located at 26 = 7.4°. In terms of intensity, only the TisC2Tx/NDs-10% film
presented a (002) peak with a higher intensity than the TisC2Tx film. The lower
intensities indicate a fewer number of flakes aligned in the out-of-plane direction.®® In
addition, all the films containing NDs presented broader (002) peaks. The full width at
half-maximum (FWHM) values for the TisC2Tx/NDs-5% and TisC2Tx/NDs-30% films
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were 1.2° and 3.5°, while the TizC2Tx/NDs-10% presented a closer FWHM value (0.9°)
when compared to the film without NDs (0.7°). The broader peaks indicate a wider
distribution of the d-spacing.?®® The broader peaks in the films containing 5% of NDs
may be ascribed to the lower amount of NDs inserted only between some particles,
leading to a nonuniform spacing, while for the TisC2Tx/NDs-30% films, clustering of the
NDs and an over-occupation of sites led to a restacking disorder. In contrast, a narrow
distribution of the d-spacing was obtained in the sample containing 10% of NDs,
showing that this amount is more suitable to provide a regular d-spacing. The XRD
results show that the use of 10% NDs loading, despite not significantly altering the d-
spacing of MXene, presented a more homogeneous lamellar structure, with greater

flake alignment, matching the pristine film.

4.4.2. TisC2Tx/NDs as supercapacitor electrode

To evaluate the performance of the hybrid material as a supercapacitor
electrode, different multivalent cation electrolytes were used. The TisC2Tx/NDs-10%
electrode was tested in 5 M CaClz, 3 M MgClz, 10 m (mol/kg water) ZnClz, and 3 M
AICIs, besides the standard 5 M LiCl. The multivalent cation electrolytes were prepared
in close-to-saturation concentrations to reduce side reactions by lowering the amount
of free water at the electrode's surface.

As seen in Fig. 4.2a, the CV profile obtained for TizC2Tx/NDs-10% in 3 M
AICI3 shows cathodic and anodic peaks with little separation in the region from -0.4 to
-0.8 V vs Ag/AgCI (the potentials in this study were recorded using an Ag/AgCl
reference electrode, unless otherwise specified), resembling the CV with signature
redox peaks of TizC2Tx in acidic media.'12113 Since 3 M AICls gives rise to a very acidic
solution (pH < 1), these peaks can be ascribed to the intercalation of H+ between the
MXene layers, which leads to surface redox reactions.1°41% The CV for 10 m
ZnClz2 shows smaller anodic peaks between -0.3 and -0.6 V. The smaller peaks
observed in the CV for 10 m ZnCl2 can also be ascribed to the presence of protons
since the pH of the electrolyte was found to be 1.1. To obtain the full contribution of
protons intercalation with ZnCl2, more negative potentials should be tested. However,
zinc plating occurs at potentials lower than -0.7 V (Fig. B6a), which limits the
exploration of Zn-containing electrolytes in larger potential windows.'®® Rectangular
CV shapes, characteristic of double-layer capacitors, were observed in the non-acidic

electrolytes (LiCl, CaClz, and MgClz with pH of 5.2, 8.9, and 7.2, respectively), in which
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no peaks were observed. Because of protons intercalation and the resulting surface
redox process, the highest capacitance was obtained using 3 M AICls (235 F/g and
561 F/cm? at 2 mV/s), as shown in Fig. B6b.
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FIGURE 4.2: Electrochemical performance of TisC2Tx/NDs as a supercapacitor
electrode. Cyclic voltammograms (CVs) for TisC2Tx/NDs-10% in (&) 5 M LiCl, 5 M
CacClz, 3 M MgClz, 10 m ZnClz, and 3 M AICIs, (b) in AICI3 with different concentrations
(2M, 3 M, and 4 M), (c) in 3 M AIClz, 3 M HCI, and 3 M H2S0O4 (the potentials for H2SO4
were converted from Hg/Hg2SO4 to Ag/AgCI), and (d) for TisC2Tx and TisC2Tx/NDs
hybrids with different NDs loadings (5, 10, and 30%). All the CVs were collected at 2
mV/s. Reprinted with permission from Facure et. al.1’®, Copyright 2023 Elsevier.

The effect of AIClsz concentration was also investigated using the
TisC2Tx/NDs-10% (Fig. 4.2b). The 2 and 4 M electrolytes presented specific
capacitances of 196 and 204 F/g, respectively. We believe that the inferior values
obtained are related to the fewer protons in the 2 M AICIs and an inferior amount of
water available in the 4 M electrolyte compared to the 3 M concentration. Shao et al.
demonstrated that confined H20 molecules between TisC2Tx layers play a pivotal

role in the charging storage mechanism in acidic media.®? The water molecules help
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the formation of a hydrogen bond network that enables fast kinetics by charge
compensation through high-rate diffusion of H" and favoring the Ti redox reactions,
which leads to higher capacitance values. Also, the 4 M concentration presents higher
viscosity, which hinders the ions’ accessibility to the TisC2Tx surface. In conclusion, the
3 M electrolyte presents the right tradeoff between protons and water molecules, giving
rise to high capacitance values and preventing side reactions, thus enabling the
exploration of wider voltage windows.

Since the capacitance obtained using AICls can be attributed to the
presence of protons, the TisC2Tx/NDs-10% electrode was also tested in 3 M HCI and
3 M H2SO4 for comparison. It can be seen from Fig. 4.2c that the peaks related to the
H* intercalation in the acidic electrolytes presented higher intensities when compared
to those obtained in 3 M AICls. Consequently, the capacitance values obtained in 3 M
HCI (311 F/g) and 3 M H2S0O4 (301 F/g) were also higher than the capacitance for AICls.
As discussed above, the water plays a role in increasing the capacitance obtained by
providing a hydrogen bond network that leads to enhanced diffusion of protons.®?
Based on that, in comparison with the 3 M AICls electrolyte, the superior capacitance
values obtained in HCI and H2SO4 can be mainly ascribed to the higher availability of
water molecules in these electrolytes. Other factors can slightly contribute to the
enhanced capacitance, such as lower viscosity and high ionic conductivity, but with a
much inferior effect than the water availability difference. However, the potential
windows obtained for HCl and H2SO4 are only 0.8 V, while the voltage window for 3 M
AlIClz was 1.2 V (from -0.9 to 0.3 V). Exploring a broader potential window in AICls is
possible because a close-to-saturation concentration can be obtained, which lowers
the activity of water by hindering parasitic side reactions.®3116 Thus, on one hand, the
lower amount of water leads to a slight decrease in the obtained capacitance value,
but on the other hand, it gives rise to larger potential windows. Therefore, the use of
AICIs represents the advantage of using an electrolyte that contains protons, which
gives rise to high capacitance values and, at the same time, allows the manipulation
of its concentration to obtain larger potential windows, which is important to achieve
higher energy densities.

To evaluate the effect of the NDs in the capacitance obtained, CV
measurements were performed using the pure TisC2Tx and the hybrid films (Fig. 4.2d).
The specific capacitance values obtained for TisC2Tx, TisC2Tx/NDs-5%, and
TisC2T«/NDs-30% were 111 F/g, 62 F/g, and 196 F/g at 2 mV/s, respectively.
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Therefore, using 10% of NDs increased the capacitance of TisC2Tx by over 110% in
3 M AICls. The performance enhancement can be mainly attributed to the structure
obtained with the NDs acting as pillars between MXene layers, which avoided
restacking of the layers, reduced diffusion limitations, and improved proton
accessibility to the MXene surface.

The capacitance obtained for the hybrids containing 5 and 30% of NDs
are smaller than the capacitance obtained for the film containing 10% (235 F/g). The
lower capacitance for the film containing 5% of NDs can be related to the insufficient
amount of NDs used, which was unable to efficiently act as pillars in the
TisC2Tx structure during electrochemical measurements, as schematically illustrated
in Fig. 4.3. Also, since NDs are non-conductive nanomaterials,’® at high
concentrations, their presence decreased the electrical conductivity of the electrode,
which hampered its performance and led to a capacitance even lower than that of the
pure MXene film. As a consequence, smaller peaks related to the proton intercalation

and redox reactions at the MXene surface were observed in the correspondent CV.

Ti,C,T /NDs-5%
2 -

Ti,C,T /NDs-10%
e o o o

Ti,C,T /NDs-30%
000000000000

Ti3C2TXZ NDs: .

FIGURE 4.3: Schematic illustration of the MXene Ilayers restacking during
electrochemical measurements using different amounts of NDs. The amount of NDs
used in the TisC2Tx/NDs-10% and TisC2Tx/NDs-30% is sufficient to avoid the restacking
of the sheets, which is not the case for TisC2Tx/NDs-5% film. Reprinted with permission
from Facure et. al.1’®, Copyright 2023 Elsevier.

The performance of the TisC2Tx/NDs-30% film was higher than the films

containing 5% NDs and the pure MXene film due to the pillaring effect obtained by
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using 30% of NDs. However, when compared to the performance obtained with the
TisC2T«/NDs-10% film, the slightly inferior capacitance obtained with the films
containing 30% of NDs can be ascribed to the less electrically conductive structure
obtained using more NDs. For instance, the electrical conductivity of the TisC2Tx film,
~10,100 S/cm, decreased to ~4700 S/cm and ~2400 S/cm for the films with 10% and
30% NDs, respectively. The CVs for the films containing 10% and 30% of NDs are very
similar in shape, presenting defined peaks related to the pseudocapacitive process
derived from the H*intercalation. These results indicate that a similar extension of
TisC2Tx structure opening is achieved when using 10 and 30% of NDs (as shown
in Figs. 4.1e and B3b) and that these amounts are sufficient to avoid the restacking of
MXene sheets, as illustrated in Fig. 4.3. In this way, 10% NDs is sufficient to obtain the
pillaring effect on the TisC2Tx layers and avoid their restacking, while the use of a higher
amount led to a decrease in the film's electrical conductivity, which in turn reduced the
capacitance value obtained.

Fig. 4.4a shows the CVs obtained with TisC2Tx/NDs-10% in 3 M AICIs at
different scan rates, from 2 to 1000 mV/s. With the increase in the scan rate, the peaks
become less defined due to the sluggish kinetics at high rates. The
chronoamperometry data (Fig. B7) shows that -0.9 V is the maximum negative
potential for TisC2Tx/NDs-10% in 3 M AlCls, indicating negligible contributions from
parasitic reactions in the 1.2 V potential window used.*® The capacitance comparison
of the TisC2Tx electrodes containing different amounts of NDs at varied scan rates is
shown in Fig. 4.4b. TisC2Tx/NDs-10% and TisC2Tx/NDs-30% presented higher
capacitance values at all tested scan rates when compared to the TisC2Tx and
TisC2Tx/NDs-5% electrodes, reflecting the beneficial effect of using NDs as pillars of
the MXene framework. For example, the gravimetric capacitance of the TisC2Tx/NDs-
10% at 100 (140 F/g) and 1000 mV/s (61 F/g) is 259 and 306% higher than that
obtained for TisC2Tx at the same scan rates. The better performance of the
TisC2Tx/NDs-30% film at higher scan rates can be related to improved electrolyte
access to the MXene. The capacitance retentions (Fig. B8) at 1000 mV/s of the
TisC2Tx/NDs-10% and TisC2Tx/NDs-30% electrodes were found to be 26% and 42%,

respectively, while for TisC2Tx it was 13%.
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FIGURE 4.4: (a) Cyclic voltammograms (CVs) for TisC2Tx/NDs-10% in 3 M AICI3 at
different scan rates (2, 5, 10, 20, 50, 100, 200, 500, and 1000 mV/s). (b) Gravimetric
capacitance at different scan rates and (c) EIS for TisC2Tx and TisC2Tx/NDs electrodes
collected at the open circuit potential (OCP) in 3 M AICIs. The inset in (c) shows the
EIS data collected in the high-frequency region. (d) Determination of the b value from
the slope of the log of the anodic peak current (Ip) vs the log of the scan rate (v) from
2 to 100 mV/s in 3 M AICls. (e) Galvanostatic charge-discharge (GCD) curves of
TisC2Tx/NDs-10% in 3 M AICIs at current densities of 1, 2, 5, and 10 A/g. (f)
Capacitance retention and coulombic efficiency of TizC2Tx/NDs-10% in 3 M AICls over
5000 cycles at 100 mV/s. The inset shows the CVs for TizsC2Tx/NDs-10% in 3 M AICl3
at the 1st, 5th, 1000th, and 5000th cycles. Reprinted with permission from Facure et.
al.1’>, Copyright 2023 Elsevier.
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The electrochemical performance of TisC2Tx films at high scan rates is
highly dependent on ion diffusion.''® To evaluate the diffusion contribution in each
case, EIS characterization was performed. The Nyquist plots obtained (Fig. 4.4c) show
nearly vertical lines at low frequency for TisC2Tx/NDs-10% and TisC2Tx/NDs-30%, while
curves with smaller slopes are observed for TisC2Tx and TisC2Tx/NDs-5%. The results
show that diffusion is highly favored in the samples containing higher amounts of NDs
(10% and 30%), while the inferior performance of TisC2Tx and TisC2Tx/NDs-5% can be
ascribed to the restacking of the MXene layers. Thus, the higher capacitance values
and the better high-rate performance can be ascribed to the ion pathway optimization
obtained when using NDs as pillars of the TisC2Tx layers. The EIS data is also in
accordance with the CVs obtained for each electrode (Fig. 4.2d), as discussed
previously.

Given the highest capacitance value obtained with TisC2Tx/NDs-10% in
3 M AICIs, the system was further characterized. The slope (b value) of the curve
obtained from the logarithm of the anodic peak current (Ip) vs the logarithm of the scan
rate was calculated (Fig. 4.4d). From 2 to 100 mV/s, a b value of 0.73 was obtained,
indicating a contribution of both surface- and diffusion-controlled kinetics.'# The
electrochemical impedance spectra obtained at different potentials (Fig. B9) also
indicate the contribution of these two processes. When the impedance was collected
at 0.2 V, a potential in which the charge storage arises mainly from the electrical
double-layer capacitance, the slope in the low-frequency range is almost vertical,
indicating high diffusion and surface-controlled kinetics. When the impedance is
recorded at -0.6 V, a region in which there are peaks in the CVs related to the redox
reactions from proton intercalation, the slope of the curves at low frequencies
decreases. This behavior suggests a diffusion-controlled process and a
pseudocapacitive charge storage mechanism at this potential range. As stated above,
the contribution of both processes reflects the b value obtained.4

The galvanostatic charge-discharge (GCD) curves for TisC2Tx/NDs-10%
in 3 M AICls at different current densities are shown in Fig. 4.4e. The GCD profiles
obtained are characteristic of pseudocapacitive materials,** in accordance with what
was observed in the other characterizations performed (CVs and b value). The
Coulombic efficiency at 1 A/g was found to be 96.5%. As shown in Fig. 4.4f, the
TisC2Tx/NDs-10% electrode presented high stability, retaining 94% of the capacitance

after 5000 cycles at 100 mV/s and presenting a coulombic efficiency close to 100%
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over all cycles, confirming the absence of parasitic reactions. The stability results show
that the use of NDs as pillars is effective in avoiding the restacking of the MXene layers,
creating sustainable ion diffusion pathways, and contributing to the high stability of the
material to be used in long-term cycling.

Commercial supercapacitors are constituted of electrodes with areal
loading of about 10 mg/cm?.2°1 To evaluate the performance of the TisC2Tx/NDs-10%
at higher mass densities, an electrode of 8.3 mg/cm? was used. Fig. B10 shows the
CVs obtained in 3 M AICls at different scan rates. It is possible to see the peaks related
to proton intercalation at low scan rates. The capacitance of the high-density film was
92.3 F/g at 2 mV/s, ca. 40% of the capacitance obtained with the 1 mg/cm? film. These
results show that even at high mass loadings, the pillaring effect of the NDs is still
observed, which enables the use of thicker electrodes in AIClz and other acidic

electrolytes.

45. Conclusions

In this work, hybrid supercapacitor electrode films were obtained using
TisC2Tx and nanodiamonds. It was shown that the NDs acted as pillars between the
MXene layers, which enabled the use of the hybrid electrodes in AICIs electrolyte,
providing high capacitance values and superior high-rate performance. The obtained
capacitance was attributed mainly to the H* redox reaction with O terminations. In
comparison to the pure TisC2Tx film, the excellent performance of the TizC2Tx/NDs-
10% is due to the pillaring effect that effectively prevented the restacking of the MXene
sheets. Furthermore, the use of 3 M AICls, in addition to providing protons that led to
high capacitance values, also expanded the potential window. It was possible due to
the concentration used that reduces the availability of water, avoiding side reactions
under extreme potentials. This system can also be explored in future works to deeply
investigate the performance of a full-cell supercapacitor and the device's energy
density. The results presented here show that high capacitance values can be obtained
without using electrolytes which are limited in the potential window, giving rise to higher
energy densities while retaining high power density. Also, other types of MXenes and
electrolytes can be further explored using NDs in the search for even better

performances.
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5. Final remarks and Future Perspectives

In this thesis, different nanomaterials were rationally synthesized for
optimizing their performance as sensors and supercapacitor electrode. Specifically, in
the first work, GQDs hydrothermal synthesis was systematically studied aiming to
obtain higher QY values and more in-depth knowledge about the relationship of the
synthesis parameters with the GQDs properties. The GQDs were then used in
fluorescence sensing of Fe3* ions, which helped to understand the performance of the
tested materials. A few remarks about the results obtained can be highlighted:

. The use of factorial designs to study the GQDs hydrothermal synthesis
led to a condition in which an optimized QY value was obtained by using a simpler
hydrothermal synthesis route compared to those previously reported in the literature;

. The characterization of the synthesized GQDs enabled the
understanding of the influence of the synthesis parameters on the GQDs properties;

. By obtaining GQDs with different features, Fe3* detection could be

performed with different sensitivity and linear range.

In the other work, TisC2Tx MXenes were combined with nanodiamonds
which acted as pillars between the MXene layers and enabled the achievement of high
capacitance values, good high-rate performance, and large potential window in AICl3

electrolyte. Here, we can highlight that:

. The study of the appropriate amount of NDs to use as pillars between the
MXene sheets led to an optimized value that resulted in high proton diffusion and in a
good performance as a supercapacitor electrode;

. The use of 3 M AICIs also shown to be appropriate to provide the right
balance between protons, that contributed to the pseudo-capacitance mechanism, and
water, that contributed to the enhancement of the capacitance;

. The electrolyte also enabled the use of a relatively large potential window

due to its high concentration.

In summary, the results presented here illustrate that by investigating and
rationally designing customized nanomaterials, one can achieve devices with
enhanced performances for a given application.

In terms of future works, the results presented here enable the tailoring

of the GQDs properties for other applications due to the knowledge acquired regarding
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how syntheses influence the properties and composition of this material. For instance,
the performance of the GQDs when used as nanozyme for sensing, in catalysis, and
as adsorbent can be optimized since it is very influenced by the functional groups
present on the material’s surface, which in turn, can be tailored by the synthesis
conditions. Also, the results obtained suggest that other nanomaterials can be explored
in combination with MXenes, as well as other electrolytes can be investigated for
supercapacitor devices with enhanced properties. Also, MXenes show high potential
to be further explored in other several applications, such as in printable electronics,

sensing, and environmental remediation.
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23 Factorial Design using Cco, T, and pH as parameters:

QY = —5.70111 + 22.74444 C,, — 5.77778 C2, — 0.61333 pH — 0.07967 T +
0.00733 pH T (Eq. Al)

22 Factorial Design using T and pH as parameters:

QY = 8.21250 — 0.16240 T — 2.78226 T2 — 0.64826 pH + 0.45505 pH T (Eq. A2)

TABLE Al: Comparison of quantum yield (QY) of GQDs obtained by hydrothermal
synthesis using GO as precursor.

Precursor pretreatment g:;enn% QY (%) Ref.
Thermal decgi%;f}g?]n and acidic None 6.9 Al
Thermal reduction and acidic oxidation None 7.5 A2
None KO2 8.9 A3
None H20:2 4.6 A4
None H202 6.99 A5
None H202 5.3 A6

None None 8.9 This Work

TABLE A2: Comparison of quantum yield (QY) of modified GQDs.

Synthesis Method GQDs modification QY (%) Ref.
Hydrothermal S-doping 51 A7
Hydrothermal S-doping 53 A8
Hydrothermal N-doping 49.8 A9
Solvothermal N-doping 74 Al10
Hydrothermal B-doping 16.8 All
Hydrothermal Cl-doping 6.2 Al2
Hydrothermal S, N co-doping 71 Al3

Solvothermal B, N co-doping 36.5 Al4
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Microwave treatment F, S, N co-doping 70 Al5

Hydrothermal Surface passivation by PEG 28 Al6
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FIGURE Al: (a-b) TEM images, (c) histogram of the size distributon of GQDs, and (d)
high-resolution TEM image of an individual GQD with the in-plane lattice spacing.

TABLE A3: XPS analysis of GQDs-1, GQDs-2, and GQDs-3.

GQDs-1 GQDs-2 GQDs-3

Binding .. Binding .. Binding .
Peak Energy Cont(r(;z)utlon Energy Cont(rol/i))utlon Energy Cont(roiz)))utlon

(eV) (eV) (eV)

C=C/C—C 283.8 47.57 283.8 47.77 284.0 48.56

C-O 284.8 29.11 284.8 33.59 284.9 29.02

C=0 287.3 23.32 287.2 18.64 287.6 22.41
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FIGURE A3: FTIR spectra of GQDs synthesized (a) varying the pH at a fixed
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FIGURE A5: PL intensity emission of GQDs-1, GQDs-2, and GQDs-3 at different pH
values.
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FIGUE B1. (a) Highreolutlon M |mge and (b) Selected Area Electron Diffraction

(SAED) pattern of TisC2Tx.
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FIGURE B2. XPS survey spectra of the NDs powder.
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FIGURE B3. (a) XRD patterns for TisAIC2 MAX phase and TisCzTx film. (e) 002 peak
of the XRD patterns of TizC2Tx and TisC2Tx/NDs films.

a Ti,C,T b Without sonication
2.0 * é 604 After sonication ”615 -
S 3
g 1 5 T E 40 1
:
0 =
1.0 = 220 nm
< g 20-
Q
£
0.5 0
200 400 600 800 1000 100 1000

Wavelength (nm) Hydrodynamic diameter (nm)

FIGURE B4. (a) UV-vis spectrum of TisC2Tyx dispersion. (b) Dynamic Light Scattering
(DLS) measurements showing the average flake size of the TisC2Tx before and after

probe sonication for 10 min.

FIGURE B5. (a) Cross-sectional image of the TisC2Tx/NDs-10% film and (b) digital
image of the free-standing flexible vacuum filtrated TizC2Tx/NDs-10% film. The film has

a diameter of 4 cm.
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FIGURE B6. (a) Cyclic voltammogram for TizC2Tx/NDs-10% in 10 m ZnClz showing the
metal’s plating at negative potentials. The CV was collected at 20 mV/s. (b)
Comparison of the electrochemical performance (at 2 mV/s) of TisC2Tx/NDs-10% as a
supercapacitor electrode in 5 M LiCl, 5 M CaClz, 3 M MgClz, 10 m ZnClz, and 3 M AICls.
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FIGURE B7. Chronoamperometry data collected at different potentials in 3 M AICls,
showing that -0.9 V is the maximum negative potential of the safe voltage window. The
reference electrode used was Ag/AgCl.
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Rational hydrothermal synthesis of graphene quantum dots with optimized luminescent
properties for sensing applications
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Publisher: Elsevier

Date: March 2022

Journal Author Rights
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Figure C1: Permission to use the article “Rational hydrothermal synthesis of graphene
guantum dots with optimized luminescent properties for sensing applications”.

Pillaring effect of nanodiamonds and expanded valtage window of Ti3C2T x supercapacitors in
AICI3 electrolyte

Author: Murilo H.M. Facure,Kyle Matthews,Ruocun Wang.Robert W. Lord,Daniel S. Correa, Yury Gogotsi

Publication: Energy Storage Materials

Publisher: Elsevier

ELSEVIER Date: August 2023
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Journal Author Rights
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rights, please visit: https://www.elsevier.com/about/our-business/policies/copyright#Author-rights

Figure C2: Permission to use the article “Pillaring effect of nanodiamonds and
expanded voltage window of TisC2Tx supercapacitors in AlCl3 electrolyte”.
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Figure C5: Permission to use figures from the article “Two-Dimensional Transition
Metal Carbides”.



