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RESUMO

Resumo

Dots de Carbono fazem parte da classe de nanomateriais zero-dimensionais que sao
importantes para varias aplicacGes na inddstria de nano sensores, componentes fotoeletrénicos,
na medicina e armazenamento de energia. Esses materiais ganharam espaco devido a sua sintese
facil e barata, suas propriedades Oticas e excelente fotoluminescéncia. Neste contexto, o
enriguecimento com nitrogénio nesses Dots pode melhorar ainda mais essas propriedades, e ja
foi mostrado que ele é capaz de mudar a estrutura interna e a superficie desses materiais,
caracterizando os bem conhecidos Dots de Carbono Enriquecidos por Nitrogénio (N-CDs).
Nesse trabalho, a estrutura dos N-CDs enquanto dispersos em meio aquoso foi investigada
usando Espalhamento de Raios-X a Baixo Angulo (SAXS) realizados em sincrotron e
Espalhamento de Luz Dindmico (DLS), discutindo o importante fendbmeno de agregacdo que
ocorre nesse sistema. Os resultados mostram que a quantidade de nitrogénio dentro dos N-CDs
induz a formacdo de dois tipos de morfologia: fractais de massa para altas concentracfes de
nitrogénio e fractais de superficie para baixas concentracfes de nitrogénio nos N-CDs. Além
disso, um sistema complexo e hierarquico de agregados foi identificado nas dispersdes de N-
CDs, que sdo todos estaveis nas trés condi¢bes de pH aqui consideradas: 2, 7 e 12. Os resultados
foram interpretados usando a estrutura inicial do p6 de N-CDs que foi investigado usando
Difracdo de Raio-X (XRD), Microscopia de transmisséo eletronica de alta resolucdo (HRTEM)
e SAXS, além dos mecanismos de carga da superficie que esses N-CDs tem. Os resultados sdo
importantes para o melhoramento das Aplicagfes dos N-CDs, pois a relacdo entre as

propriedades estruturais e Gticas/eletrénicas ainda ndo sdo claras para esse sistema.

Palavras-chaves: Dots de Carbono, Dots de Carbono Enriquecidos por Nitrogénio,
Espalhamento de Raios-X a Baixo Angulo, Fractais de Massa, Fractais de Superficie,
Estabilidade coloidal.






ABSTRACT

Abstract

Carbon dots are a class of 0-dimensional hanomaterials important for many applications
such as nanomaterials for industry nanosensors as optoelectronic components, in the medical
field, and in energy storage. They have gained space in the scientific community for their easy
and cost-effective synthesis, optical properties, and outstanding photoluminescence. For this
matter, carbon dots with nitrogen enrichment have been shown to change the inner and surface
structures of the carbon dots, characterizing the well-established nitrogen-rich carbon dots (N-
CDs). In this work, the structure of the N-CDs dispersed in an aqueous medium was
investigated by using synchrotron Small-Angle X Ray Scattering (SAXS) and Dynamic Light
Scattering (DLS), discussing the important phenomenon of aggregation that occurs in this
system. The results show that the nitrogen content inside the N-CDs leads to two-types of
morphology: mass fractals for high-nitrogen enrichment and surface fractals for low-nitrogen
enrichment. Furthermore, complex and hierarchical aggregates were identified in the dispersion
of N-CDs that are all stable in the pHs considered here: 2, 7, and 12. The results were
interpreted using the initial structure of the N-CDs powders, which were initially investigated
using X Ray Diffraction (XRD), High Resolution Transmission Electron Microscopy (HRTEM),
and SAXS, as well as the surface charge mechanism that these N-CDs have. The results found
can be helpful in enhancing the N-CDs applications since the relationship between the structural

and optical/electronic properties is still not clear.

Keywords: Carbon-dots, Nitrogen-rich Carbon Dots, Small-angle X Ray Scattering, Mass
Fractal, Surface Fractal, Colloidal Stability.
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CHAPTER 1. INTRODUCTION

1. Introduction

Carbon dots are fascinating and very appealing materials due to their biocompatibility
[1,2], tunable photoluminescence [3,4], cost-effective manufacturing [5], and environmentally
friendly nature [6,7], propelling them as important nanomaterials for industry nanosensors [8,9],
as optoelectronic components [10,11], in the medical field [12-15], and in energy storage [16].
This nanomaterial can be easily synthesized through either top-down or bottom-up routes that
can use a wide variety of raw materials as synthesis precursors [17,18] and doping agents in
their structure [19,20]. Consequently, three primary types of carbon dots can be formed:
graphene quantum dots, carbon quantum dots, or carbonized polymer dots. In particular, carbon
guantum dots (CDs) are described as 0-dimensional, quasi-spherical carbon-based nanoparticles
with a small size of less than 10 nm that are water-soluble, have quantum confinement effects,
and whose core structure contains a mixture of sp?and sp® carbons. Both their low crystallinity
core and surface groups can be modified to meet specific applications. For the past decade, their
synthesis and applications have been the focus of intense research [21,22].

Even though this novel material has gained so much space in the scientific community,
some of their properties, especially their photoluminescence (PL), have not been completely
understood, and the mechanisms behind them are still under debate, since factors such as the
CDs nanoparticle size, their surface groups, and their core structure seem to all influence
simultaneously their PL emission [23-25]. More recently, Ru et al. [26] drew attention to the
important phenomenon of aggregation that occurs to CDs when they are synthesized and did a
thorough discussion on various synthesis routes and their impact on the formation of the CDs
nanoparticles/aggregates, a topic that has received comparatively far less attention them their
PL. The discussion of their structural characteristics and morphology is very important since
biomedical applications require that the CDs have a well-defined structure, especially in the
environment where most of their applications are considered, i.e., while they are dispersed. This
lack of clarity has inhibited a systematic improvement of the CDs applications since the

relationship between the structural and optical/electronic properties are still not clear.

Nevertheless, reasonable progress has been made in establishing a correlation between
the PL and the aggregation phenomenon in CDs dispersions with the introduction of
Aggregation-Induced Quenching (AlQ) and Aggregation-Induced Emission (AIE) discussions
in CD systems, a common topic in the study of the PL of organic luminophores [27]. To begin
with, AIQ is the process that occurs for most CDs systems and is related to how the PL emission
in high concentrations of fluorophore can effectively be reduced due to quenching and
reabsorption effects [28], a phenomenon that can be mitigated by controlling the synthesis

process with the introduction of new surface groups [29] and embedding the CDs in a suitable
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CHAPTER 1. INTRODUCTION

matrix [30,31]. On the other hand, CDs with AIE have a strong emission in aggregate form [32],
and more notably, Liu et al. [33] prepared CDs with tannic acid and showed that if dispersed in
tetrahydrofuran, their PL intensity increased linearly with the percentage of the solvent, which
was correlated to the increase in the aggregate size with Dynamic Light Scattering (DLS) and
Transmission Electron Microscopy (TEM) measurements.

While there is evidence in the literature correlating the aggregation phenomena and the
corresponding PL of the CDs, a systematic approach to fully characterizing the CDs aggregate
size and morphology while dispersed in a given solvent is still lacking. When it comes to
examining the structure of dispersed nanoparticles, Small-Angle X-ray Scattering (SAXS)
stands out as a reliable method for determining such parameters for nanoparticles in their native
and realistic sample environments [34]. The difficulty involving the characterization of the
individual nanoparticles and aggregates in dispersed CDs using SAXS is due to the poor
scattering of the carbonic system; this hinders the distinction between the solvent and sample
scattering, which ultimately requires the use of a synchrotron facility to obtain reliable data. As
an example, by using time-resolved synchrotron SAXS and other spectroscopic measurements,
Rigodanza et al. [35] was able to understand the nanoparticle formation mechanism of a
polymer nitrogen based carbon dot during a hydrothermal synthesis and found a four-step

process leading to a core-shell structure.

From the broad family of CDs, the ones obtained by the popular microwave
decomposition are of great interest due to the capability of doping heteroatoms in their
carbonaceous structure. In this context, the so-called nitrogen-rich carbon nanodots (N-CDs) are
prepared by balancing the proportion of carbon and nitrogen molecular precursors in their
synthesis, which can modify both the internal structure and surface groups of the N-CDs. These
nanodots have been specially useful due to their large fluorescence quantum yields [4,19,36]
and their structural and PL properties have already been extensively investigated [37,38]. On a
further note, the colloidal stability of these N-CDs has been explored in a previous work [39], in
which the surface charges of the nanoparticles were correlated to the medium’s pH with
Zetametry and Potentiometric and Conductometric Titration measurements, revealing a greater
stability in alkaline pH mainly due to the deprotonation of the carboxyl group present on the
surface of the N-CDs, which helped to shed light on N-CDs interparticle interactions and in the

interpretation of the PL emission.

In this context, the present work aims to further understand structural and
morphological characteristics of N-CDs nanoparticles dispersed in an aqueous medium at acid,
neutral, and alkaline pHs, all important environmental conditions for possible applications of
these N-CDs. As a starting point, the structural characterization of the N-CDs powders was done

in two specific conditions: as prepared by the synthesis (pristine) and after freeze drying the

10



CHAPTER 1. INTRODUCTION

pristine powder (FD), using X-ray Diffraction (XRD), SAXS and TEM. When dispersed, the
pristine N-CDs present some sedimentation as a bottom body is formed, especially in acid pH,
and this sedimentation was quantified using time-resolved synchrotron SAXS measurements.
Furthermore, better dispersibility is observed when using FD over pristine powders, and the
individual characteristics of the N-CDs nanoparticles in both cases are investigated and
compared. In addition, DLS experiments are also performed to evaluate the presence of large
aggregates in the system. Finally, a centrifugation protocol is performed on the considered
samples, and its impact on the nanoparticles colloidal stability that remain dispersed in also

discussed with SAXS and Zeta potential measurements.

11
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CHAPTER 2. MATERIALS AND METHODS

2. Materials and Methods
2.1.Synthesis of the Nitrogen-rich Carbon Dots and the Dispersion

Preparation.

The nitrogen-rich carbon nanodots (N-CDs) studied here were synthesized following a
bottom-up protocol with the microwave-induced thermal decomposition of organic precursors
performed in a household microwave oven. This synthesis protocol is consolidated in the
literature [4,19,37] as a direct, simple, and low-cost method consisting of just one step with
ordinary equipment. Increasing the nitrogen content promotes not only promote changes in the
crystalline structure, as will be discussed in Section 3.1, but also a shift of the PL emission from
blue to green. The samples described and analyzed in the following sections were prepared by a
group of collaborators from the physics department of the Universita degli Studi di Palermo in

Italy — Professor Fabrizio Messina and his team.

Precursor Solution

(a)

Citrj, )
y € Acid
\  Urea == &

Microwave assisted
decomposition

Remaining Solvent
Removal

Figure 1 — Production procedure of nitrogen-rich carbon nanodots, that may be summarized as
follows: (a) Preparation of the precursor solution by mixing urea and citric acid in a specific
nitrogen-to-carbon molar ratio; (b) Decomposition of the solution using microwave assistance;
and (c) Removal of the remaining solvent. The carbonization process of pure N-CDs results in
the formation of a characteristic dark black powder, which is observed at the conclusion. Image
taken from [40]

The used synthesis products that were used to produce the samples investigated were
described by Sciortino et al. [4], in which urea (CH,N,0) is used as the nitrogen doping source
and citric acid (C4HgO-) adjusts the quantity of carbon. In this manner, a broad range of

nitrogen and carbon molar ratios (N/C) can be explored by shifting the molar concentration of

13



CHAPTER 2. MATERIALS AND METHODS

the reagents in the precursor solution, and [4] investigated N/C ratios from 0.14 till 1.5. The
following grade reagents supplied by Sigma-Aldrich were used for the synthesis of the
nanoparticles: citric acid monohydrate (C¢HgO7-H20; M= 210.14 g/mol), urea (CHsN.O; M=
60.06 g/mol) and deionized water Type | (Millipore Milli-Q Gradient quality).

In this context, the N/C lower and upper bounds (0.14 and 0.74) were chosen to be
investigated here in depth. In order to simplify the nomenclature of the samples the N/C = 0.14
will be referred to as CD1 and the N/C = 0.74 as CD7. The synthesis protocols of these samples

are described as follows, and the step-by-step is given in Fig 1.

a) Precursor solutions: The organic aqueous precursor is prepared by fully dissolving in
10 ml of type 1 water 3 g of citric acid monohydrate and 0.39 g (3 g) of urea, resulting
in a 0.14 (0.74) nominal atomic ratio of nitrogen and carbon is established.

b) Microwave-assisted decomposition: The solution is heated in a conventional household
microwave oven (power set to 700 W) until the liquid phase is completely evaporated.
The carbonization process is brief, taking only a few minutes, and results in the
formation of a black powder. The yield can potentially achieve a maximum of 30% by
weight of the original precursors.

c) c¢) Remaining Solvent Evaporation: Due to the high hygroscopic nature of the dark
substance, it is subjected to vacuum drying for a duration of 90 minutes after being
returned to room temperature. The end result is a high-quality, desiccated substance
composed of clusters of N-CDs, as seen in Figure 1. Afterward, the powder may be
evenly distributed in various agqueous solutions with carefully regulated physico-

chemical characteristics.

The obtained powder is a strong hygroscopic black powder that was used in the
experiments in two conditions: as obtained by the synthesis and after freeze-drying the powder.
In the text, the powder condition prior to dispersion for both CD1 and CD7 N-CDs is referred to

as pristine and FD, respectively.

To obtain the desired initial concentration, the investigated N-CDs were prepared by
dispersing a certain amount of powder into the corresponding volume of aqueous solution,
prepared at three different pHs — 2, 7, and 12 using type 1 water. The water’s pH was adjusted
by adding nitric acid for pH 2 and sodium hydroxide for pH 12. After mixing the components
and mechanically agitating them, the dispersion is sonicated in a bath at a temperature of 65 °C
for three hours, and a uniform and homogeneous macroscopic visual aspect is obtained, which
is later stored for further characterization. Furthermore, some of the prepared samples

underwent centrifugation at 14000 rpm for 1 hour at room temperature, and an aliquot from the

14



CHAPTER 2. MATERIALS AND METHODS

top and bottom phases was collected from the centrifuged samples and also utilized for the

experiments.

2.2. Characterization

2.2.1. High Resolution Transmission Electron Microscopy

High-Resolution Transmission electron microscopy (HRTEM) images were obtained at
the High Resolution Multiuser Laboratory (LabMic) of the Federal University of Goias (UFG)
using a JEM2100 electron microscope (JEOL) with an acceleration voltage of 200 kV, using a
carbon type-A 400 mesh Cu substrate (TED PELLA) and bright field image mode. The pristine
N-CDs were dispersed in deionized type 1 water and subsequently diluted in alcohol, being
deposited over the substrate until dried before the experiment.

Figure 2. — Photograph of the JEM2100 electron microscope used for the experiments at
LabMic. Photograph taken from [42]

2.2.2. X-ray diffraction

X-ray diffraction (XRD) is a nondestructive technique used to understand the crystalline
structure of many materials, where an incident X ray wave hits the sample and reaches the
detector at a given scattering angle 20. The theory of XRD is already very consolidated and can

15



CHAPTER 2. MATERIALS AND METHODS

be found in detail in [43-45]. In this work the post-synthesis pristine dry powders were
analyzed by XRD at the Central Analitica, Instituto de Quimica (CAIQ) of the University of
Brasilia (1Q-UnB). The measurements were conducted on a D8 Focus (Bruker) diffractometer
with a Cu-Ka radiation source of A = 0.154 nm. The samples were measured in a 10-90° range in

20 with a 0.05° angle step at 0.1° min*, corresponding to a momentum transfer vector q (q =

41 sin 6
A

diffraction peaks, Scherrer’s equation (EQ. 1) can be used to estimate the mean N-CDs diameter:

) ranging from 7.1 to 57.6 nm™. From the broadening of the characteristic N-CDs

D = A Eqg. 1
XRD—[),COSH (Eq.1)

where k is the dimensionless shape factor (0.9 for spheres), A the x-ray beam
wavelength, 6 is half of the diffraction angle. To correctly account for the line broadening g, a
Si standard was used to obtain the instrumental line broadening f;,s that is later deducted from
the diffraction peak full width at half maximum (FWHM) as in:

B= \/FWHMZ _Binsz
2.2.3. Small Angle X Ray Scattering

Small- and Wide-angle X-ray Scattering (SAXS/WAXS) have been shown to be useful
tools to examine the structure of nanomaterials [34]. To understand the morphology and
structural characteristics of the N-CDs powders, SAXS/WAXS experiments were performed on
the pristine and FD N-CDs powders at the Institute of Physics at the University of Brasilia (IF-
UnB) using a Xeuss 2.0 X-ray scattering equipment, with a Cu-Ka source of 1 = 0.154 nm
together with a two-dimensional detector (PILATUS3 R 200 K-A), as depicted in Fig 3. For
SAXS geometry, the distance between the sample and the detector was 2.5 m, with q varying
from 0.042 to 2.1 nm. For WAXS geometry, the sample-to-detector distance was 0.55 m, with
q varying from 0.18 to 9.8 nm?, and merging both geometries , the characteristic distances
accessible ranges from 0.9 to 125 nm. All the powder samples used in the SAXS/WAXS
experiments were mounted in a capillary and measured at room temperature, with no further
physical-chemical modification to the powders. The scattering from the sample holder was later

subtracted from the data following the usual normalization procedure [46].
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(a) Sample Detector

0.3mm T

X-ray beam

Figure 3. — lllustrations of the SAXS/WAXS experimental setup at IF-UnB. (a) Schematics of
the SAXS experiment, the X-ray beam hits the sample and at a given sample-to-detector
distance, the scattered waves reach the detector making a 20 angle with respect to the direct
beam, the latter is withdrawn from the scattering data with the use of the beamstop. (b) X-ray
Cu-Ka source, (c) example of the sample holder used for the experiments and (d) the detector
PILATUS3 R 200 K-A.

To measure the scattering of the N-CDs while dispersed, samples were prepared at an
initial concentration of 30 g/L and synchrotron experiments were performed at the Centro
Nacional de Pesquisas em Energia e Materiais (CNPEM) in the previous Laboratorio Nacional
de Luz Sincrotron (LNLS) facility at beamline SAXS02 using a beam energy of 12 keV, which
corresponds to a wavelength of 1.03 nm. The data was acquired in the 0.14 to 0.52 nm™* g-range

and were also subtracted from the scattering of the sample holder.
2.2.4. Modeling the SAXS intensity curves

SAXS intensity curves from complex systems are often hard to model due to multiple
contributions that can be juxtaposed, especially using the traditional decoupling of the intensity
into form and structure factors. For that reason, the use of shape-independent models can be an
advantageous in revealing important and fundamental information concerning the size and
morphology of the scattered structures, without the need for a precise description of the format
and interaction of the nanoparticles.

17



CHAPTER 2. MATERIALS AND METHODS

In this work, an empirical model first introduced by Beaucage [48] is used. This model
is useful to describe multilevel complex aggregate particles and hierarchical structures that are
present in the same system [49-51], in which the Guinier and Porod regimes are unified in a
single expression with a smooth transition between the two, thereby not adding new parameters
other than those already used in the local fit. A two level Beaucage model can be described
using the expression in Eqg. 2.

RZ 2 RZ 2 1 P RZ 2
1(q) = Gexp <— g1 > + Bexp (— ki ) (—) + Ggexp (— Skl >
3 3 qr, 3

1\°s
() e
dRrg

(Eq. 2)

Here G, B, Gs and By are scaling factors; R, and Ry are the radii of gyration of the larger
and smaller scattering sources, respectively, and can be related to the diameter (D) of an
equivalent sphere as D = 2R, /5/3. Similarly, P and Pg are the Porod exponents of the larger

and smaller structures, and Igyg is an intensity background. Lastly, qr, and gg, are the factors

that account for the smooth transition between both Guinier and Porod regimes of the large and

small gyration radius and are defined in Eq. 3.

ng - ZR 3
<erf <T6g)>
(Ea.3)
q
drs =

This model will be referred to throughout the text as the Unified fit.
2.2.5. Dynamic Light Scattering and Zetametry

Dynamic Light Scattering (DLS) and Zeta potential measurements were performed
using a ZetaSizer (model NanoZS 90, Malvern Panalytical) at the University of Brasilia —
Campus Planaltina (UnB-FUP), with disposables DTS0012 and DTS1070 cells for DLS and
Zeta, respectively. Since HNO3; and NaNOs were each used to acidify and alkalinize the aqueous
solution, the ionic strength was imposed to be 10~2 mol/L by adding sodium nitrate (NaNO3) as
a background electrolyte, in order to avoid the introduction of different ions to the system. The

initial mass concentration used for both DLS and Zeta measurements was 1 g/L, and no further
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CHAPTER 2. MATERIALS AND METHODS

adjustments of the physical-chemical parameters were performed after combining the N-CDs
with the suited medium. Temperature variation/gradient effects were evaded by performing all

measurements at 25°C.

For DLS, a He-Ne laser with a wavelength of 633 nm and 4 mW power was used, with
the detector at a fixed position of 90° with respect to the incident light. In this setup, the
magnitude of the scattering vector g is 1.871- 1072 nm™. The DLS results are expressed as
particle size distribution from the deconvolution of the measured intensity autocorrelation
function (gz(z)-1) of the samples by using a Non-Negatively Least Squares (NNLS) fitting
algorithm provided by the software of the instrument (General Purpose). In this framework, the
electric field correlation function (g, (7)) is fitted to the optimal number of exponentials,

generating an intensity weighted distribution of diffusion coefficients (D) as [52]:

g1(v) = f G(De Ttdr (Eq. 4)
0

where G (T) is the distribution of decay rates (' = —Dg?). The sizes are obtained as

hydrodynamic radius (Ry) calculated by the Stokes-Einstein equation (Eqg. 5) using the viscosity

of the medium (n) and the corresponding diffusion coefficient (D)

R, — kT
= 6mnD

(Eq. 5)

Now, the Zeta potential (¢) is determined from the electrophoretic mobilities () values
obtained through Electrophoretic Light Scattering (ELS), by measuring the nanoparticle
velocity using Laser Doppler Velocimetry (LDV). Then, the corresponding Zeta values are
calculated using Henry’s equation with the Smoluchowski approximation (Eq. 6), since for the
investigated system, the values of xRy > 1, based on the DLS results and the ionic strength of

the medium (1):

§= 6061‘(
n

(Eq. 6)

€o€rkT

1/2 .
ZNAeZI) , N4 is the Avogadro

Here, k is the reciprocal of the Debye length as k = (

constant, e is the elementary charge, €, is the dielectric constant of the solvent, and ¢, is the
vacuum electric permittivity. All the data presented was obtained by taking the average of

triplicate measurements, for more accurate statistical analysis.
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3. Results and Discussion

3.1.Characterization of the N-CDs powder

A starting point in order to understand the morphology of the N-CDs dispersed in
aqueous media, is to have a good description of their structure in powder form. In that regard,
XRD is especially useful to understand the structure of the core of the N-CDs [46], while
HRTEM can reveal the size and morphology of the nanoparticles [19,37]. The results of these
measurements done for both CD1 and CD7 samples in pristine powder form can be seen in Fig.
4(a, b).

The XRD data had a background signal that was subtracted by adjusting a polynomial
function to the data as a baseline; after that, a single or double Lorentzian peak was fitted to the
background subtracted data. Both CD1 and CD7 samples show amorphous diffraction peaks,
characteristic of these types of carbonaceous materials [46], which are mainly related to the
nanoparticles small size and their carbon/nitrogen ratio. Two diffraction peaks are seen for the
CD1 sample owing to their lower nitrogen content, i.e., the graphitic structure is more
predominant, while CD7 has only one diffraction peak as a result of the larger nitrogen content

of this sample.

With the adjusted parameters of the Lorentzian fit, the crystallite size of both N-CDs
can be estimated by using Eq 1; for CD1, values of (1.96 + 0.05) nm and (1.97 + 0.04) nm were
found for the first and second peak respectively, revealing similar average size within the
uncertainty. Likewise, for CD7, a crystallite size of (2.46 £ 0.03) nm was found, slightly larger
than the size of CD1.

Other researchers have investigated the inner structure of the N-CDs [4,19,37], most
notably through a combination of Raman and Fourier Transform of the HRTEM images [4] it
has been shown that the carbon/nitrogen ratio has an impact on the N-CDs structure and their
PL properties. Both CD1 and CD7 have hexagonal packing, but due to the lower nitrogen
content in CD1, these samples have a more graphitic structure, namely C-graphite with space
group P63/mmc — n° 194, and in this case nitrogen atoms are mostly defects inserted into the
graphite core. On the other hand, CD7 has a f-CsN. with space group P63/m — n° 176, due to
the higher nitrogen enrichment, which strongly modifies both the core and surface structure of

the nanoparticles.

Finally, the insets of Fig. 1(a, b) show the HRTEM images of the N-CDs. Despite the

poor contrast of the samples, it is possible to verify the almost circular outline of the
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nanoparticles, which is their expected shape. The shape and corresponding structure of
individual N-CDs nanoparticles are not expected to change with the FD process, as already
shown in other studies with N-CDs synthesized with a similar method [47].
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Figure 4. — Characterization of the N-CDs in powder form. XRD measurements of the pristine
(a) CD1 and (b) CD7. The curves had their background removed and were fitted with one or
two Lorentzian distributions; the insets on each diffractogram are HRTEM images of their
respective N-CDs, and the scale corresponds to 10 nm. (¢) SAXS measurements performed on
both pristine and FD powders for CD1 and CD7. A line with -4 inclination was added alongside
the curves as a guide to the eye, and the inset is the g>1(q) (Kratky plot) curve for the same data.
The d-space dimensions related to q for the XRD and SAXS/WAXS measurements are
displayed at the top of the graphs. (d) Photograph of the pristine CD7 sample at an initial pH 2,
highlighting the precipitate formed after homogenizing the sample. This precipitate was
collected and dried on a microscope slide, and optical microscopy images were taken with (e)
no objective lens, (f) a 5x, and (g) a 40x objective lens.

Complementary to the XRD and HRTEM data, SAXS/WAXS experiments can identify
the interface of porous and granular materials of diverse sizes, ranging from nanopores to
macropores [48,49]. To this end, SAXS of the pristine and FD N-CDs powder were performed,
and the results are shown in Fig. 1(c). A -4 inclination is predominant in the majority of the q
range of the experimental data for both pristine and FD samples, irrespective of the nitrogen
content in the sample, but with FD samples having a larger predominance of the -4 inclination,

all of them followed by a flat line in the high q region. Similar results were also obtained for N-
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CDs obtained by hydrothermal synthesis with an intermediary N/C ration to the ones considered
here [17].

This indicates that the N-CDs, in the considered g range, could be interpreted as made
of a matrix that spans from large values of 120 nm to 10 nm for pristine powder without the
presence of different hierarchical porous structures due to the transition from large to smaller
interfaces. Such a description is also confirmed by looking at the g?1(q) vs. g plot (see insert of
Fig. 1(c)), which does not show inflections typical of porous/granular materials [50,51]. Even
more, the matrix formed by the FD powder spans into even lower values of 3 nm, as seen in Fig.
1(c), which would indicate that the material now has more surface area, which can lead to better

wetting of the matrix surface and better dispersibility [52,53].

We emphasize that near the q range that would correspond to the N-CDs particle size,
no shift to another Porod law is seen, something that one would anticipate when transitioning
from the N-CDs matrix to the individual nanoparticle. Thus, we suspect that in the considered q
range, SAXS can’t distinguish the individual nanoparticles in powder form, probably due to
their small size and how they are aggregated, showing that this type of N-CDs, synthesized by
the bottom-up method, does not show different interfaces in powder form, in contrast to what is
seen for other CDs in the literature, with larger nanoparticle sizes and prepared with other

synthesis protocols and with the absence of nitrogen doping [51,54].

Having this description as a starting point, the pristine N-CDs were dispersed in
mediums with different pH’s. N-CDs are highly water-soluble [36,55,56]. Their dispersibility is
highly dependent on the medium’s pH [39] and for both CD1 and CD?7 pristine powder prepared
at pH 2, arguably the worst pH for particle dispersion, a bottom body is formed (e.g., see Fig.
1(d)) even after the homogenization described in Section 2.1, while for pH 12, less precipitate is
formed. At the scale of Fig. 1(d), it is not clear if the precipitate is formed by the slow settling of
clusters that could not be disaggregated from the powder or if it’s made of residue from the
synthesis that simply is not dispersible. To investigate this, the precipitate was collected, dried,
and observed under an optical microscope at different magnifications, as can be seen in Figs.
1(e, f, ). The presence of large dense aggregates with sizes ranging from 50-150 um is evident,
which are simply too heavy to stay dispersed, and interestingly with further magnification, less
dense and smaller aggregates of 1-5 pum are also evident. The ampliation done to the bottom

body, from Fig. 1(d) to Fig. 1(g), seems to show a fractal-like behavior to the flakes.
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3.2. Sedimentation process

Furthermore, smaller particles that cannot be seen with the optical microscope can still
sediment and contribute to the bottom body shown in Fig. 1(d). Thus, understanding the
dynamics of this sedimentation process is important to probe the applicability of the N-CDs,
especially for the extreme acid and alkaline mediums. For that, time-resolved synchrotron
SAXS experiments were performed on the samples dispersed with the pristine nanoparticles in
an initial 30 g-L! concentration at the moment they were prepared, considered here to be the
time zero of our experiments. Immediately after preparation, shots were taken every minute for

60 minutes as the sedimentation occurred, and the results are shown in Fig. 2.
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Figure 2. — Sedimentation dynamics of the N-CDs dispersions at an initial 30 gL
concentration for pristine CD1 at pHs (a) 2 and (b) 12, and pristine CD7 at pHs (c) 2 and (d) 12.
Time-resolved measurements were done by taking 60 shots of one minute each, right after the
sample was agitated. The insets are the apparent structure factor (S,,,(q,t)) of the
measurement data, determined with respect to the last measurement at 60 min, with the
corresponding d-spacing in the top. The black dotted lines are a guide to eye of the dynamics of

the apparent peak as time evolves.
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When inserted in the aqueous medium, the dominance of the -4 inclination seen in the
powder measurements (see Fig. 1(c)) is broken down, and all the SAXS curves collected present
a two-level structure with different inclinations at low and high g and a transition region in the
middle, close to 1 nm?, both of which could be related, respectively, to large and small
nanometric aggregates [57], smaller than the smallest flakes seen in Fig. 1(g). By-products of
the microwave-induce synthesis could also contribute to the sedimentation seen, but as
discussed in [35] from the SAXS pattern of the dialysate solutions taken from the reaction
mixture after the formation of their CDs, these particles are too small to scatter and don’t

contribute to the SAXS scattering in the considered low-q region.

On first inspection, the scattering from the small aggregates in the high q region doesn’t
have significant changes as time passes for all four samples in Fig. 2, which indicates that these
smaller structures are indeed more stable in the dispersion. At pH 12, both CD1 and CD7 in the
measured g region present low to almost no evolution in the scattered intensity during the one
hour measurement, showing that not only at pH 12 more nanoparticles are dispersed due to the
smaller bottom body formed after mixing, but also that at this pH, both small and large
aggregates that are present in the dispersion process are stable and remain dispersed in the
medium. This is in complete agreement with the stability characterization done by Zetametry in
a previous work [39], related to the surface charge mechanism of the N-CDs nanoparticles,
which is mostly due to the deprotonation of carboxyl surface groups [19,39,58] with an increase
pH, which favors greater particle stability due to a larger repulsion between the suspended

structures.

However, at pH 2, the curves exhibit a significant intensity evolution in the low g
region, related to the sedimentation process occurring in the larger aggregates in the sample. In
order to quantify this sedimentation, an effective experimental structure factor: S,,,(q,t), is

defined by dividing all the obtained curves by the final acquisition at t = 60 minutes (), as in:

I(q,t)

Sapp(q, t) = W

Sapp(q,t) is shown as an inset for each curve in Fig. 2, and as can be seen, most of the
intensity variation is in fact concentrated in the low g region. An apparent correlation peak,
which here can be interpreted as a measure of the sedimentation of the larger aggregates with
respect to the state where the sedimentation of these aggregates settled, decreases its intensity

over time in the region around 20-40 nm for both pristine N-CDs in pH 2, as is evidenced by the
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black dotted line in these insets. On the other hand, for samples in pH 12 the S,,,(q, t) does not

show significant changes.
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Figure 3. — Time evolution of important structural parameters, determined from the time-
resolved measurements of the pristine CD1 and CD7 dispersions at pHs 2 and 12. (a) The
relative maximum intensity (Imax) Of €ach curve at the lowest measured g value of 0.14 nm™; an
exponential decay was adjusted to the data, and the residual percentual relative intensity is
presented alongside each curve. (b) Peak maximum intensity of Sap(q) curves of the pH 2
samples; an arrow indicates the point where the sedimentation ceased, around 20 minutes after
the beginning of the measurements. (c) The evolution of the peak distance of Sapp(q) curves for
the pH 2 samples; the green straight lines are guide to eye. (d) The evolution of the curve

inclination in the Guinier region.

Most of the changes seen in the curves in Fig. 2 are related to concentration variations
since the global format of the intensity curves doesn’t change radically over time. Thus, one

could expect that the aggregates are indeed precipitating, but some large aggregates still remain
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dispersed. To further investigate this dynamics, important empirical parameters extracted from

the intensity curves, as functions of time, are shown in Fig. 3.

Firstly, it’s hard to extrapolate to the scattering intensity at 1(q=0,t) to have a precise estimation
of the particle volume fraction since the Guinier regime in the measured data range is not visible
(i.e., g Ry < 1.3 inequality was not achieved [59]), thus the maximum scattering intensity
(Imax) Was plotted as a function of time for a fixed g at 0.14 nm™, which would correspond to
track the sedimentation for scattered nanoparticles of roughly 44 nm, and was further
normalized by the maximum intensity at t = 1 minute, in order to highlight the decay behavior,

that tends to stabilize as time evolves. Fig. 3(a) displays the results.

The intensity decay of all curves follows an exponential behavior, typical of first-order
kinetics, and a good fit of the exponential decay model to the data further confirms that a
sedimentation process is the most likely to be occurring. In this case, the intensity offset, shown
alongside each curve, could be interpreted as an estimate of the percentage of scattering sources
that remain present in the dispersion with respect to the initial suspended particles at time zero,
showing that indeed, at pH 12, the dispersed N-CDs have greater stability, since 92% of the
samples large aggregates tend to remain in the dispersion in the pristine CD1 sample, followed
by CD7 with 62% also at pH 12. As opposed to the pristine N-CDs at pH 2, which showed that
less than half of the initial large aggregates are still in the medium, the worst case being the
pristine CD1 at pH 2, with only 22% of the aggregates remaining dispersed, the rest most likely
being precipitated.

Furthermore, the evolution of the peak maximum value of S,,,(q, t) is shown in Fig.
3(b) for both N-CDs at pH 2, which shows that the sedimentation process happens
predominantly in the first 20 minutes, and after that, the system tends to settle as the intensity
reaches values close to one. From the position of the apparent correlation’s peak maximum, a
plot of the correlation distance as a function of time is presented in Fig. 3(c), showing that this
correlation distance is larger for pristine CD1 at pH 2 than for CD7 at the same pH, which could
indicate that the aggregates seen in CD1 are further away when compared to CD7. Even more,
this correlation distance shows small evolution for CD7 samples, as opposed to CD1, where this

change is about 5-6 nm.

Lastly, Fig. 3(d) shows a close inspection of the evolution of the curve inclination in the
low-q region, showing that the pristine CD1 and CD7 samples have different inclinations related
to different fractal types of aggregates, which are respectively mass and surface fractals [60,61],

that remain fairly stable as time evolves, except for the pristine CD1 at pH 2, which changes
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from -3.8 to -3.4 but still remains in the surface fractal regime. This minor change in the
inclination of pristine CD1 at pH 2 could be related to the decrease in the average aggregate
distance for the same sample in Fig. 3(c), since aggregates with morphology closer to the
surface fractals rather than the ideal smooth sphere are the ones staying dispersed. As a result,
the remaining aggregates have a more stable interaggregate distance that is slightly closer to
each other.

In conclusion, we point out that the morphology of the large aggregates remains
unchanged during sedimentation, which further corroborates the idea that the structure of the
aggregates remains fairly the same as sedimentation occurs, i.e., no major flocculation is
occurring in the investigated time range. However, it is worth noting that the nitrogen
enrichment applied to the CDs does indeed modify their aggregation morphology inside the

dispersion, a topic that will be explored in more detail in the next section.
3.3.Nanoscale organization

In search of a more efficient way to disperse the N-CDs, a FD process was done on the
pristine powders, and with that, a better dispersibility of the N-CDs is readily observed in all
pH’s worked here, which is expected since, as discussed previously, water can now better
hydrate and break the dense nanoparticle matrix as these aggregated nanoparticle matrixes are
spannable into smaller sizes (see Fig. 1(c)). Therefore, FD seems to be a good route to obtain

more homogeneous N-CDs dispersions with little to no precipitate.

In principle, FD powder could lead to greater aggregation and mechanical stress, as is
common in the lyophilization of nanoparticles for drug delivery systems [53,62], and Indriyati
et. al. [52] have discussed the impact of FD in the drying of N-CDs powder prepared with a
microwaved protocol as opposed to the pristine oven-dried powder normally produced, and
differences in their PL and photothermal properties were observed that can be attributed to the

different dispersibility of the N-CDs powders.

Therefore, in order to better understand the morphology and structure that these
nanoparticles form when dispersed, in both pristine and FD form, synchrotron SAXS
experiments were performed in dispersions prepared at an initial 30 g-L™ concentration, a few

days after its preparation. Fig. 4 displays the results.
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Figure 4. — SAXS intensity curves of the dispersions prepared with (a) pristine and (b) FD CD1,
and (c) pristine and (d) FD CD?7, all prepared at an initial 30 g-L! concentration and varying pH
values of 2, 7, and 12. The black continuous line represents the adjusted Unified fit performed
on all curves, and alongside the curves, a line with the corresponding inclination in the low-q

region is shown.

On a first inspection, the curves inclination in the low-q region reveal two different
types of large aggregates, irrespective of whether pristine or FD powder is used. For CD1, the
inclination ranges from 3.2 to 3.4 for the pristine powder and 3.4 to 3.8 for the FD powder, with
increasing values when going from acid to alkaline medium, which are typical values of surface
fractals that present a close bulk morphology, but with an irregular surface [57]. Now for the
CD7, the curve inclinations go from 2.4 to 2.8 for the pristine powder and 2.3 to 2.6 for the FD
power, but now with decreasing values when going from acid to alkaline medium, whose values

are typical of mass fractal systems that present a more open and spread morphology [63].

Such morphologies can be related to the nitrogen content inside each N-CDs. For the
CD1 sample, the reduced nitrogen doping has less of an impact on the CDs inner core and their
surface [4], leaving a more graphitic crystalline structure (see Fig. 1(a)), which in turn leads to a
curve inclination closer to the bulk carbonic morphology of its precursor [64]. On the other

hand, CD7 having more nitrogen doping affects not only the inner core of the CDs but also its

29



CHAPTER 3. RESULTS AND DISCUSSION

surface, as more sites on the surface are occupied with the presence of oxidized nitrogen groups
[19], which could be one of the causes to the mass fractal morphology. Even more, this change
in inclinations when comparing the curves of pH 2 to 12 shows that the morphology of these
large aggregates has a slight tunability with pH; however, it still stays inside the expected
surface/mass aggregate range values, in agreement with the inclinations found for the
sedimentation dynamics of the pristine powder (see Fig. 3(d)).

From the breakage of the -4 inclination seen for the N-CDs in powder form (see Fig.
1(c)) when the powder is added to a medium at a given initial pH to the mass/surface fractal
inclinations seen in Fig. 4, it is reasonable to think that the wetting of the CDs matrix surface
leads to its breaking into different pieces of small and large aggregates with different
morphologies at the different pHs considered here. The amount of H* and OH" clearly have an
influence on the breakage of these nanoparticle matrix, and small differences in pristine and FD

powder are also evident.

Starting from CDL, it appears that the deprotonation process of the carboxyl groups into
carboxylate helps the development of irregularities on the surface of the bulk 3-dimensional
carbonic surface of these N-CDs. In pH 2, less carboxyl sites are deprotonated, which leads to
greater irregularities in the surface (i.e., a curve inclination closer to -3), since the interparticle
repulsion is smaller and small N-CDs nanoparticles can adhere to the surface [65], while for pH
12, the interparticle repulsion is larger, making a tendency to stay near but not in the ideal
inclination of the carbonic morphology, since now lesser particle-aggregate collisions are
expected, especially for the FD powder, which has an inclination closer to -4. As for CD7,
having fewer carboxyl groups than CD1, lead to the aggregates turning into a more spread
configuration of mass fractals, which is reasonable since in pH 2, the deprotonation of the
carboxyl groups is minimized, which leads to an increase to a higher inclination closer to -3,
while for pH 12, the inclinations for the pristine and FD powder are closer to an aggregate with
a polymer chain configuration [63]. One last point is that the curves in pH 2 and 7 have very
similar scattering, which can be explained by the equilibrium pH that the N-CDs reach after
preparation. In pH 2 and 12, the final pH is remarkably close to the initial, while for pH 7, this

value tends to go to a more acidic value.

Finally, as discussed in the sedimentation process, all of the obtained SAXS curves
present a two level scattering in high and low g, and in order to model this scattering, Egs. (2)
and (3) of the Unified Fit were adjusted to the experimental curves. A good match between the
model and the experimental curves was obtained. The important fit parameters obtained are
displayed for both pristine and FD powders in Table 1 for CD1 and Table 2 for CD7.
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Table 1. — Values of the large and small diameter extracted from the Unified fit for the pristine

and freeze dried CD1 dispersions, prepared at an initial 30 g-L concentration.

Pristine CD1 pH 2 pH 7 pH 12
_ Large 451422 45.0 £2.2 41.2+0.6
diameter (nm)
_ Small 1.53+0.01 1.72+0.01 2.09 0,02
diameter (nm)
FD CD1 pH 2 pH 7 pH 12
_ Large 45.1 + 0.4 438 +0.4 476 +0.6
diameter (nm)
. Small 1.46 +0.01 1.62 +0.02 2.26 +0.02
diameter (nm)

Table 2. - Values of the large and small diameter extracted from the Unified fit for the pristine

and freeze dried CD7 dispersions, prepared at an initial g-L* concentration.

Pristine CD7 pH 2 pH 7 pH 12
. Large 435+1.4 415+1.6 423+13
diameter (nm)
. Small 1.99 +0.01 2.64 +0.02 2.61+0.01
diameter (nm)
FD CD7 pH 2 pH 7 pH 12
_ Large 435+16 416+12 426+1.4
diameter (nm)
. Small 1.71+0.01 2.28 +0.02 313 +0.08
diameter (nm)

The major differences between the curves in the low-q region seem to be related to
concentration and morphological effects, since the average sizes related to the large aggregate
diameter are equivalent for both CD1 and CD?7 in all the pH’s worked here, which is around 42
nm. Showing that in the considered g-range, the act of FD the pristine powder leads to the
formation of size-equivalent large aggregates without leading to colloidal instability after
redispersing the FD N-CDs [53].
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Furthermore, in pH 12, all curves have more intense scattering in this region, which is
an indication that more large aggregates are dispersed, which is in complete agreement with the
N-CDs colloidal stability in the alkaline medium [39], since due to the deprotonation of the
carboxyl groups, these aggregates are more stable due to stronger repulsion interactions, leaving

more large aggregates dispersed in the medium.

But now, taking a look at the high-q region related to the values of the small diameter,
the average size of CD7 is larger than that of CD1, a difference that was also seen with the
values of their crystallite size in the XRD data (see Fig. 1(a, b)), and even more, these values
tend to increase as the pH increases for both CD1 and CD?7, prepared in both pristine and FD
powder form, which shows that in the high-q region, the pH might has a slight tuning effect on

the dispersed nanodots sizes.

Considering that in the high-q region of the SAXS data from the N-CDs powder (see
Fig. 1(c)), we see the end of the Porod regime and the beginning of the flat line, after dispersing
the powder, in this same g-region the structural level related to the smaller scattering source
appears. As already pointed previously, most likely the wetting of the N-CDs breaks down the
CDs matrix into pieces of different sizes, which go from the large aggregates that seem to have
a similar average size but with different morphologies depending on the nitrogen content, to
these smaller structures that change in size when the pH is increased. It is hard to specify if
these smaller structures are indeed individual N-CDs or small aggregates consisting of a few
nanoparticles, because no clear Porod interface is seen in the high-g region or even the
development of a pH induced shell [35]. On top of that, the crystallite sizes taken from the XRD
data (Fig. 1(a, b)) are not perfectly in agreement with the values found in Tables 1 and 2 for the
smaller diameter, especially since for XRD these values are average sizes that do not take into
account the polydispersion of this system, which other studies have already confirmed that a
large polydispersity index is expected since a wide range of sizes ranging from 1 to 5 nm
[19,37] for the individual N-CDs particles are visible.

Nonetheless, we can clearly see a preference for larger sizes related to the smaller
structures in pH 12, and in the case of using the FD powder, these values are even larger in the
alkaline pH, showing that both larger and smaller aggregates of N-CDs are stable at the

considered pHs, and not all nanoparticles necessarily reaggregate with the larger aggregates.

Despite the fact that the SAXS data in Fig. 4 was acquired after the sedimentation
ceased, it is possible that there are actually larger aggregates in the N-CDs dispersion, yet they

are still smaller than the smallest flakes observed in Figure 1(g). In order to investigate this,
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dispersions were prepared using the same pristine and FD powder, but with a lower
concentration of 1 gLt Afterwards, DLS experiments were performed at the same pH

conditions. Fig. 5 displays the results.
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Figure 5. — DLS measurements of CDs dispersion. The dispersions were prepared in an initial 1
g-Lt concentration with (a) pristine and (b) FD CD1, and with (c) pristine and (d) FD CD7
samples. The arrows indicate relevant peaks in the size distribution graphs, and the insets are the

intensity correlation function (g, (7) — 1) for each measurement.

Due to the system’s high polydispersity, the intensity correlation of the pristine N-CD
dispersions prepared at pH 12 could not be resolved. But for the dispersions in other conditions,
the intensity correlation could be accurately measured, as shown in the insets of Fig. 5, and the
corresponding size-intensity distribution could be determined. Aggregates spanning across the
size range of 150-400 nm are clearly visible, with even higher values for the FD and pristine
CD7 at pH 2 (see Fig. 5(c, d)), all of which are larger than those in Tables 1 and 2.

Difference in the size distributions of the dispersions prepared with pristine and FD
powder are visible as other size distribution peaks around 50-80 nm, as evidenced by the arrows
in Fig. 5, particularly present for the FD samples. These objects corroborate the findings for the

large aggregates in the SAXS measurements in Tables 1 and 2, and further demonstrate that the
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larger clusters found in SAXS are actually intermediary aggregates between the smallest

clusters seen in SAXS (Fig. 4) and the largest clusters seen in the DLS (Fig. 5).

All of the data strongly suggests that the N-CDs dispersion actually consists of a
complex and hierarchical cluster organization and at least three size scales are depicted using
the combination of SAXS and DLS. Even more, all of these structures coexist in the dispersion
and are stable due to the known surface charge mechanism of the N-CDs [39].

3.4.Centrifugation and the consequent colloidal stability

Sorting methods have already been used in CDs dispersions to separate particles by size
in order to further understand their PL mechanisms and properties [37,66], making a
complementary procedure for CDs preparation. In that regard, the impact of a straightforward
centrifugation protocol on the morphology and structure of the dispersed N-CDs particles and

aggregates is analyzed here.

Due to the improved dispersibility of N-CDs nanoparticles, other dispersions using the
FD powder were prepared at an initial concentration of 30 gL' and subjected to the
centrifugation protocol discussed in Section 2.1. After centrifugation, a very small bottom body
is formed in the sample holder, but the dispersions are homogeneous and their color remains the
same, with no clear visual phase separation. An aliquot from the top and bottom phases was
extracted after the sample centrifugation and was used for synchrotron SAXS experiments to
examine the impact of centrifugation on the nanoparticle’s dispersions. Fig. 6 displays the

results.

Similar conclusions to the ones discussed for the SAXS data in Fig. 4 can be traced
when analyzing the curves in Fig. 6. The curve inclinations are still in the mass/surface fractal
morphology regimes for CD7 and CD1, respectively, and a similar decrease in the curve
inclination as pH increases is also present for the top and bottom phases of the CD7 dispersions.
Furthermore, even after the centrifugation, the two level hierarchical structures are still present
for most of the samples as the scattering curve shape is similar to the ones found for the non-
centrifuged samples (see Figs. 3 and 4), but strickling for the top phase of the FD CD1 samples
prepared in pHs 2 and 7, a substantial reduction in the scattering for the large aggregates is seen
in the low-q region, and the curves resemble the form factor of a polydisperse sphere, indicating
that the centrifugation was capable to separate this type of aggregates in the sample for these pH
conditions, which is reasonable since in pH 2 and 7 the N-CDs have a lower surface charge [39]
and consequently a lower colloidal stability, as opposed to N-CDs dispersed in pH 12, thus

inducing this size separation.
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Figure 6. — Synchrotron SAXS intensity curves of the centrifuged dispersions prepared with the

FD N-CDs. After the centrifugation was applied, an aliquot from the (a) top and (b) bottom
phases for FD CD1 together with the (c) top and (d) bottom phases for FD CD7 were taken, all
prepared at pH 2, 7, and 12 at an initial 30 g-L* concentration. The black continuous line
represents the adjusted Unified fit performed on all curves, and alongside the curves a line with
the corresponding inclination in the low-q region is displayed.

These scattering curves were again modeled using Egs. (2) and (3) of the Unified Fit,
and the resulting fits are depicted in Fig. 5. The important fit parameters obtained are displayed
in Table 3 for FD CD1 and Table 4 for FD CD?7.

Table 3. - Values of the large and small diameter extracted from the Unified fit for top and

bottom phase of the freeze dried CD1 dispersions, prepared at an initial 30 g-L* concentration.

FD CD1

Top phase pH2 pH 7 pH 12
Large
diameter (nm) ) - 30.5+0.6
_smal 157 +0.01 1.73 £ 0.02 1.96 £ 0.02
diameter (nm)
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FD CD1
Bottom phase pH 2 pH7 pH 12
_ Large 422402 47.0+37 459408
diameter (nm)
Small
diameter (nm) 1.44£0.01 1.57£0.02 2.75+0.02

Table 4. - Values of the large and small diameter extracted from the Unified fit for top and
bottom phase of the freeze dried CD7 dispersions, prepared at an initial 30 g-L™* concentration.

FD CD7

Top phase pH 2 pH 7 pH 12

. Large 402412 315+13 34.6+27
diameter (nm)

. Small 1.90 +0.01 2.19 +0.01 2.94 + 0.04
diameter (nm)

FD CD7

Bottom phase pH 2 PH 7 pH 12

| Large 442419 423426 445+18
diameter (nm)

Small

diameter (nm) 1.80 +0.01 3.62 + 0.04 3.81 + 0.03

Firstly, the average large aggregate diameter value had a small diminishing when
comparing the top and bottom phases, especially for pH 7 and 12 of CD7. Overall, it is difficult
to interpret such a small change since polydispersion of the large aggregates could also be
present [67]. Furthermore, a similar trend to the results presented in Tables 1 and 2 can be seen
here with the increase in size of the small aggregate diameter when pH is increased. For CD1 at
pH 2 and 7, where the large aggregates were separated, the diameter of the smaller aggregates is
equivalent to the average diameter of single N-CD sphere, even when considering the size and

polydispersity of the N-CDs nanoparticles.

Finally, due to poor signal and low counting rate related to few particles in the
dispersion, DLS experiments could not be conducted to the centrifuged samples, but their Zeta
potential could. For that, both pristine and FD powder were used to prepare samples again in an

initial 1 g-L! concentration at the three pHs considered in the previous characterization. The
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dispersions were also centrifuged, and the results of the Zeta potential for the top and bottom

phases are shown in Fig. 7.
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Figure 7. — Zeta potential measurements performed on the centrifuged N-CDs samples. (a) top
and (b) bottom phases of the samples prepared with the pristine N-CDs powder, and (c) top and
(d) bottom phases prepared with the FD N-CDs powder. All samples prepared with an initial 1
g-L'tand at pHs 2, 7, and 12.

Fig. 7 further confirms that the zeta potential values for N-CDs are known to be strongly
pH dependent, and the same tendency of increasing the zeta values as pH increases, seen in a
previous work [39] can be seen for both top and bottom phases of CD1 and CD7. This increase
in zeta values with pH is related to the deprotonation process of the carboxyl groups into
carboxylate, which increases the overall negative charge of the N-CDs surface. Since more
carboxyl groups are present in CD1 than in CD7, that in turn have more oxygenized nitrogen
groups in its surface that don’t contribute to the overall negative charge of the nanoparticle,
higher zeta potential values are found for CD1 rather than CD7, irrespective if it is the top or
bottom phases of the sample.

37



38



CHAPTER 4: CONCLUSION

4. Conclusion

In summary, the structural characteristics of nitrogen-rich carbon dots (N-CDs) were
investigated while dispersed in an aqueous medium at different pHs of interest. Two types of N-
CDs were investigated with different nitrogen-to-carbon molar ratios of 0.14 (CD1) and 0.74
(CD7). The N-CDs powder was used in two conditions: pristine being oven-dried after the

synthesis and with the pristine powder being freeze-dried (FD).

First, understanding the morphology of N-CDs in aqueous media requires a detailed
description of their structure in powder form. XRD further confirmed the known structure of the
N-CDs, with CD1 having a hexagonal packing with an average crystallite size of (1.96 £+ 0.05)
nm and CD7 with a B-CsNs structure and a (2.46 £ 0.03) nm crystallite size. HRTEM was also
allowed to identify the individual N-CDs and validate their expected circular shape. More
notably, SAXS/WAXS experiments showed a -4 inclination in the low-q region for both pristine
and FD N-CDs powder, with FD samples having a larger predominance of the -4 inclination.

Indicating that the N-CDs nanoparticles are aggregated in a dense matrix.

The samples were dispersed in type 1 water at three main pHs: alkaline, neutral, and
acidic. Firstly, time-resolved synchrotron SAXS experiments investigated sedimentation in the
dispersions prepared with pristine powder. During the time interval investigated, pH 12 samples
were more stable, with little to no sedimentation occurring in the low-q region, while pH 2
samples clearly showed a decrease in the scattering intensity as time passed. The sedimentation
ceased in 20 minutes for samples, and such sedimentation was described by a first-order kinetic

process.

Furthermore, other synchrotron SAXS experiments were performed on both pristine and
FD dispersions at different pHs, revealing two types of large aggregates. The morphology of
these large aggregates is related to the nitrogen content inside each N-CD, with CD1 having a
surface fractal morphology and CD7 having a mass fractal morphology. The amount of H+ and
OH- influences the breakage of the nanoparticle matrix, as pH seems to be a tunable parameter
of curve inclination in the low-q region. Also, the curve scattering was described using a two-
level empirical model proposed by Beaucage. The results showed that size-equivalent large
aggregates of roughly 42 nm are formed and are stable at all pHs investigated. In the high-q
region, it was shown that the pH might have a slight tuning effect on the dispersed nanodot

sizes, as the sizes of these smaller aggregates increase as pH increases. Lastly, even larger
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aggregates were found in DLS experiments, suggesting that complex and hierarchical

aggregates are indeed present and stable in the N-CDs dispersion.

Finally, the impact of centrifugation on the morphology and structure of dispersed N-
CDs particles and aggregates was also analyzed. The results showed that centrifugation was
capable of separating large aggregates in the sample under certain pH conditions. The average
large aggregate diameter value had a small diminishing effect when comparing the top and
bottom phases, especially for pH 7 and 12. The zeta potential values for N-CDs were found to
be strongly pH-dependent, with the same tendency to increase zeta values as pH increases. This
increase in zeta values is related to the deprotonation process of carboxyl groups into
carboxylate, which increases the overall negative charge of the N-CDs surface. Higher zeta
potential values were found for CD1 than CD7, regardless of the top or bottom phases of the

sample.
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