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ABSTRACT

Human society's development is heavily reliant on stable energy supply, and fossil energy
sources have long been a very reliable energy source for this objective. However, being a
non-renewable energy source, fossil fuel depletion is unavoidable and impending in this or
future generations. To solve this issue, renewable energy, particularly solar energy, has
received a lot of attention since it directly turns solar energy into electrical power with no
environmental consequences. Various photovoltaic technologies based on organic, inorganic,
and hybrid solar cells have been successfully manufactured to date. However, much study has
been concentrated on organic solar cells for household and other commercial uses due to its
inherent cheap module cost and ease of production. But dye-sensitized solar cells (DSSCs)
have been reported to bethe most efficient and simplest applied organic solar cell
technology. In this study, carbon dot: onion-like carbon nanomaterial composites (Cdots:
OLCNSs) were synthesized for possible future application in electronic devices with particular
attention to dye-sensitized solar cells. The nitrogen-doped carbon dots (NCdots) and
functionalized onion-like carbon nanomaterials (OLCNSs) were synthesized using a one-step
hydrothermal microwave assisted irradiation method and flame pyrolysis method using liquid
fuels, respectively. The as-synthesized OLCNs where purified and washed using an organic
solvent n-pentane to obtain pristine OLCNs (p-OLCNSs) which were further functionalized
with N2 gas to obtained nitrogen-doped CNOs (N- OLCNs) and H20: to give oxygenated
OLCNSs (0x-OLCNSs). For the synthesis of NCdots, various precursors (ethylenediamine, urea
and fumaronitrile) were used to evaluate the effect of different nitrogen sources on the
properties of these materials. Photoluminescence spectroscopy showed that the resulting
NCdots exhibited the conventional excitation-dependency behavior. The NCdots which
presented with the highest fluorescence quantum yield (made from ethylenediamine) were
used to make the subsequent NCdot: OLCNs composites. The as-prepared p-/ox-/N-OLCNs
all showed similar morphologies typical of chain-like carbon nanostructures, according to
transmission and scanning electron microscopy studies, but with varying particle sizes of 42

nm, 125nm and 85 nm, respectively.

The corresponding nanocomposites were used as counter electrode materials in DSSCs. The
application of all the nanocomposites in the DSSCs resulted in cell efficiencies, current
densities, open circuit voltages and fill factors that were lower than that of a conventional
platinum (Pt) electrode. AIll nanocomposites tested presented with cell efficiencies <1%.

VI



Furthermore, the cells displayed some photovoltaic effect of minimal activity in the absence
of light, under dark field conditions implying it is still a photovoltaic material. This
photocurrent generated by the cell in the dark is suggested to be a dominant contributor to the
low performance of the cells. However, what was remarkable was that this photovoltaic
effect, primarily due to the thermal activity from the long lasting glow of the NCdots
specifically, was found to be stable and efficient in response as infrared radiation even
without being illuminated with light for 5 minutes. This suggests that the NCdots: OLCNs
composites have potential application, possibly as efficient diodes rather than for use in
DSSCs.

Vil
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Chapter 1

Introduction to the study

1.1. Introduction

The development of alternative energy sources to fossil fuel has been driven by a variety of
interests, including economic considerations, along with healthcare and environmental
concerns. The sun provides most of the energy that is used on earth (direct/indirect) to sustain
life. Solar cells, which turn sunlight directly into electricity, can give methods for converting
solar energy into usable energy. Solar cells are used in many applications that include
calculators, solar lights, spaceships, and satellites. This dissertation is taken up with the use of
dye-sensitized solar cells (DSSCs) as an electricity generating device by converting solar
energy. The dissertation's first chapter discusses the study's background and motivation,
including the study's aim and objectives.

1.1.1 Study background

In recent years, a great emphasis on renewable energy sources has emerged in response to
rising energy demands and concerns about global warming. One of the breakthroughs that
can replace fossil fuels in the generation of large amounts of energy is projected to play a big
role in the future of solar energy conversion [1]. Both the availability, and the storage and
supply of energy have a significant influence on human life quality. Unless sustainable
renewable energy supplies can be created fast, human life quality is in peril. Through the
synthesis and analysis of materials for application in energy conversion devices, the
multidisciplinary discipline of chemistry may significantly contribute to the discovery of
environmentally acceptable energy solutions [2]. The world's energy demands are predicted
to more than quadruple in the next 50 years, putting further strain on the existing global crisis
unless renewable energies can fill the hole left by fossil fuels, and Chemistry can play a role

in solving this pertinent issue [3].

The devastating environmental contamination produced by common oil pollution, and even
the alarming climatic effects of the greenhouse effect induced by the burning of fossil fuels,
have recently heightened worldwide concern on energy sources [4]. Fortunately, the sun
provides tremendous amounts of energy to the world, estimated to be 3 x 10%* J per year, or
around 10* times what humankind currently consumes [5, 6]. Additionally, it might be



claimed that in order to meet our current needs, around 0.1% of the earth's surface would
need to be covered with solar cells, each of which would need to have an output efficiency of
at least 10% [7, 8] to provide all of humanity’s energy needs. These upbeat statistics inspire
the scientific community to work even harder on improving solar energy conversion
technology and to offer novel solutions to the energy issues we face. To date, nonetheless,

tapping further into sun's immense energy reservoir has proven to be difficult.

Solar energy conversion is one of the innovations that might result in a new source of energy
for large-scale power generation since it is expected to be crucial in future scenarios. On the
other hand, inorganic solar panels are still unreasonably expensive [9]. Unquestionably, the
huge rise in the lookout for commercial energy and power transmission technology lies at the
root of this dilemma. As a result, low-cost solar energy options are being thoroughly

investigated.

1.1.2 Motivation to the study

Current energy research has been focused on discovering and investigating alternative
sources to non-renewable carbon sources of energy, as well as producing durable, affordable,
and dependable equipment with great applicability and practicality, in order to fulfill rising
global energy demands [10 — 12]. These technologies must be able to allow more sustainable
and efficient energy usage or the dependable use of renewable energy when fossil fuels run
out (become exhausted) or become too rare and costly to utilize [13]. Along with its
availability and the fact that it largely employs green technology, solar energy has been

recognized as one of safest and most probable methods to solving energy concerns [11, 12].

Photovoltaic (PV) solar cells have been shown to be successful in harvesting solar energy.
With its ability to convert sunlight into power, photovoltaics has great potential for assisting
humanity in resolving its ongoing energy problems [14]. A number of photovoltaic modules
have been produced and researched as a workable solution. One of the most thoroughly
studied methods for transforming solar radiation into energy, dye-sensitized solar cells are

especially well suited for use in low-cost, high-performance gadgets [15].

In terms of performance and manufacturing simplicity, DSSCs are by far one of the most
promising replacements to silicon solar cells. Crystalline silicon (Si), which makes up 80% of

the industry for semiconductor solar cells, now dominates commercial markets. The
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remaining 20% is mostly composed of thin film solar energy technologies, using GaxSe, and
CdTe Culn@x films [16]. The aforementioned complex is a semiconductor with an indirect
bandgap that typically requires a 300-mm thick absorbance layer and has incredibly high
manufacturing and production costs. The latter complex comprises the use of dangerous and
rare elements found on the planet [14]. Compared to these solid-state systems, the DSSC
provides a low-cost, ecologically beneficial alternative. The DSSCs are simple to construct,
and thus the thin-film constructs are lightweight enough to be employed in automated
production [17, 18]. One of the most important nodes in the DSSC is the counter electrode
(CE), which is in charge of transferring electrons from the cathode circuit to the electrolyte.
To create a successful DSSC, a counter electrode's structural, electromechanical, electrical,

and electrochemical durability are some of the aspects that must be improved [19].

Since carbon is extremely stable and is thought to have properties similar to silicon, it is
appealing in the hunt for substitute materials to utilize in a DSSC. A fascinating chemical
called carbon may be found in a number of stable allotropes [20], exhibiting a wide range of
intriguing optoelectronic, mechanical, and chemical features Owing to its unique structure,
characteristics, and potential uses in energy storage applications, many forms of nano-

structured carbons have attracted attention in recent years [21-24].

Carbon dots (Cdots) are a novel form of a light - harvesting nano-carbonaceous material that
has aroused much interest in a range of sectors since its discovery. These Cdots show
guantum properties and have been shown to be superior to semiconductor quantum dots (and
organic dyes) due to their good photodegradation resistance, excellent stability, and low
toxicity [25]. Based on these benefits, Cdots have been recommended as a greener alternative
to standard semiconductor quantum dots that employ hazardous metallic components [26,
27]. Due to their unique properties, onion-like carbon nanoparticles (OLCNs) have also
become a substitute counter electrode material for usage in solar cells. Due to their multiple
surface-active spots/defects and large surface area, they have been used in DSSCs [28]. This
study's foundation is the creation of a composite of carbon nanomaterials that resemble

onions and have been enhanced with carbon dots for usage in DSSCs.

The study is driven by the knowledge that nanostructured materials electrodes have been
proposed to have a large conversion efficiency due to a strong electrode-electrolyte contact,

resulting in enhanced electrode electrochemical activity. Owing to this, we report a novel all



carbon based Cdots: OLCNs counter electrode for application in a DSSC. The Cdots are
predicted to increase the composites' catalytic activity, while the OLCNSs' high surface area is
predicted to increase the Cdots': OLCNs collective activity. The composite will be a less
expensive alternative to a platinum (Pt) counter electrode, opening new possibilities for

electrochemical DSSC devices.

1.1.3 Problem statement

The counter electrode, one of the essential parts of the DSSC, is in charge of moving
electrons from the external circuit to the electrolyte. The following qualities must be present
in an efficient counter electrode: stability in the mechanical, chemical, and electrochemical
realms; robustness; and excellent catalytic activity [19]. Due to its excellent conductivity, Pt
is the favored material for counter electrodes. However, the high cost of Pt prevents its

widespread application in solar cells [29].

To address this issue, scientists have been exploring carbon compounds in DSSCs to develop
photovoltaic cells with acceptable performance. Because of some of its similarities to Si,
carbon has been shown to be quite appealing in the hunt for alternative material to Si. Up to
this point, many multipurpose carbon-based compounds have been reported as counter
electrodes, such carbon black (CB) [30], activated carbon [31, 32], graphite [32], carbon
nanotubes [33, 34], graphene [35] and fullerene (C60) [36]. To enhance the capacity of all
carbon-based CEs for DSSCs, the current density, electrocatalytic activity, electrical
conductivity and device stability must all be improved [37-39]. In an attempt to accomplish
these benefits, an all-carbon based nanocomposites containing two distinct carbon allotropes
will be synthesized.

In this study, we have synthesized and studied a unique all-carbon-based carbon dot: onion-
like carbon nanomaterials (Cdot: OLCNSs) nanocomposite material as a high-performance CE
material. To boost the electrocatalytic activity, the Cdots are expected to behave as active
catalytic sites. The OLCNSs network is expected to create a favourable pathway for electrolyte
transport and an electrically conductive passageways for rapid electron charge transfer, while
the large surface area of the OLCNs may help disperse the Cdots and avoid particle
aggregation. There have been few publications on the use of all-carbon based materials as CE

materials, and to date no studies on Cdot: OLCNs composites, to our knowledge.



1.2 Purpose of the study

1.2.1. Aim of the study
In order to establish a connection between energy conversion devices and carbon
nanomaterials, this study aimed to create N-doped Cdots: functionalized-OLCNs composites

and analyze their characteristics, as well as test the counter electrode in DSSC.

1.2.2. Objectives

The following objectives helped to achieve the study's aim:

e To synthesize nitrogen doped Cdots (NCdots) from various precursors using the
microwave irradiation method.

e To synthesize OLCNs using the flame pyrolysis method.

e To functionalize the OLCNs with ammonia gas to obtain nitrogen-doped OLCNs (N-
OLCNSs), and H20- to obtain oxygenated- OLCNSs (0x- OLCNS).

e To synthesize doped Cdots; OLCNs composites using the as-synthesized doped Cdots
and the pristine, as well as functionalized OLCNSs.

e Adding doped Cdots: OLCN composites as a counter electrode component to the dye-
sensitized photovoltaic device.

e To create Cdot-coated counter electrodes (CE) for dye-sensitized solar cells (DSSCs):
composite OLCNS.

e To compare the performance of the Pt-based DSSCs with results from literature using
carbon nanocomposites as the basis.

A variety of characterization methods were used to examine the synthesized materials,
including scanning electron microscopy (SEM), transmission electron microscopy (TEM),
thermal gravimetric analysis (TGA), Fourier transform infrared (FTIR) spectroscopy, laser
Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), Brunauer-Emmett-Teller
(BET) surface analysis, elemental (CHN-S) analysis, powder X-ray diffraction spectroscopy
(PXRD), the cyclic voltammetry (CV), electrochemical impedance spectroscopy (EIS), linear
sweep voltammetry (LSV), and current density-voltage (J-V) measurements were used to

examine the solar devices.



1.2.3. Research questions and hypothesis

The issue under investigation was how the structure of the carbonaceous material would
change if heteroatoms were included into the matrix of carbon dots. The physical and
chemical characteristics of the nanocomposites, the solar cell, and the ensuing
photoluminescence features of a DSSC would all be affected by the addition of nitrogen
doped Cdots to the matrix of the OLCNs. How would the functionalized-OLCNs: NCdots
composites compare in terms of performance to the unfunctionalized-OLCNs: NCdots

composites?

e Can conductive composites be utilized in dye-sensitized solar cells to capture solar energy
and provide clean, plentiful electricity?

e Are the variously doped Cdots a perfect composite material to be employed in a counter
electrode in dye-sensitized solar cells when combined with pure and functionalized
OLCNs?

e Will the OLCNSs' performance be enhanced by the addition of doped Cdots?

1.3. Outline of dissertation

Chapter 1: Qutlines the general introduction, context, and purpose of the study as well as the
goals and objectives of the research on the usage of carbon/carbon composites in
dye-sensitized solar cells to increase their efficiency.

Chapter 2: The literature on carbon dots, carbon nano-onions, and carbon composites is
thoroughly reviewed in this chapter, along with information on how these
materials were found, how they differ from non-carbon nanomaterials, how they
are made, and how they are used. Additionally, it gives background information
on the designs and operation of DSSCs.

Chapter 3: Explains the characterisation methods and tools utilized in this work and provides
detailed descriptions of each. Additionally, several of the example preparations
are explained in this chapter.

Chapter 4: The outcomes of the microwave-irradiation approach used for the synthesis and
characterisation of nitrogen doped carbon dots made from several precursors

(citric acid, ethylenediamine, urea, and fumaronitrile) are presented. In this



chapter, the characteristics of the Cdots made from various predecessors were
compared, along with their discussion and interpretation.

Chapter 5: Describes the synthesis, results and discussion on the synthesis of OLCNSs using
the flame pyrolysis method. The discussion and interpretation of the
functionalization of the pristine OLCNs to obtained N- OLCNs and ox- OLCNSs
are presented in this chapter.

Chapter 6: Presents the synthesis procedure to make doped Cdots: OLCNs nanocomposites.
Different ratios of Cdots: OLCNSs, their optical properties together with their
physical properties were discussed.

Chapter 7: Demonstrates the fabrication and characterisation of customized DSSCs made
with various Cdots: OLCNs composites. Their electrocatalytic activities were
investigated and the chapter also presents how the incorporation of the
nanocomposites as counter electrode material affected the performance of the
devices.

Chapter 8: General conclusions and recommendations.
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Chapter 2

Literature review

2. Background and introduction

The direct solar energy harvesting technology known as photovoltaic (PV) is recognised as a
key factor in the future provision of the world's energy sources. Solar cell technology is now
dominated by silicon (Si) and semiconductor-based technologies. However, the price cost of
these photovoltaics is expensive. Silicon has the disadvantage of deterioration when used

under light, limiting its longevity and reliability [1].

Large scale solar electrical conversion systems in the future will require materials that are
readily available and easy to handle. As a result, finding new types of clean and affordable
energy resources is critical. Carbon is one of these elements and is appealing in the pursuit
for new materials since it is predicted to have qualities comparable to silicon. Indeed, carbon-
based solar cells have been made and studied [2]. This chapter provides a review of the
relevant literature and historical context for carbon materials used in dye-sensitized solar cells

(DSSCs), which are related to the driving forces, goals, and objectives of this study.
2.1  Carbon based nanomaterials

Material science (especially materials chemistry) has emerged as an active scientific topic
[3]. Material science is preoccupied with the synthesis and properties of materials as well as
the alteration of material surfaces to enable new materials (with new qualities) to be applied
in practical applications [4]. In this multidisciplinary field, nanomaterials, the building blocks
to construct bigger micro- and macroscale structures, have in the past five decades received a
lot of interest. One of these nanomaterials is based on carbon [5, 6]. Nanoscale carbon
structures have characteristics that differ significantly from bulk carbon. Carbon
nanoparticles are carbon-based compounds with sizes ranging from 1 to 100 nm [7] and
include fullerenes [8], carbon nanotubes [9, 10], graphene [11], carbon onions [12], and
carbon dots [13], and these nanomaterials are currently studied worldwide and have been

used in a variety of applications.
2.1.2 Carbon nano-dots

Carbon nanodots (Cdots) are zero-dimensional (0-D) carbon nanoparticles with high oxygen

and hydrogen percentages [14]. They are one of the carbon allotropes [15]. Cdots, due to their

12



unique optical characteristics, and especially fluorescence emission have been used in many

applications.

Cdots can readily be dispersed in water, have outstanding optical characteristics, and also
photobleaching resistance [16]. Furthermore, employing a variety of one-step techniques,
highly fluorescent Cdots may be generated on a large scale at cheap cost [17]. As a
consequence, they may be employed as a novel type of fluorescent material that can be used
to replace the existing inorganic quantum dots (QDs), also known as compound
semiconductors, in a number of applications while eliminating the use of heavy metals, which

can create poisoning and environmental impacts.

Cdots can be made from many carbon-based sources and this permits for the generation of a
tunable surface chemistry, chemical versatility, competitive prices, fast chemical
modification, high photostability, environmental friendliness, and excellent biocompatibility
[18 - 20]. Due to their particular emission dependency on the excitation source, Cdots differ
from more prevalent inorganic semiconductor quantum dots or metallic nanoparticles in
terms of their unique physical and chemical characteristics [21]. In reality, their fluorescence
properties are influenced by the precursors used, the reaction conditions, and the synthesis
processes [22, 23]. Their optical characteristics may be tuned to encompass the whole

electromagnetic spectrum, from ultraviolet to the near - infrared region.
2.1.3 Synthesis techniques to make carbon nano-dots

Over time, many techniques for the synthesis of carbon nanoparticles, including Cdots, have
been developed [24]. The structural, chemical, and optical features (such as size and
crystalline structure), as well as luminescence qualities (such as quantum yield) of Cdots are
frequently influenced by the synthesis method and precursors [25]. The top-down and
bottom-up methodologies [26], which are briefly explained here, are the two basic ways used

to synthesize Cdots.
2.1.3.1 Top-down approach

Cdots were originally produced via the top-down approach, which involves dissolving huge
carbon structures into smaller carbon nanoparticles. These bigger compounds can be reduced
physically, chemically, or even electrochemically until the appropriate particle size is reached
[27]. This method has the disadvantage of requiring long, and possibly complicated reactions

that demand purification steps and specialist equipment [28]. The arc-discharge technique
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[29], laser ablation [30], and electrochemical oxidation methods are examples of synthetic

procedures that come under this paradigm. [31].

Larger carbon structures, such as nano diamonds [33], graphite [34], carbon nanotubes [35],
carbon soot [36], activated carbon [37], and graphite oxide [38], are examples of carbon that

have been broken down using these processes.
2.1.3.2 Bottom-up approach

Because it is easier to use than the top-down method, this strategy has gained a lot of
attention. In this method, Cdots are made up from small organic carbon structures [39, 40].
This method has the advantage of using low-cost, commonly available carbon containing
ingredients. As a result, the bottom-up approach is preferred over the top-down method
because it avoids many of the problems that the top-down method has, including
carbonaceous aggregation, poor size control, poor homogeneity, and undesired surface
qualities of the product. This technique includes synthetic approaches that use the
hydrothermal method [41], pyrolysis method [42], ultrasonic method or combustion method
[43, 44], acid dehydration method [45], and the microwave-irradiation method [46].

Bottom-up techniques create carbon quantum dots (CQDs) from chemical precursors such as
citrate [46], carbohydrates [47, 48] and polymer-silica nanocomposites [49] through
combustion/ thermal treatments and microwave synthetic routes [50].

The top-down approach is used to make graphitic quantum dots (GQDs), whereas the bottom-
up method is used to make carbon quantum dots (CQDs) [51, 52]. The flexibility to add a
dopant (nitrogen, sulphur, silica, phosphorus, etc.) or surface passivating agents throughout
the process allows the bottom-up approach to frequently give good shape and size control of
the resulting Cdots [53].

2.1.3.2.1 Microwave-assisted irradiation synthesis method

One of the most popular bottom-up approaches for Cdot synthesis is microwave-assisted
reactions. Microwaves are electromagnetic waves with frequencies between 300 MHz and
300 GHz and wavelengths between 1 mm and 1 m [54, 55]. During microwave treatment,
precursor molecules absorb electromagnetic fields produced by microwaves and transform
them into heat energy [56, 57]. Dielectric solvents like methanol, butanol, nitrobenzene,
formic acid, and notably water absorb electromagnetic irradiation and transform it into

reaction heat [56, 57]. In comparison to more traditional heating techniques such using a
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heating mantle, an oil bath, or a hotplate, microwave heating offers the benefit of providing
consistent heating, a rapid synthesis time, and reproducible performance. In addition to being
an ecologically responsible method of synthesis, microwave heating frequently results in
fewer by-products and permits accurate particle size monitoring [58, 59].

Microwave-assisted procedures have successfully created carbon nanoparticles like graphene,
fullerene, and carbon nanotubes (CNTs) [60-63]. Numerous studies have been done on
microwave-based Cdot synthesis [64]. In particular, post-functionalization of graphene,
fullerene, and CNTs with organic and inorganic functional groups has also been

accomplished by microwave irradiation [60, 65-66].

The microwave-assisted irradiation synthesis is a particularly important way to create Cdots
when compared to other synthesis methods since it is a straightforward, clean, adaptable, and
effective method [67]. The capacity of polar molecules to absorb microwave radiation and
convert it to heat via dielectric heating is the key to microwave-assisted chemistry's
effectiveness and efficiency. When polar molecules having an electrical dipole moment are
bombarded with microwaves, they experience molecular rotation as they try to orient
themselves in the electric field [68]. This process offers a number of advantages, notably cost
effectiveness, short reaction speed, and operability, and also the prevention of harsh
traditional treatments such raised temperatures, strong acids, and extended reaction times

[69], rendering it a green preparative method.

Another noteworthy feature of microwave irradiation is the utilization of uniform heating and
fast reaction times, which enables large-scale Cdots production [70]. The microwave method
has also been used to make doped Cdots. For instance, Christé and colleagues examined the
productivity and dependability of several nitrogen doping (N-doping) processes in their
research on the synthesis of nitrogen-doped Cdots utilizing microwave-assisted hydrothermal

and solvothermal techniques [64].
2.1.4 Doping carbon nano-dots

Cdots are a novel form of a photoluminescent carbonaceous material [71]. Cdot
functionalization allows for the alteration of the Cdot surface state and intrinsic structure.
Various functionalization strategies enable the photophysical effectiveness of the Cdots to be
boosted to widen the spectrum of applications of fluorescent Cdots [72].
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Atomic impurities create n-type or p-type carriers when they combine with carbon cores,
altering the Cdots' electronic structure. Fluorescent Cdots with various active sites or surface
functional groups are produced through surface modifications (due to a particular functional
ligand). Surface states can be formed or modified by conjugating polymers or functional
molecules with surface functional groups [73]. This approach has piqued academics' interest
due to its simplicity and capacity to alter the inherent structure of Cdots. Dehydration,

condensation, polymerization, and carbonization are steps used in the doping process [72].

Doping of Cdots has certain advantages. Cdot surface passivation has been shown to greatly
enhance photoluminescence, lifetimes, and quantum yields [74]. Physical qualities such as
solubility in aqueous and non-aqueous solvents are also altered by surface doping. [75].

2.1.4.1 Nitrogen-doped carbon dots

Nitrogen doping is among the most well-studied heteroatom-doping techniques for Cdots,
resulting in the synthesis of nitrogen-doped Cdots (NCdots). Doping can improve the
efficiency of dye-sensitized solar cells (DSSCs) by altering their optical properties and
raising their Fermi level since nitrogen may function as an n-type impurity. Various nitrogen
sources, including ethylenediamine [76], urea [77], and ammonia [78], have been employed
to dope Cdots. In addition to the aforementioned chemicals, other carbon containing
chemicals that contain N can also be employed to make nitrogen doped Cdots. These include

natural products such as silk [79], milk [80], and even wool [81].

Doping nitrogen into carbon can produce pyrrolic-N, graphitic-N, and pyridinic-N structures
[82] and elaborating on the function of these N configurations in Cdots is crucial for
comprehending their photoluminescence (PL) process. Fig 2.1 shows these types of nitrogen
configurations. The pyridinic and pyrrolic nitrogen atoms in NCdots, can be thought of as
defective structures since they alter the conjugated carbon structure. This explains why the
emission efficiency is somewhat influenced by the nitrogen concentration of NCdots [83].
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N - "Pyridinic" N atom N - "Pyrrolic'" N atom
N - "Graphitic” N atom

Figure 2.1: Schematic structure representing the three types of nitrogen configurations [84].

The N-state, which is brought about by nitrogen, is a new surface state that traps electrons,
lowers non-radiative recombination, and increases radiative recombination. After surface
passivation, nitrogen doping has been found to greatly improve fluorescence and quantum
yield (QYrL) of Cdots [85, 86]. Additionally, nitrogen doping is the most efficient strategy
for improving the QYrL of NCdots among non-metallic doping techniques because of the
high fluorescence yield of electrons trapped by the new N-state.

To dope the NCdots employed in this investigation: citric acid and ethylenediamine, citric
acid and urea, and fumaronitrile were used. The synthesis of Cdots relied heavily on their

precursors.
2.1.5 Properties and applications of carbon nano-dots

Because of their various physical, optical, and chemical features, carbon dots have attracted a
lot of curiosity. The fact that these luminous nanomaterials may be made from very
affordable sources, such as simple organic compounds like citric acid [78] or more
heterogeneous sources such as orange juice [87], rice [88], coffee beans [89], ashes [90] or
even waste [91] has given rise to the extensive studies on the properties of Cdots. Cdots are
primarily composed of carbon (largely sp? with some sp® character) with small amounts of
hydrogen, oxygen, and nitrogen [92, 93]. These products have a high fluorescence quantum
yield QYrL [14]. As a result, Cdots have established themselves as a low-cost, ecologically

acceptable nanomaterial class for new technological innovations.
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Furthermore, they offer an intriguing alternative to typical fluorescent materials and are now
hailed as having significant potential for use in displays [94], lighting [95], sensing [96]
biological processing [97, 98] chemical monitoring [99, 100], catalysis [101], drug delivery
[102], imaging [103 - 105] and solar cells [106].

It is difficult to remove fluorescent Cdots from solution because of their tiny size, which
causes them to aggregate in the solid state [107, 108]. This agglomeration may cause
aggregation-induced luminescence suppression, in which case the application of their
photoluminescence emissions is compromised. To overcome these difficulties, a support

might be decorated with Cdots.
2.2 Onion-like carbon nanomaterials

Following lijima's work on carbon nanotubes (CNTs) in 1991 [109], chemists, material
scientists, and physicists etc. have been fascinated by these and associated carbon
nanomaterials, resulting in the study of a wide range of carbon nanostructures. Carbon nano-
onions are one such carbon. They were initially identified by Ugarte in 1992 [110] by
exposing carbon soot to an intense electron beam. Carbon nano-onions (CNOs) are
nanoparticles made up of spherically closed carbon shells that get their name from their

graphitic concentric multi-layered structure that resembles much like an onion [111].

They are an allotrope nanophase of carbon [112]. Onion-like carbon nanomaterials (OLCNSs)
is the name given to CNOs when the layers do not give a complete onion-like structure. They
have a polyhedral nanostructure with diameters of 100 nanometers. CNOs (and OLCNSs) can
have one of two structures: 1) a densely packed core that is not empty since it includes the
carbonaceous nanomaterial produced, or 2) a core-filled with a metal nanoparticle (mostly
from the metal catalyst employed in the carbon synthesis) [113].

2.2.1 Synthesis techniques to make carbon nano-onions

Carbon nanoparticles, including CNOs and OLCNs, have been made by a variety of synthesis
methods that have been established over time. Over the last few decades, numerous
preparation procedures, such as ferrocene chlorination [114], heat treatment of carbon black
[115] and the chemical vapor deposition method (CVD) [116 -119] have been used to create

chain-like carbon nanostructures.
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They have been found to show potential application in drug delivery [120], super-capacitors
[121], lithium-ion batteries [122 - 124], point-source electron field emittance [125] and solar
cells due to their unique interior void space [126, 127]. An example of a synthetic procedure
that produces large OLCNs involves pyrolyzing wood wool and then treating the product
formed with a strong acid (e.g., nitric acid). This yields OLCNs with distinct fluorescence
emissions [128] and that show chemical functionalization that allow the OLCNs to be

dispersed in organic solvents [129].

The flame pyrolysis method, also known as the innovative open flame-assisted synthesis
methodology, is a cutting-edge technique utilized for the continuous production of catalyst-
free solid OLCNSs under ambient conditions [130, 131]. The carbon supply is broken down
into atomic or radical carbon moieties in the flame pyrolysis process, which react to produce
OLCNs clumps, from which a compacted structure can be produced [132]. The auto curling
mechanism initiates the development of OLCNs layers from the inside out [133, 134].
Among the carbon-containing liquids and/or oils that have been employed in the flame
pyrolysis procedure are flaxseed oil, paraffin oil, and naphthalene [135, 136]. Furthermore,
this approach is low-cost and produces large amounts of clean (i.e., free of metal catalyst)
OLCNs [137, 138]. In this study, olive oil was employed as a carbon precursor to create

chain-like OLCNs using the flame pyrolysis process.

It's vital to note that this approach can create a wide variety of nanoparticles. The product
morphology is dependent on the synthesis process used to make the OLCNs. These methods
give rise to onion-like structures with highly variable nanosize [139, 140], and different
shapes (spherical [141 - 144], quasi-spherical [145], or polyhedral [42, 143, 146]). The
carbon cores/interior void space can be dense [132, 133, 135] or hollow [143, 144, 147]).
CNOs created by nanodiamonds, or electron radiation are very small (approximately 5-8
carbon shells) [148]. This can result in CNOs of various sizes and chemical and physical
characteristics [149].

2.2.2 Functionalization of OLCNs

Since all carbon nanostructures aggregate, which is facilitated by intermolecular interactions
like van der Waals forces, it has been demonstrated that all carbon nanostructures have low
solubility in both aqueous and organic fluids [147]. The functionalization of carbon

nanostructures is a way to solve this tendency. One strategy is to modify the carbons with

19



heteroatoms like F, B, S, P, O, as well as N [150 - 155]. So far, two basic tactics have been
used to achieve this goal. The first technique relies on heteroatoms modifying carbon
nanomaterials during their synthesis [149, 150]. The second technique includes treating
previously formed carbon structures with various oxidizing or reducing chemicals after they
have been synthesized [155, 158 - 160].

OLCNs are particularly appealing as materials for numerous applications due to their unique
mix of very favourable physicochemical features. Despite their advantages, OLCNs have to
date not garnered much attention as an electrode material for DSSCs, although they have
been used in supercapacitor (SC) and battery applications [161 - 163]. Additionally, OLCNs
have been demonstrated to be excellent materials for and can be doped by ion implantation
[164, 165]. The OLCNSs structures enables quick charge transfer processes. Further, the
OLCNs structures may be modified or doped to increase their electrochemical and

electrocatalytic capabilities.

In this study, OLCNs have been modified i) nitrogen doping to make N- OLCNs and ii)
functionalized with an oxidizing agent to produce ox- OLCNs. This functionalization could
enhance the long-term operating stability when they are utilized as counter electrodes [166].
The capacitance of OLCNs might be improved by making internal shells receptive to
electrolytes, therefore increasing the specific surface area of the OLCNs while maintaining
facile ion transport. The usage of these materials in solar cells might give a potential answer

to issues with DSSC manufacture.

2.3. Overview of photovoltaic cells
2.3.1 History of photovoltaic cells

In 1839, French scientist Alexandre Edmond Becquerel was studying the effects of light on
metal electrodes submerged in an electrolyte when he made the discovery of the optical and
electrical (photovoltaic) phenomena [167]. Following this early work, new materials have

been employed in optoelectronic technology.

William Adams and Richard Day observed the PV effect in solid selenium in 1877, and
Wilhelm Ludwig Franz Hallwachs produced a semiconductor-junction photovoltaic cell with
copper and copper oxide in 1904 [168]. However, there was still a lack of knowledge of the

science underpinning the functioning of these early PV systems at the time.
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The second phase in the history of the topic, which lasted from 1905 to 1950, provided the
theoretical foundation for the use of PV devices [169]. The progress of band theory for
highly pure single crystal semiconductors, as well as Einstein's photon theory and the
adaption of the Czochralski crystal growth process for single crystal silicon and germanium
growth, marked the second phase of this story. For highly tuned photovoltaic cells, the
developed PVs hypothesis highlighted the significance of using high grade single — crystal

semiconductors.

These breakthroughs paved the way for the third phase of PV device development, which
occurred between 1950 and 1959 and yielded the first practical silicon single-crystal PV
devices. The unveiling of the PV effect by Bell Labs in 1954, followed by the patent for an
8% effective silicon photovoltaic cell by Pearson, Chapin, and Fuller in 1957, was an

important development in the generation of PV technology [169].
2.3.2 Chemistry of solar cells and solar cell architecture

In 1991, Gréatzel and O'Regan constructed the first DSSC, and in 1992, they published the
first study on energy transformations and photoelectric energy production utilizing this
technology [170]. DSSCs are a simple device to create organic solar cells [171]. DSSCs are
noted for being transparent and adaptable, have cheap manufacturing costs, low raw material
prices, and have good commercial energy conversion [172]. For solar photovoltaic cells to
operate, light must be absorbed in order to generate exactions/electron holes, and the various
charge carriers of opposing types must be separated and extracted independently from the

external circuit [173].

The DSSC systems consist of a number of segments that ensure that the cell works properly
[171]:

e atransparent, highly conductive oxide coating has been applied on a sheet of glass

to create a translucent anode

e Application of a mesoporous oxide layer to the anode to initiate electrical

conduction

e A single layer charge transfer dye that increases optical absorption by being

covalently bonded to the surface of the mesoporous oxide layer.
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e A dye regeneration-influencing electrolyte that contains a redox mediator

dissolved in an organic liquid

e A cathode, which is often a glass sheet coated with a catalyst to promote easier

electron accumulation

DSSCs include optically clear electrodes, coordination compounds, nanoparticulate
semiconductors, inorganic salts, solvents, and metallic catalysts, which altogether contribute
to the goal of absorbing incident radiation and turning it into generated electricity [174].
Because the performance of the individual components determines the overall efficiency of
the DSSC, constant development of these components will enhance the cell and boost the

device's overall quality.
2.3.3 Working principle of a DSSC

Photoelectric cells called dye-sensitized solar cells are similar to artificial photosynthesis in
that they imitate both the process by which plant cells produce their own energy and the
results of sustainable solar power absorption by plants. When the electrons are produced by
the impact of photon energy and all chemical processes are considered, DSSCs are classified

as photo-electrochemical cells [175].

A DSSC's core working principle begins with light incidence generating dye excitation. The
semiconductor material's conduction band is then formed by stimulating the electrons from
the dye state [176, 177]. Through a porous, thin film layer, the electrons go to the transparent
conducting oxide (TCO) in the cell. The trapping and de-trapping effect, as well as the
incidence rate, have an impact on electron flow [178 - 181]. Whenever an oxidized dye
receives electrons from a redox mediator, the dye is regenerated, but the mediators are
oxidized as well [175]. The oxidized redox mediators are also replenished after diffusing to
the counter electrode through reduction owing to the electrons entering the counter electrode
(CE) through the use of an external circuit. The operational process is now complete [182].

The frequent counter electrode used in DSSCs is Pt placed on a TCO substrate [175].
Researchers have been working to develop new low-cost materials and methods to effectively
replace Pt and TCOs in counter electrodes due to the high expense of employing both of these
materials (Pt and TCOs). Studies on the use of flat electrodes and liquid electrolyte in DSSCs
for dye sensitization of semiconductors causes problems for photo-electrochemical research

have also been undertaken [183]. Potential substitutes include carbon nanoparticles with a
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high specific surface area and strong electrical conductivity [184, 185]. We also suggest a
unique, entirely carbon-based composite material for high-performance counter electrode

materials in this study.
2.4. The use of carbon dots and onion-like carbon as electrode materials in DSSCs

Pt has significant electric conductivity and excellent catalytic activity for the reduction of
triiodide, but it is extremely expensive and there aren't enough reserves to support its
widespread application [185, 186]. So far, low-cost carbonaceous materials have been used as
the catalytic materials on FTO (fluorine-doped tin oxide) or ITO (indium tin oxide) glass for
the CEs in DSSCs. These materials include graphite [187], carbon black [188], activated
carbon [189], hard carbon spheres [190], carbon nanotubes [191, 192], fullerene [193], and
graphene [194]. Both smoothness and conductance are two essential elements that influence
the functionality of CEs [186, 189 ,190]. Nevertheless, the DSSCs' performance with any of
these substrates has been shown to be modest, and long-term durability enhancements are

also required for future large-scale manufacturing.

Carbon nano-materials (e.g., carbon nano-tubes, graphene or graphene nano-plates, and
carbon composites) have been studied since they have large surface areas and strong
electrical conductance [195]. It is critical to concurrently increase conductance, electrical
properties, and device durability to boost the effectiveness of an all-carbon-based CE for use
in a DSSC. Moreover, the CE materials seldom have strong electrical conductivity and
electrocatalytic activity. Pang and co-workers were some of the first to synthesize and test an
all-carbon composite CE comprised of modified reduced graphene and nitrogen-doped
carbon nano-onions in a DSSC [196] and they obtained an impressive power cell efficiency >
10%.

2.5 All carbon composite material

The small size of Cdots can cause problems with their use. They can create carbonaceous
clusters when they are dry (after being taken out of a solvent), which can lead to aggregation-
induced luminescence quenching, which impairs their photoluminescence emissions
[197]. Low insufficient quantum vyields and poor transduction of light energy into
chemical/electrical energy can result from a suppressed photoelectrochemical spectrum [198].
Supporting Cdots on an insoluble solid surface is one way to deal with the problems that
come with them [199, 200]. When contrasted to other graphic carbon materials, OLCNs with

multi-layered lamellar structures have appealing properties, such as size [201, 202].
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Consequently, as a composite, these carbon compounds can possibly give intriguing catalytic
properties as new electrode materials for electrical and chemical energy storage applications
[203, 204]

Utilizing Cdot: functionalized OLCNs composites with nitrogen doping might provide
important insight into how co-doping affects the optical properties of carbonaceous materials
utilized in DSSCs.

2.7 Conclusion

Carbon dots can be produced utilizing a number of precursors and synthetic preparation
processes. This makes them exciting materials to synthesize because of their nonporous outer
shells, which are readily available to electrolyte ion. To date, carbon nano-onions have gained
increased attention as a promising solar electrode material with enhanced power density.
They may be the perfect counter electrode for DSSCs due to their excellent electrical
conductivity, low charge-transfer resistance, outstanding electrocatalytic activity, affordable
price, and stability for large-scale manufacture. To evaluate this proposal, the investigation of
a hybrid composite material composing of NCdots/functionalized OLCNs (p- OLCNSs, 0x-
OLCNSs, and N- OLCNSs) to achieve these merits desired has been undertaken.
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Chapter 3

Characterization techniques

3.1 Introduction

The methods utilized to characterize the materials produced for this research project are

presented in this chapter.

Almost all characterisation techniques require sample preparation prior to analysis. The
optical, physical, and chemical properties of the products were examined in terms of
morphology, photoluminescence, absorption, elemental composition, thermal stability,

surface functional groups, and crystallinity.

3.2. Characterization techniques used for the prepared NCdots, OLCNs and NCdots:
OLCNs composites synthesized in this study.

3.2.1. Scanning electron microscopy analysis

SEM was used to examine the external structural morphology of the CNOs as they were
created (SEM) [1].

The ZEISS Sigma 300 VP with a field emission gun was used to examine the morphological
structure of as-synthesised CNOs in this investigation. The instrument was run at 30 kV with
a 0.63 nA spot size. To prepare the samples for analysis, a spatula tip (2 mg) of CNOs sample
was deposited onto a carbon tape mounted to a metallic sample stub. The samples were
sputter coated with gold palladium to reduce the interference of the sample with electron

beam (charging).
3.2.2. Transmission electron microscopy analysis

Transmission electron microscopy (TEM) was used to study the synthetic materials' inherent
structural characteristics. When using TEM, a high-powered electron beam is used, and

magnification may reach 0.5 nm when the beam is accelerated at 120 kV [2].

The FEI Tecnai T12 transmission electron microscope was used in this study to examine the
intrinsic morphological traits and characteristics of NCdots, OLCNs, and NCdots: OLCNSs
composites. The following steps were used to prepare the sample for analysis. First, 5 mL of

distilled water and 1 milligram of the material were combined in a glass container. To obtain
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a homogeneous sample suspension, the mixture was then sonicated for 10 minutes, which
disseminated the sample's contents throughout the solvent. The suspension was then pipetted
onto a copper grid with a 200-mesh size (provided by Structure Probe, Inc. (SPI)). The grid

was dried at room temperature in air.

3.2.3. Powder X-ray diffraction analysis

All materials synthesized (NCdots, OLCNs, and NCdots: OLCNs composites) were analysed
using a Bruker D2 Phaser powder X-ray diffraction (PXRD), which employed Cu-Ka
irradiation and a 30 kV X-ray tube at a current of 30 mA across a 10° < 20 < 90° range. The

samples were contained in a zero-background holder.

3.2.4. Laser Raman spectroscopy analysis

Laser Raman spectroscopy analysis (LRS) is a technique for characterizing materials that
utilises unique vibrational and crystallographic information by comparing the relative
intensities of the defective bands. One of the most effective techniques for characterizing
carbonaceous material is Raman spectroscopy, which provides precise data on the size and
level of functionalization of the as-prepared material. Photon energy dispersion in an
electrochemical system and electronic states in the material provide this information [3-5].
With this information, it is possible to examine the material's photons and electrons more
thoroughly. Characterization of sp? hybridized carbons such 0D fullerenes, 1D carbon

nanotubes, 2D graphene, and 3D graphite is frequently done using LRS [6].

The D and D’ bands, which occur at 1350 cm™ and 1620 cm™, respectively, including the G
and G’ bands, which show at 1582 cm™ and 2700 cm™, are commonly employed to
characterize the Raman spectra of graphitic materials [7]. The G band is created by vibrations
in the sp?-hybridized framework, whereas the D band is caused by defects in the OLCNs
lattice (sp®-hybridized carbon) [8]. The structural characterization of graphitic materials can
provide useful information concerning flaws, finite sizes of crystallites parallel and
perpendicular to the hexagonal axis, and graphene layer stacking. Using an Olympus BX41
microscope attachment and a Lexel Model 95-SHG argon ion laser, Raman spectra were
taken at 785 nm (red line laser) for NCdots and 514.5 nm (blue line laser) for the various as-
synthesized OLCNs. The incident beam was focused onto the sample using a 100x objective
(N.A = 0.90). The backscattered light was directed onto a liquid nitrogen-cooled CCD
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detector using a 600 lines/mm grating. Software called LabSpec v5 was utilized to record the

signal. All samples took about 90 seconds to acquire.
3.2.5. Fourier transform infrared spectroscopy analysis

Quantifying a range of infrared-absorbing components is made a lot easier with Fourier
transform infrared spectroscopy (FTIR). This study employed a Bruker Tensor 27 FT-IR
analyzer to monitor the presence of unique functional groups in each sample. These
investigations produced spectra that functioned as distinct chemical fingerprints that could be

recognized from other compounds' absorption patterns.
3.2.6. Thermo-gravimetric analysis

In a controlled setting with a gaseous atmosphere, thermogravimetric analysis (TGA)

measures the change in mass of a material as a function of temperature (air and nitrogen).

Thermal stability data was obtained using a Perkin EImer TGA Simultaneous Analyzer STA
6000 Pyris Series for TGA and Differential Thermogravimetric Analysis (DTA) 6000. The
TGA data was utilized to identify any residual mass from the as-synthesised NCdots,
OLCNs, and NCdots: OLCNs composites after heating in air. In each standard run, an
estimated quantity of roughly 10 mg was added into a high-temperature alumina sample cup.
In the furnace chamber of the analyzer, the alumina sample cup was supported and kept in
place while being heated in air at a rate of 10°C per minute from 35 to 900°C. The machine
was purged with N2 gas (20 mL/min) to generate an inert atmosphere while flushing at 35°C
for 2 minutes. All samples were then tested in the open air.

3.2.7. Ultraviolet visible absorption analysis

Ultraviolet visible (UV-vis) spectroscopy is a spectroscopic method for determining solution
concentrations, chemical structures, purity, and nanoparticle sizes [9]. The UV-vis
spectrophotometer (Agilent Technologies Cary (100) Series) was used to examine the
synthesised materials' absorption wavelength. For measurements, a precise mass (mg) of the
substance to be examined was dispersed in distilled water to produce a defined concentration,
which was then studied at 350 nanometers (hm) and measurements collected between 275
and 800 nm. A Varian UV-vis 50 conc. spectrophotometer was used to assess the absorption

characteristics of the as-prepared OLCNs generated.
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3.2.8. Photoluminescence spectroscopy analysis

The fluorescence characteristics of the as-synthesised compounds were investigated using
photoluminescence spectroscopy (PL). With a 5 nm slit width in solution and a wavelength
range of 300-700 nm, the emission spectra were acquired using Cary Eclipse software in 10
mm fluorescent quartz cells. Varian Cary Eclipse fluorescence spectrophotometer provided
the PL data.

3.2.9. Time-correlated single-photon counting analysis

The simultaneous measurement character of a molecule's radiative emission of light from a
sample following stimulation was measured. A steady-state measurement of fluorescence
emission (intensity vs wavelength) yielded the relative and average values. The fluorescence
lifespan provided an absolute (concentration-independent) metric and enables for the creation
of a dynamic image of the fluorescence, both of which contribute to its popularity [10]. Time-
correlated single-photon counting is the method that is the most accurate for calculating
fluorescence lifetimes. Unlike certain analogue measuring techniques, it is a digital
methodology with well-defined (Poisson) statistics that is unaffected by variations in source
intensity. Time-correlated single-photon counting (TCSPC) is based on detecting individual

photons arriving after optical stimulation of a material.

A pulsed excitation source was employed (laser or LED) [11]. A double-exponential function
was used to fit the PL decay curves for the NCdots in the aqueous phase, and average decay
periods were computed. Additionally, steady-state PL measurements were made as a function
of excitation wavelength using a CHIMERA spectrometer (Light Conversion) with an

excitation wavelength of 377 nm.
3.2.10. Elemental Analyser analysis

The PerkinElmer 2400 Series Il CHNS Elemental Analyzer (CHNS) System was used to
analyze materials in this investigation, and the EA Data Manager software was employed

herein to help streamline data collection and analysis.
3.2.11. X-ray photoelectron spectroscopy analysis

Using X-ray photoelectron spectroscopy (XPS), it was possible to determine the surface
composition, elemental composition, and chemical bonding of the as-synthesised materials

based on the electrons' binding energies. This method involves bombarding the material's
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surface with X-rays to remove the photoelectrons. The spectra were analyzed using a
Physical Electronics Quantum 2000 scanning ESCAIlab 250Xi microprobe equipment with
monochromatic Al k operating at 300 W. (1486.7 eV). For C 1s, N 1s, and O 1s, survey and
high-resolution spectra were obtained at 285, 80, and 40, respectively.

The CasaXPS program was used to analyze and quantify the spectra, with the manufacturer's
sensitivity factors. Subtraction of a linear background was used in the analysis, as well as
charge reference to the 285 eV carbon signal. The spectra were matched using a set of line
shapes with a width of 0.5-12.5 eV that are 70% Gaussian and 30% Lorentzian (GL30). The
sample preparation and analysis were done at National Metrology Institute of South Africa
(NMISA), CSIR. Using a 0.026 ° step size, samples were scanned throughout the 2 range
from 10 to 90 °.

3.2.12. Brunauer-Emmett-Teller surface area analysis

Before analysis, 100 mg of the sample were degassed in nitrogen for 4 hours at 150 °C using
a Micromeritics Flow Prep 060 sample degasser. The gas sorption was carried out in liquid
nitrogen (-195 °C).

3.2.13. Atomic Force Microscopy analysis

To measure the NCdots' surface topology, height, and roughness, atomic force microscopy
(AFM) pictures were collected using a Multi-Mode v8 scanning probe microscope from
Bruker. The AFM had a resolution of less than 1 nm [12-15]. In comparison to SEM and
TEM, AFM not only gives two-dimensional (2D) pictures of Cdots from which the Cdots
dimension may be estimated by counting the height of particles on the images at random, but

also offers three-dimensional (3D) details about the material's surface shape.

A drop of the nanoparticle dispersion was applied to a freshly cut piece of mica substrate to
take measurements. The surface topography was photographed following the evaporation of

the water. The sample preparation and analysis were done at Mintek, Randburg.
3.2.14. Olympus fluorescent microscope analysis

An Olympus BX63 fluorescent microscope (OFM) was used to take the fluorescence
microscopy pictures. The light source for fluorescence microscopy observations was a
mercury lamp with a fluorescent filter. All experiments were performed at room temperature.

For single particle imaging, NCdots were dropped with a spatula onto a polished microscope

49



glass petri dish. A modified wide field epifluorescence microscope was used to image single
particles. A 500 nm long-pass dichroic mirror (Chroma 500 DCLP) was used to reflect a 488
nm argon laser beam that was directed onto the epi-illumination port of an inverted
fluorescence microscope. The laser beam was then focused onto the rear aperture of a high

numerical aperture objective inside the microscope.
3.2.15. Cyclic Voltammetry analysis

Using the electrochemical workstation and a three-electrode electrochemical cell, samples
were measured using cyclic voltammetry (CV). In this study, the current was measured by
sweeping the potential back and forth between the selected limits (from positive to negative
and negative to positive).

3.2.16. Electrochemical impedance spectroscopy analysis

An effective method for examining interfacial characteristics connected to events at the
electrode surface is electrochemical impedance spectroscopy (EIS). EIS is one of the most
important electrochemical technigues, and ohms are the unit of measurement for a circuit's
impedance (as resistance unit). Unlike the other electrochemical approach, the potentiometric
technique's potential variations (vs. a reference electrode) at zero current are related to
changes in the concentration of a target analyte. EMF, or electromotive force, is a measure of
a cell's concentration. In a typical electrochemical cell, matter-electrode interactions (redox
species) include the concentration of electroactive species, charge transfer, mass transfer, and
resistance of the electrolyte from the bulk solution to the electrode surface. As illustrated in,
each of these characteristics is represented by an electrical circuit consisting of resistances,
capacitors, or constant phase components coupled in parallel or series to make an equivalent
circuit [16]. Therefore, investigations into mass, charge, and diffusion processes might make
use of the EIS. As a result, the EIS may examine innate material properties or specific
processes that may have an impact on the conductance, resistance, or capacitance of an

electrochemical system.

EIS has various benefits since it is a steady-state approach that uses tiny signal analysis and
can explore signal relaxations across a wide range of applied frequency, from less than 1
mHz to larger than 1 MHz, utilizing commercially accessible electrochemical working

stations (potentiostat) [17].
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3.2.17. Linear sweep voltammetry analysis

Through linear sweep experiments, linear sweep voltammetry (LSV) voltammograms of the

three-electrode system in electrolyte were produced. Then the Tafel plots were created.

In this study, all CV, EIS and LSV voltammograms were recorded by a
potentiostat/galvanostat (BioLogic SP-300). Data acquisition EC Lab software was used in
the instrument. The system is outfitted with a three-electrode system that includes a glassy

carbon counter electrode, a platinum auxiliary electrode, and an Ag/AgCl reference electrode.
3.2.18. Photocurrent density-voltage analysis

Photovoltaic testing was performed on all produced DSSCs by measuring photocurrent and
voltage (J-V) characteristics. The FF, which is a factor that is directly connected to the power
conversion efficiency, was used to assess the overall performance of the cell (PCE or n). The
PCE is directly proportional to the FF and is hence directly related at a given incident light
power (Pigne) related by the equation below (Eqg. 1). A lower fill factors result in the cell’s

poor performance for the given incident light power [18].

(%) = me¥me - FscVoe 39 00 (cqFF).....o.ooeoeeeeeeeeeeeee (1)

Piight Piight

The photocurrent density-voltage (J-V) properties of each solar cell were assessed under 100
mW.cm2 illumination using a solar simulator (150 W Xe lamp with 1.5 air mass filters and a
source/measure unit) (HP 4141B DC). All testing and measurements were performed in

typical settings at room temperature.
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Chapter 4

Effect of the nitrogen source on the synthesis of nitrogen
doped carbon dots using the microwave-assisted
irradiation method

4.1.Introduction

Since Scrivens and co-workers synthesized fluorescent carbon dots (Cdots) in 2004, the field
has grown extensively [1]. Based on their crystal structure and quantum confinement,
different types of Cdots have since been synthesized viz. carbon quantum dots (CQDs),
graphene quantum dots (GQDs), carbon nanodots (CNDs) may be characterized [2] and
carbonized polymer dots (CPDs) [3]. Different carbon dots are depicted in Figure.4.1.

The edge effect and quantum confinement effect are two examples of the distinctive
properties of the GQDs, which are tiny units of graphene made up of one or more sheets that
include chemical groups on the edge or within the interlayer hole. They are often anisotropic
and have lateral dimensions. Without the quantum confinement effect of particle size, the
defect/surface state and subdomain state inside the graphitic carbon core are the principal
sources of photoluminescence in CNDs. Although CNDs include a significant amount of
surface chemical groups and carbonization, they often lack pronounced polymer and crystal

lattice characteristics.

The CQDs are typically spherical with an obvious crystalline lattice and chemical groups on
the surface, and they display intrinsic state luminescence and the quantum confinement effect
due to their size. The CPDs also have a hybrid polymer/carbon structure with a carbon core
and several surface functional groups and polymer chains. The two varieties of completely
carbonized cores that resemble CNDs or CQDs, a para-crystalline carbon structure made up
of tiny carbon clusters surrounding by polymer frames, and a dehydrated cross-linkage and
linked polymer frame structure are the four subclasses of the carbon core [3]. As a result, the
photoluminescence centre differs significantly amongst the various Cdot kinds.
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Carbon Dots

Figure 4.1: The proposed representative structures of graphene quantum dots (GQDs), carbon
quantum dots (CQDs), carbon nanodots (CNDs), and carbonized polymer dots (CPDs) [3].

The top-down or bottom-up procedures are the most often used techniques to create these
carbons, as explained in Section 2.1.3, Ch. 2. The top-down synthesis is known as cutting
from/breaking down various carbon sources to smaller carbon-based compounds [4], whereas
the bottom-up synthesis utilises tiny organic molecules [5, 6]. The top-down and bottom-up
approaches are referred to as "nano-methods"” to make carbons [7, 8]. Although the top-down
and bottom-up techniques produce Cdots with comparable luminous capabilities, their
structures and properties differ to some degree [9]. The production of polydisperse Cdots is

difficult to manage.

Regarding their physicochemical characteristics, Cdots are different from metallic
nanoparticles or inorganic semiconductor quantum dots. They are helpful in chemo sensing,
biosensing, imaging, cancer therapy, catalysis, light emitting diodes, and solar cells because
to properties including controlled fluorescence, no optical blinking, nontoxicity, long-term
photobleaching resistance, and water dispersibility [10-19]. Carbon, oxygen, and/or nitrogen-
based groups and their polymeric aggregates make up the structure of Cdots. Cdots, unlike
semiconductor quantum dots, have an unusual emission dependency on the excitation
wavelength [20].

The intrinsic structure and optical characteristics of Cdots requires a thorough understanding
of surface functionalization. Carbon and oxygen are the dominant elements found in non-
functionalized Cdots [21]. Unfunctionalized Cdots have poor luminous performance

[fluorescence quantum yield (QYrL) <5%]. The addition of oxygen (or other element) surface

55



functional groups is used to modify the efficiency. The nonradioactive recombination of
localized electron-hole pairs generated by oxygen groups like epoxy and carboxylic groups
on the Cdots surface reduces the pristine emission [22]. Non-functionalized Cdots frequently
exhibit blue fluorescence and have a constrained number of active sites due to the singularity
of surface functional groups, which limits their use. As a result, functionalized Cdots show
improved photophysical and photochemical capabilities. Doping has also been suggested as a
possible way to fine-tune Cdot emission features [23]. Since nitrogen and carbon atoms are
similar in size, nitrogen-doping (N-doping) is possibly the most common heteroatom
employed for doping. Additionally, nitrogen has five valence electrons available for joining
carbon atoms together [24]. N-doping often increases the quantum yield of Cdots [25-27],
rendering it one of the most prevalent techniques to improve Cdot photoluminescence [28,
29]. A nitrogen-rich tiny organic molecule is often added to the carbon precursor as a
nitrogen precursor in hydrothermal-based bottom-up synthesis procedures to accomplish

nitrogen doping.

Small molecules containing heteroatoms and other precursors can be pyrolyzed or carbonized
to produce heteroatom-doped Cdots in a single step, whereas surface-modified Cdots often
need two or more steps. Cdots with functional ligands may be modified by physical blending
or chemical bonding, such as amidation reaction, N-ethyl-N’-(3-(dimethylamino) propyl)
carbodiimide/N-hydroxysuccinimide, and electrostatic contact [21]. The intrinsic structure
and electron distribution of Cdots can be altered by non-metal, metal, and heteroatom doping.
Among the several non-metals, nitrogen doping is, as previously mentioned, a particularly
effective method for increasing the QYrL of Cdots because electrons trapped by the newly
created N-state can exhibit high fluorescence yield [30]. Additionally, the fluorescence may
be adjusted via N-doping, and excitation independence behaviour caused by passivated
surface states can be identified [31-33]. They can determine how basic or acidic carbons are,

as well as their various surface chemical and/or physical reactivity [34].

In this study, several nitrogen precursors have been used to make doped Cdots. Citric acid
was used in solid-state microwave-assisted process to synthesize N-doped carbon dot [35-39]
and polymers, for change of surface functionality or passivation, are two of the most widely
employed small organic compounds in the manufacture of Cdots, to name a few. Citric acid

was employed in this study a carbon source while ethylenediamine, fumaronitrile and urea
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were used as N sources. Because of its chemical makeup, fumaronitrile serves as a source of

both carbon and nitrogen. The structures of the reactants are shown in Figure 4.2.

The study optimized experimental parameters such as microwave power, heating time, and

reactant ratio. Thus, a 1:1 mole ratio of citric acid to dopants, a microwave power of 700 W,

and 5 minutes irradiation reaction time were employed as the optimal synthesis conditions.

O OHO 0
N=_~
NH, JJ\ TN
Homw HzN/\/ H,N NH,

‘OH

Citric acid Ethylenediamine Fumaronitrile

Figure 4.2: The structures of precursors used to prepare NCdots.

4.2.Starting materials

All of the compounds were readily accessible on the market and of analytical purity. The
reagents did not require further purification. Citric acid was employed as a source of carbon,
ethylenediamine, urea, and fumaronitrile were used as N-dopants, and distilled water served

as the solvent in the precursor process. They are shown in Table 4.1.

Table 4.1: Materials and reagents used in this study.

Reagents Purity )

and materials and speciation Supplier
Citric acid (C.A)>99.5% Sigma-Alrich
Ethylenediammine C:H4(NH2)., Sigma-Alrich
(EDA) >99.5 %

Urea CO(NHz)2, > 99.6 % Sigma-Alrich
Fumaronitrile (FN) NCCH=CHCN, >98.0 %  Sigma-Alrich
Quinine sulfate QS, Bioreagent,>98.0 %  Sigma-Alrich
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4.2.1. Experimental procedure
N-doped carbon dots (NCdots) were prepared from different precursors. The intention was to
synthesise the three types of NCdots using three different types of nitrogen-containing
precursors and to evaluate their physical, electronic, optical, and physiochemical properties
for comparison purposes. These were:

)] citric acid + ethylenediamine to obtain NCdots (EDA)

i) citric acid + urea to obtain NCdots (Urea)

i) fumaronitrile to obtain NCdots (FN)

to observe the change in properties of NCdots synthesized using a microwave-irradiation

method.

Various experiments were conducted to synthesize the nitrogen doped carbon dots. Using the
hydrothermal microwave-assisted irradiation procedure. This method has been used by other
researchers viz. Christé et al. [33] for NCdots (EDA), Kasprzyk et al. [39] for NCdots (Urea),
and Moon et al. and Hou et al. [40, 46] for NCdots (FN).

Despite extensive investigation, the impact of N-doping techniques on the QY. still remains
unknown [2]. As a result, the effectiveness of various nitrogen precursors on the QY. of the
resultant Cdots is unknown. This makes logical creation of Cdots with high QYL difficult,
which is a need for most (if not all) of these NCdots present uses.

4.2.2. Synthesis of nitrogen-doped carbon dots

The literature was consulted to determine the synthesis techniques that were used in this work
(as stated in Sec. 4.2 above). Using an Anton-Paar Multiwave 3000 SOLV microwave reactor
system with a maximum output of 1400 W and a regulated pressure of 60 bars, NCdots were
created. The temperature of carbonization of precursors to Cdots was manually set as the
highest temperature (or infrared temperature limit on the microwave) of the reaction mixture,
and the microwave power was manually set to 700 W for all reactions. All reactions took
place for 5 minutes at a fixed microwave power, and during that period, the power was scaled
up gradually (at a ramping rate of 100W/min) for all processes. Reaction conditions are

summarized in Table 4.2 below.
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Table 4.2: NCdots microwave-assisted synthesis conditions used in this study.

Sample Carbon Nitrogen
Solvent
Name source source
NCdots (EDA) C.A/EDA EDA Water
(19) (19) (20 mL)
NCdots (Urea) C.A/Urea Urea Water
(19) (19) (20 mL)
NCdots (FN) FN FN Water
19 - (20 mL)

The following steps were used when performing the response procedures:

The standard procedure implemented included adding the different precursors into a beaker
and mixing them with distilled water. An amount of about 1.0 g of precursor (with ratio 1:1
by weight) was mixed with 20 mL of water — for the preparation of the differently doped
Cdots. After that, the mixture was put into a Teflon 100 mL microwave jar with a pressure
jacket and cooked there for 5 minutes at 700 W. The carbonized materials were allowed to
cool to room temperature when the reaction was finished. The aqueous doped Cdots were
then purified by high-speed centrifugation at 18000 rpm for 20 minutes to remove large
particles or unreacted starting materials. Using a thin 0.22 m filter membrane, the collected
supernatant was filtered to remove any suspended contaminants while rejecting any
unsuspended or insoluble aggregates. Upon completion of filtering, a rotary evaporator was
then used to evaporate off the water from the doped Cdots solution at moderate speed at a
temperature of 70 °C. The finished product was then allowed to dry for 24 hours in a vacuum
oven at 60 °C. All doped NCdots were prepared this same way (Scheme 4.1). Equation 1 was
used to compute the weight-by-weight synthesis yield taking into account the quantity of
finished powder and quantity of beginning precursors employed.

. Actual yield
% Yield = 4

Theoretical yield
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]g + 20 mL rotor
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Scheme 4.1: Synthesis procedure followed in synthesizing the carbon dots.

4.2.3. Characterization techniques
e The synthesized materials were characterized using TEM, PXRD, Raman
spectroscopy, UV-vis and PL spectroscopy, TCSPC, TGA/DTA analysis, FTIR
analysis, XPS analysis, CHNS Elemental Analyzer, AFM and OFM microscopy.

4.3.Results and discussion

The outcomes and observations from the one-step microwave assisted NCdots synthesized
are presented in this section. The preparation method used to make the carbon-based quantum
particles has a significant impact on their characteristics. Because of this, the chemical
structures of NCdots can differ substantially, and characterizing them is essential to knowing
how to produce carbon-based quantum particles. The results and discussion sections below
review the experimental findings and discuss them in the context of literature, while linking
characterization techniques to each other and properties to performance, as per application in
DSSCs.

4.3.1. Morphological analysis

TEM examination was used to examine the structure, morphological characteristics, and size
distribution of NCdots produced under ideal synthetic circumstances (see explanation in
Supplementary Information, (SI) Sec. S1 and S1.1). The spherical shape of all the NCdots
was shown by TEM images, which are shown in Fig. 4.3 a—c below, and the particles were
evenly dispersed without any aggregation. The synthesized Cdots' particle sizes were
estimated using Image J software; the matching size distribution histogram is displayed next
to each TEM image. The particle size of NCots (EDA) range from 4 to 10 nm with an
average diameter of 6.5 nm + 0.54 nm (Fig. 4.3 a). NCdots (Urea) ranged from 4 to 10 nm,
with an average diameter of 7 nm £ 0.68 nm (Fig. 4.3 b). The NCdots (FN) were bigger in
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size with a particle size range ranging from 15 — 60 nm and an average diameter of 35nm +
0.49 nm (Fig. 4.3 c). These results vary slightly from those reported in literature using the
same precursors due to the different reaction conditions employed. The large particle size of
NCdots (FN) observed may be due to the reactivity of the precursor in the microwave oven,
as the NCdots (FN) formed at a higher reaction temperature than the other NCdots
synthesized using the strong microwave power (see Table 4.3 below), under the same

synthesis conditions using.

For example, NCdots reported by Mondal et al., were synthesized using ethylenedimine and
citric acid had slightly smaller average particle sizes (~5 nm) using a domestic microwave
oven (P= 300 W, T= 150 °C and t=10 min) [41]. Similarly, NCQDs prepared by Devi et al
via hydrothermal synthesis at 140°C for 10 hours were found to have a ~6.7 nm diameter
[42]. Using citric acid and urea in an aqueous solution, Sendao et al. created Cdots by
microwave processing (5 minutes at 700 W in a home microwave). The average particle size
of the Cdots was found to be 23.1 nm [43]. They said that whereas Cdots are normally less
than 10 nm, larger versions of these nanoparticles are occasionally seen (up to 30 nm) [44,
45]. Hou et al., synthesized NCQDs by a hydrothermal method using fumaronitrile and the
Cdots produced had an average diameter of ~4.5 nm via heating in an oven at 225 °C for 10
min. [46].

These findings reveal that there are many factors (i.e., microwave power, solvent volume,
reaction time, type of precursor etc) that affect the properties of Cdots and that slight
modifications on synthesis procedure have an impact on the physical properties of Cdots.

Summary using the same precursors is given in Table 4.3.

The chemical make-up of the precursor molecules has long been recognized to influence the
chemical characteristics of Cdots. The type of precursor and the method of synthesis can both
affect the Cdots' particle sizes [47, 48]. Therefore, the structural, chemical, thermal, and
optical characteristics of NCdots made from various precursors that included nitrogen were
examined. The collected yield in this study after synthesis was 29 % for NCots (EDA), 29 %
for NCdots (Urea) and 71 % for NCdots (FN).
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Table 4.3: Comparison of particles size of NCdots synthesized in this study vs literature

Sample  Carbon Nitrogen Reaction Particle Microwave  Temperature

Name source source time (mins)  size (nm) power (W) (°C) Reference
NCdots CA/EDA EDA 7 6.5 700 174 This work
(EDA)

NCdots CA/EDA EDA 10 5 300 150 [41]
NCdots CA/Urea Urea 7 7 700 184 This work
(Urea)

NCdots CA/Urea Urea 5 23.1 700 - [43]
NCdots FN FN 7 35 700 190 This work
(FN)

NCQDs FN FN 10 4.5 - 225 [46]

Count (%)

Diameter (nm)

Diameter (nm

E

40

Diameter (nm)

Figure 4.3: TEM images and their corresponding size distribution histograms below of a) NCdots

(EDA), b) NCdots (Urea) and c) NCdots (FN).
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4.3.2. Powder X-ray diffraction (PXRD) spectroscopy analysis

The PXRD patterns were measured for all nitrogen-doped carbon dots. Figure 4.4. (a)
depicts the PXRD patterns of all NCdots while Figures. 4.4 b, ¢ and d show the separate
patterns, which present complete conversion to a graphite-like material. Broad carbon peaks
are observed for the NCdots (EDA) and NCdots (Urea) consistent for small, disordered
material. The PXRD pattern of the latter two samples demonstrated one broad peak centred at
20 =24.7° for NCdots (EDA) and 20 = 25.1° for NCdots (Urea) which can be attributed to the
002 plane of carbon. The difference relates to the internal structure suggesting the carbon
layers pack differently. They both also exhibited a small peak at ~26 = 61.0° (100 plane)
which can be attributed to the highly disordered carbon atom with amorphous structure and a
graphitic characteristic [49-52], respectively (circled in Figs. 4.4 b and c). The PXRD
diffractogram of NCdots (FN) (Fig. 4.4.d), demonstrated a narrow peak centred at 20 = 27.2°
which is attributed to carbon material with more crystalline characteristics, [53] and no other

secondary peak was observed for this particular sample.

The PXRD pattern of a graphitic carbon typically shows a diffraction peak at around 20 =
25.0° or higher [53-56]. It is evident that the crystallinity of NCdots varied with the different
N-precursors, similar to those reported by other researchers [57-59]. In addition, the PXRD
pattern of NCdots (FN) demonstrated a sharper peak as compared to the diffraction peak of
the other two sample, implying that NCdots (FN) might have a higher degree of
graphitization [60]. As explained in Sec. 4.3.2 that both the NCdots (EDA) and NCdots
(Urea) exhibit broad carbon PXRD patterns which suggest that these NCdots are of a highly
disordered amorphous carbon structure relatively, while NCdots (FN) exhibited a sharp,
narrow PXRD structure which suggests rather more crystalline characteristics. Hence, the
(001) plane is not observed in the NCdots (FN). The broader 002 peak of NCdots is a
characteristic of Cdots with smaller sizes [59, 49]. These findings are consistent with the
TEM study, which showed that NCdots (EDA) and NCdots (Urea) had smaller average
particle sizes than NCdots (FN).

The XRD data from Figure 4.4 b, c and d below was used to determine the crystallite size

and interplanar d-space on the various NCdots employing the Scherrer equation (1) and

Bragg’s law (2), respectively. From the XRD graph, we can calculate the full width and half
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maximum (FWHM) and utilise the FWHM value obtained to calculate both the crystallite

size and d-space.

K2
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Where D is the average crystallite size (nm), K is the Scherrer constant (also called the shape

(D)

factor or shape parameter) whose value is ~0.94 for spherical crystallites (with cubic
symmetry), A is the X-ray wavelength for the Cu-K, X-ray source which has been
experimentally deterimed and has value of 1.5406 A (0.15406 nm), B is the line broadening at
FWHM in radians and 6 is the peak position/Bragg’s angle in degrees at half of 26.

Here, d is the interplanar spacing (in A or nm), 0 is the Bragg’s angle, n is the diffraction
order (for first order, n=1) and X is X-ray wavelength (Cu-K, = 0.15406 nm).

The calculated (average) crystallite sizes for NCdots (EDA), NCdots (Urea) and NCdots (FN)
were found to be 0.35 nm, 0.41 nm and 1.67 nm for NCdots (EDA), NCdots (Urea) and
NCdots (FN), respectively. The interplanr spacing values were calculated to be doo) = 0.36
and d100) = 0.24 for NCdots (EDA), d(200) = 0.35 and d(1o0) = 0.22 for NCdots (Urea) and d2o0)
= 0.32 for NCdots (FN).

Furthermore, the dislocation density and micro strain values of the various NCdots were

calculated using equation (3) and (4), respectively using parameters obtained above.

5= — 3
S s (3)

Where & is the dislocation density (nm) and D is the crystallite size.

B

€ 4tan® Q)

Here ¢ is the micro strain, f is the line broadening at FWHM in radians and 6 is the peak

position/Bragg’s angle in degrees at half of 20.
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The dislocation densities were found to be 8.099 nm2, 6.039 nm and 0.354 nm for NCdots
(EDA), NCdots (Urea) and NCdots (FN). The corresponding micro strain values were
calculated to be 0.48, 0.41 and 0.09 for NCdots (EDA), NCdots (Urea) and NCdots (FN),

respectively.
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Figure 4.4: PXRD patterns of the as-synthesized a) all as-prepared NCdots, b) NCdots (EDA), ¢)
NCdots (Urea) and d) NCdots (FN)

4.3.3. Raman spectroscopic analysis

The core of graphene quantum carbon dots, which are carbon-based nanoparticles, is believed
to be made of sp? carbon atoms joined by sp® carbon atoms [61] Fig 4.5. This figure shows
that at the extremes one can find a variety of carbon nanostructures with varying sp? /sp®

ratios [62].

To learn more about the structural characteristics of the NCdots created in this work, Raman

spectra were examined at 785 nm (red line laser), because the background fluorescence with

65



514.5 nm (green laser) was very intense. There was less fluorescence experienced with the
red laser, hence it was chosen as the excitation soiurce. The D band, which is often centered
at about 1300 cm™ and is sp® hybridized, and the G band, which is typically centered at 1600
cm?, are the two primary characteristics of carbon nanomaterials. Other minor peaks include
the 2D peak and the D+G overtones [63-67]. The D band is connected to the vibrations of
carbon atoms in disordered graphite or glassy carbon with dangling bonds on the termination
plane. The G band corresponds to the graphite Ezg mode and is related to the vibration of sp?-
hybridized carbon atoms in a two-dimensional hexagonal lattice [68, 69].

Heteroatom doping can cause Raman peaks to shift in location and strength. As an instance,
Rogach's group [70] discovered that the G band blue moved to 1649 cm™, as opposed to the
normal in-plane vibration G band, which occurs near to 1580 cm™ when there is no doping of

the carbon.

Carbonnanoparticles (CNP)
Carbonblack
Carbon dots (Cdots) Fullerene Graphene Quantum dots

nanodiamonds Carbonquantumdots (CQDs)  SWCNTs/MWCNTs (GQDs)

sp? sp?

Figure 4.5: Carbon-based nanomaterials including carbon quantum particles [62].

It was difficult to get usable Raman data for the NCdots (EDA) and NCdots (Urea) because
the Raman modes could not be described. This is associated with photoluminescence
excitation of the carbon. The Raman analysis demonstrated the existence of a small G peak at
~1600 cm! for these two samples (Fig. 4.6 a, and b). The sloped baseline is consistent with
the fluorescence properties associated with the Cdots, making Raman spectra measurement
problematic. The fluorescent material could be analyzed with Fourier transform Raman (FT-
Raman) at an excitation wavelength of ~1064 nm as a possible solution to this problem. This
is due to the fact that FT-Raman can minimize materials' background fluorescence. UV-
Raman analysis could also be used to investigate this issue although this option may be
limited if the equipment has a wavelength of ~244 nm for excitation. This is not suitable for

sp? carbon, and a longer wavelength of 325 nm would be more efficient.

For NCdots, the two distinctive D and G bands were observed (FN). At about 1350 cm™, the
D band was noticed and the G band at about 1590 cm™* (Fig. 4.6 ¢). The calculated Ip/Ig ratio
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was found to be ~ 0.79. The Raman data is summarised in Table 4.4 below. The data for
NCdots (FN) is similar to that found by Moon et al [39]. According to reports, a big Ip/lc
number denotes expanding structural flaws or an increase in the quantity of disordered carbon
inside Cdots, whereas a small Ip/lg value implies a core of Cdots that is extremely crystalline.
An Ip/lg value of ca. 0.7 is typical of graphite [74]. If the Ip/ I ratio is equal to 1, it means
there is an equal amount of both sp® and sp? carbons are present, while a ratio above one
suggests a high degree of disorder and a ratio less than one suggests a high degree of
graphitic carbon [71-73]. According to research by Ajayan's team, exposed edge sites and
flaws in N-doping cause NGQDs to have an Ip/lc = 1.05 [74].
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Figure 4.6: Raman spectra patterns of the as-synthesized a) NCdots (EDA), b) NCdots (Urea) and ¢)
NCdots (FN) all recorded at Aex 785 nm.

Table 4.4: Summary of the Raman spectroscopy analysis results.

Sample name D Band (cm™) Area G Band (cm™?)  Area In/lg ratio
NCdots (EDA) - - 1689 - =

NCdots (Urea) - - 1594 - -

Ncdots (FN) 1380 1243.1 1556 1573.6  0.79

From TEM, PXRD and Raman data, it can be inferred that the NCdots (EDA) and NCdots
(Urea) can be classified as CNDs and NCdots (FN) can be classified as either GQDs or CQDs
[3, 62]. More information on their quantum confinement effect, rather than just crystal structure

and spectroscopy, might improve the accuracy of the distinction between the two classes.
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4.3.4 Optical properties (absorbance measurement and fluorescence studies analysis)

Utilizing spectrophotometry for photoluminescence (PL) and ultraviolet-visible (Uv-vis)
absorption, the optical characteristics of both the as-synthesised NCdots were examined. Figure
4.7 displays the NCdots' emission and absorption spectra, which were captured in water under
ambient circumstances. Every spectrum displays band-to-band core transitions below 300 nm
[75] and displays a shoulder at about 245 nm that may be caused by the C=C bond’s m-m*
transition [76]. An absorption peak at wavelengths 275 nm was observed for NCdots (EDA).
The other two samples also showed two peaks ca. 283 and 598 nm for NCdots (Urea) and 280
and 325 nm for the NCdots (FN) (Fig. 4.7 b and c), respectively. Poorly resolved bands may be
the result of a bathochromic shift brought on by a high energy transition that originates from the
quantum confinement of the carbogenic core (or the carbon n—r* transitions in the sp? domain
transition). The secondary peaks resemble a broad low energy absorption band due to the n-r*
transition of heteroatomic surface functionalities attached at the edge of the carbon core,
respectively [77]. The findings demonstrate that the synthesized NCdots exhibit a broadband
absorption for the PL emission mechanism and multiple emissive centers (in this case, dual
emissive centers: core state and surface state). These absorption peaks in the Cdots structure

suggest prolonged conjugation [78].

At an excitation energy of 350 nm, emission spectra were captured, as the NCdots did not
exhibit any activity in region < 300 nm. The emission spectra showed maxima at 438 nm, 454
nm and 452 nm corresponding to NCdots (EDA), NCdots (Urea) and NCdots (FN) (see Fig. 4.7
a, b and c), respectively. The emission peaks of all types of NCdots were found to be broad, and

this is a typical characteristic of fluorescent NCdots [79, 80].

UV absorption peaks of NCdots generated using traditional procedures are typically strong, but
the locations of UV absorption peaks can vary. As shown in insets in Fig. 4.7, the NCdots
dispersed in water were orange/brownish and transparent in daylight. When the sample was
treated with UV light, the aqueous solution of NCdots emitted a bright blue fluorescence,
showing that the NCdots have a high fluorescence. Furthermore, the sample solution is very
clear, indicating that the NCdots have good aqueous dispersibility. Most reports on Cdots
generated using the microwave-irradiation approach have been reported to exhibit blue
fluorescence emissions when exposed to UV light [81, 82]. Tauc plots of these NCdots, ascwell

as their determined bandgap energies, can be found in the SI, Figure. S12.
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It is assumed that the emission and absorption data can be explained by proposals made in the
literature. Traditional bandgap absorptions are absent in Cdots, and it is most likely that excited
state energy trapping occurs between the defects that generate absorptions and those that induce
emissions [83]. The Cdots surface may be modified using groups like amine and hydroxyl to fill
in defects, stabilize surface energy traps after passivation, and then trap more emissive energy as
a result of quantum confinement. As a result, the PL is more stable, and the fluorescence
quantum yield is larger the smaller the Cdots are [84]. The distribution of unique emissive sites
on each Cdot as well as impacts from particles of varying sizes in the sample might all
contribute to the optical behavior of Cdots [85]. Studies of the optical characteristics of tiny

Cdots, however, are still debatable, and the precise mechanisms underlying PL are yet unknown.
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Figure 4.7: UV-vis absorption spectrum and PL emission spectra of a) NCdots (EDA), b)
NCdots (Urea) and ¢) NCdots (FN). The inserts show the photographs of NCdots in water under
visible light (brown solutions) and under UV lamp (blue solutions) at 365 nm excitation wavelength

under irradiation.
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Various excitation wavelengths were used to record the NCdots' emission spectra. As shown in
Fig. 4.8, from 350 to 470 nm, in intervals of 20 nm, the emission intensity rose as the excitation
wavelength was raised. All of the detected NCdots' emission strength, however, clearly
decreased when the excitation wavelength was further increased. Additionally, a distinct red
shift in the emission peak location for all samples was detected with an increase in the excitation
wavelength from 410, 370, and 390 to 470 nm (Fig. 4.8 a, b, and c) for NCdots (EDA), NCdots
(Urea), and NCdots (FN), respectively.

These findings imply that the NCdots defy Kasha's rule, which states that a fluorophore's
emission peak location is independent of the excitation wavelength. According to reports, the
photoluminescence characteristics change depending on how big the carbon quantum particles
are. This is caused by the HOMO-LUMO gap's dependency on particle size, which causes
redder-shifted emission as particle size increases [62]. NCdots synthesized in this study were
seen to be bigger in size compared to the literature synthesis procedure (see Sec 4.2.3 above).
As a result, when Aex exceeds 400 nm, the location of Aem shifts towards higher wavelengths and
becomes excitation wavelength-dependent, which suggests that the NCdots as made contain two
separate emissive species. This type of excitation-dependent emission is a distinguishing

property of Cdots, allowing them to function as fluorescent probes [84].

The origin of this excitation-dependent nature is either due to the optical selection of various
sized nanoparticles (quantum effect) and/or various emissive traps on their surface, or some
other completely different mechanism; at the moment, this is an unresolved issue and a source
of contention among scientists [85]. As a result, all as-synthesised NCdots are excitation
dependent, which is to be expected. In our study, it appears that the PL features of the NCdots
generated are due to distinct nanoparticle compositions and architectures, as well as variable

particle sizes. These findings are in line with those made in prior investigations [86].

Although, the exact mechanism of Cdots photoluminescence is still a point of contention among
researchers [87], four reliable PL processes have been established:
i) the carbon core's measurements of the quantum confinement effect and conjugated -
domains
i) the surface state, which is determined by chemical groups attached to the carbon

backbone and their hybridization
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iii) the fluorescent molecules attached to the surface or inside of the Cdots entirely control

the molecular state

iv) the crosslink-enhanced emission (CEE) effect, which prevents materials from

transitioning in nonradiative ways [88, 89].
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Figure 4.8: PL spectra of the aqueous solution of a) NCdots (EDA), b) NCdots (Urea) and c) NCdots

4.3.5. Quantum yield study and analysis

(FN).

Fluorescence quantum yield (QYrL) is the effectiveness of tuning absorbed energy into emitted

light, which might take the form of fluorescence. Even at low concentrations, fluorophores

having a high QYrL frequently exhibit a bright fluorescence, thus this lowers the quantity of

fluorophores needed for application which can minimize costs, of DSSC production in this case.
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The QYFrL of the NCdots (Table 4. 5) was determined using quinone sulphate (QS) as a standard
(QYrL = 0.54, dissolved in water as a solvent) at the excitation wavelength of 350 nm [90, 91].
The integrated fluorescence intensity was calculated using the area under the fluorescence curve.
The integrated fluorescence intensity was plotted against the absorbance, with the intercept set

to zero. Finally, equation 2 was used to obtain QY. values (Equation 2):

Where @ is the quantum yield of the sample, I and Ir are the measured intensities of the
fluorescent sample and the quinone sulphate reference, respectively. The Ar and A values are the
measured absorbances of the reference and sample, respectively. The refractive index, n, was
assumed to be 1 since the NCdots and QS were dispersed in the same solvent (n20) = 1.33).

To avoid inner filter effects, there optical density of all samples was kept below 0,05. For all
observations of fluorescence spectra, the excitation and emission slit widths were 5 nm. Table
4.4 gives the QYFrL values for the three samples, and the NCdots (EDA) were observed to have
the highest QYrL compared to the other NCdots.

The quantum yields of these microwave-produced luminous Cdots are frequently reported to be
< 10% [92]. Interestingly, the quantum yield of the NCdots (EDA) here was found to be 15%. If
an electron in a molecule's singlet ground state (where electron spins are coupled) is stimulated
to a high energy level, it has a chance of either being in the excited singlet state or the exciting
triplet state. Due to the singlet ground state's presence of a spin zero, the spin quantum selection
rule prevents excited triplet excitons from decaying into the ground state. In addition, photon
absorption cannot ignite excited triplet excitons. Thus, the triplet state population is not a
requirement for the DSSC material [93-95]. Hence, the NCdots with the highest quantum yield
was chosen for application in dye-sensitized solar cell. The higher quantum vyield is a result of
nitrogen doping, which implies that ethylenediamine is more of a nitrogen-rich small organic
molecule than a precursor to nitrogen [96].

Since nitrogen is an element that donates electrons, the nitrogen-doped carbon dots exhibit
excellent electron conductivity due to the density of the electron cloud around the nitrogen

atom. When exposed to UV light, electrons in Cdots travel from the ground state to the excited

72



state, and because the excited state is unstable, the electrons lose energy in the form of
fluorescence before returning to the ground state [97]. For this reason, NCdots (EDA) were
chosen, to be the material of choice for the fabrication of NCdots: OLCNs composites (see
Chapter 6) for application as counter electrode material in DSSCs.

Table 4.5 Quantum yield calculations

Integrated

Abs@350 nm Quantum Quantum
Sample name Emission )
Intensity ratio Yield (%)
QS ref 1507494 0,02863 0.54 (known) -
NCdots (EDA) 654028,52 0.04384 0.1530 15.30
NCdots (Urea) 352028.51 0,04725 0,0764 7.64
NCdots (FN) 55830,76 0.01017 0,0563 5.63

Christé et al reported NCdots (EDA) with 3% QY a 350 nm excitation wavelength [33]. Zhao’s
group managed to synthesize NCdots (Urea) with 12.9% QY [98] and Moon et al found their
NCdots (FN) to have a QY of ~47%.

4.3.6. Time-correlated single-photon counting (TCSPC) analysis

Unlike steady state intensity measurements, which is relative, the fluorescence lifespan provides
an absolute (concentration-independent) metric that permits a dynamic image of the
fluorescence spectrum to be created. The fluorescence lifetime is a chemical characteristic that
is independent of concentration within specific restrictions. Thus, concentration variations,
whether induced by photobleaching or diluting/concentrating the sample, have no effect on the
lifespan value [99]. The greatest barrier to using carbon dots in the solid state is accumulation-
induced luminescence quenching. In this study, analyses were done using a 377 nm pulsed diode
laser source at the emission wavelength of 400 nm (Fig 4.9 a, b and ¢ below). From time-
resolved spectral data at the proper wavelengths, Kinetic traces were constructed. Transient
absorption and time-resolved fluorescence experiments were conducted in quartz cells with a 2

mm sample path length.
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TSCPC as an analytical technique has relevance in relation to DSSC application in that
enhanced power conversion efficiencies can be attributed to increased lifetimes of photo excited
excitons due to strong spin-orbit coupling of the N electrons in NCdots which is required for
good performance and electronic (and chemical) stability of the DSSC. Thus, longer decay

lifetimes may enhance the performance of the DSSC.

For all the three as-synthesized NCdots, the plots followed bi-exponential decay patterns. The
time-resolved fluorescence decay curves can be fitted into double exponential functions showing
11, and average lifetime (tave). The average luminescence lifetime was found to be 8.28 x 10° +
7.19 x 10 ns for NCdots (EDA), 3.46 x 107 + 5.15 x 106 ns for NCdots (Urea) and 2.77 x 10" +
2.72 x 108 ns for NCdots (FN). The NCdots (Urea) and NCdots (FN) were observed to have
short average lifetimes (< 5 ns), and such short lifetime is similar to those found for graphene
dots (QDs) [100, 101] whereas NCdots (EDA) exhibited a longer average lifetime (> 5 ns).
Moreover, it was found that the varying emission durations for differently doped NCdots
affected the radiative route due to the modification by heteroatom dopants. The highest QYL
was found to be NCdots (EDA) and because of the fluorescence being dominated by a highly
emissive molecular state with a relatively longer average lifetime, NCdots (EDA) exhibited a
high QYFrL.

There have only been a few reports of strong fluorescence in Cdot-based solid-state materials
[102]. Overall, the emission lifetimes of the various doped Cdots were somewhat diverse,
demonstrating that doping and the various dopants utilized have an effect on the radiative route
[103]. The effect of doping on Cdots and the dynamics of their excited states is consistent with

the results of excitation wavelength dependent studies.
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Figure 4.9: Decay studies of a) NCdots (EDA), b) NCdots (Urea) and ¢) NCdots (FN).

4.3.7. Thermogravimetric/differential thermal (TGA/DTA) analysis

TGA and DTA analyses were carried out to obtain the thermal stability and to get an estimate
of the purity of the NCdots, recorded under ambient conditions (Fig 4.10 a and b). All the
NCdots showed small decomposition peaks at temperatures around 180-190 °C which are due
to moisture or adsorbed water by the NCdots [104], Fig 4.10 a. The NCdots also displayed
several breakdown peaks at temperatures between 200 and 600 °C (circled), which may be
related to various functional groups on their surface or various arrangements of the various
types of nitrogen atoms [105]. At temperatures exceeding 500 °C, the NCdots showed a
significant weight loss, which is caused by the disintegration of the graphitic carbon core of
the NCdots [106]. The weight percentage of the residual nanoparticles after heating was
found to be < 0.5 % for all NCdots. This indicates that the synthesized NCdots were fairly

free of any impurities.
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The DTA curves (Fig 4.10 b) showed numerous weight loss steps below 400 °C. The first
step is up to 300 °C, where the weight loss is not substantial. The degradation in this region is
due to the evolution of oxygen and nitrogen atoms, the lattermost likely from HCN and NH3
functional groups [107]. The decomposition of the residual carbon core in the second stage is
what causes the weight loss. The decomposition temperatures of the carbogenic backbone
structure occur at 598, 610, and 638 °C for NCdots (EDA), NCdots (Urea) and NCdots (FN).
From Figure 4.10 b the NCdots (FN) can be seen to present with a broader decomposition
peak as compared to the other NCdots at temperatures above exceeding 500 °C. This
relatively broader peak can be attributed to strong interaction of the N atoms to the Cdots,
resulting in NCdots (FN) presenting with the highest thermal stability. These results are in

agreement with Raman data.
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Figure 4.10: Shows the percentage weight loss as a function of temperature; a) TGA profiles for the
produced NCdots, and b) DTA curves for NCdots.

4.3.8. Fourier transmission infrared spectroscopy (FTIR) analysis

Functional group types on the surface of NCdots have a crucial role in determining their
chemical, physical, and optical properties [108] (Fig 4.11). The FTIR spectra of the NCdots
were all similar. They showed extensive absorption bands in the 3235 cm™ region, which may
be attributed to the distinctive vibrations of O-H or/and N-H groups, while the peak at 2240 cm*
can be attributed to a C=N group [40]. While the peaks in the range of 1600 to 1400 cm™ can be
attributed to the C=C (ca. 1548 cm™) stretching vibrations of aromatic hydrocarbons, the peak at
1687 cm™ indicates the C=0 stretching band.[109]. The stretching and bending vibrations C-N
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(1380 cm™), C-O (1467 cm™) and C-H (769 cm™) were also ascribed to the peaks below 1500
cmt [33, 39-40, 108-110].

To understand these results, a consideration by Li’s group was adopted. The usage of the
microwave method and the reactants have an impact on the existence of the different functional
groups [110]. Urea includes -C=0 and -NH> groups, while citric acid has -COOH and -OH polar
groups (Fig 4.2). It was suggested that as citric acid and urea are both polar molecules, thus
microwave radiation allows the O=C-NH links to be formed [110]. When exposed to
microwave radiation, the various monomers will dehydrate one another, causing the

polymerization of the amide species.

These findings demonstrate that the surface of the NCdots contains many functional groups,
including O-H, N-H, and maybe -COOH, making them very soluble in water. Additionally,
these functional groups can serve as linkers to bind biomolecules, resulting in the formation of
NCdots as nano-carriers [39,111]. These outcomes are comparable to those obtained by
Koteswararao et al. [112] who quickly microwave aided solid-state approach to synthesize

highly fluorescent N-doped carbon dots, which is what was used in this investigation.
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Figure 4.11: FTIR spectra of all as-prepared NCdots.
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4.3.9. X-ray photoelectron spectroscopy (XPS) analysis

The three NCdots samples’ surface composition was investigated using XPS analysis. The
samples are mostly made up of the elements C (59-61 at. %) and N (17-26 at.%), with varying
quantities of O (12-15 at.%) as shown in Table 4.6 below. The interior levels of C 1s, O 1s, and
N 1s were then scanned in great detail. Utilizing the CasaXPS program, data processing via
peak fitting and deconvolution revealed potential chemical groupings and their relative

contributions.

Figure. 4.12 below shows the XPS full scan spectrum of NCdots (EDA) as well as the high
resolution spectra of C1s, N1s and O1ls after deconvolution. Figure. 4.12 a presents three
predominant peaks which are all attributed to the carbon (C1s), nitrogen (N1s) and oxygen
(O1s) with atomic percentages of 61.9 %, 22.3 % and 15.7 % respectively. The high-resolution
spectrum of C1s (Figure 4.12 b) revealed three different peaks at 285.0 eV (13.3 at. %), 286.3
eV (32.3 at. %) and 288.1 eV (15.6 at. %) which were assigned to C-C sp?, C-O and C=0,
respectively [113]. The high resolution spectrum of N1s (Figure 4.12 c¢) was deconvoluted into
a single peak located at 400.1 which was assigned to an organic graphitic nitrogen, the pyrrolic
N [114-116]. Furthermore, the deconvolution of the high-resolution spectrum of Ols (Figure
4.12 d) revealed two signals at 531.6 eV and 533.5 eV which are associated with C-O and C=0
(or N-C=0 group) with 15.5 % and 0.7 % atomic percentage, respectively [117]. Christe

observed similar results [37].
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Figure 4.12: a) XPS full scan spectrum, and the corresponding high-resolution spectra of b) C1s, ¢)
N1s, and d) O1s of the as-synthesized NCdots (EDA).

Three peaks at 285.1 eV, 400.3 eV, and 531.8 eV in the entire XPS scan spectra of NCdots
(Urea), Figure 4.13 a, are assigned to the C1s, N1s, and O1s with atomic percentages of 61.5

percent, 26.2 percent, and 12.3 percent, respectively. Three separate forms of carbon were also
seen in the high-resolution C1s spectra (Figure 4.13 b) at 284.7 eV, 286.5 eV, and 288.2 eV
which were assigned to C-C sp?, C-O and C=0, respectively. The deconvolution of the high

resolution spectrum of N1s (Figure 4.11 c) resulted in two different types of nitrogen atoms
located at 399.9 eV (9.2 at. %) and 401.1 eV (3.9 at. %) pyridinic and pyrrolic N, respectively.
These results are similar to those reported previously [118]. The high resolution spectrum of O1s
(Figure 4.13 d) revealed two peaks at 531.5 eV and 533.0 eV which are attributed to C-O (20.6
at. %) and C=0 (6 at. %), respectively.
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Figure 4.13: a) XPS full scan spectrum, and the corresponding high-resolution spectra of b) C1s, ¢)
N1s, and d) O1s of the as-synthesized NCdots (Urea).

NCdots (FN) contained a different elemental composition and atomic percentages compared to
the NCdots (EDA) and NCdots (Urea). As shown in Figure 4.14 a below, the XPS full scan
spectrum of NCdots (FN) revealed three main peaks at 284.9 eV (59.1 at. %), 399.4 eV (14.2 at.
%) and 531.9 eV (17.3 at. %) which are attributed to the C1s, N1s and O1s respectively. The
atomic weight percentages were calculated to be 38.2 %, 14.8 % and 6 %, respectively. The
high-resolution C1s peak (Figure 4.14 b) also showed three different types of carbon at 284.2
eV, 286.0 eV and 288.2 eV which were assigned to C-C sp? hybridisation, C-O and C=0,
respectively. The deconvolution of high resolution spectrum of N1s (Figure 4.14 c) resulted in a
single type of nitrogen atoms located at 399.2 eV was due to pyridinic N [119]. The high
resolution spectrum of O1s (Figure 4.14 d) also revealed a single peak at 531.7 eV which was
attributed to C-O. Even though, FN as the starting material for NCdots (FN) has no silicon
containing groups, Si signals were observed assigned to Si2p at binding energy of 101.8 eV (at

9.4 at. %). The sample might have been contaminated during sample preparation. This is surface
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Figure 4.14: a) XPS full scan spectrum, and the corresponding high-resolution spectra of b) C1s, c)
N1s, and d) O1s of the as-synthesized NCdots (FN).

Table 4.6 The relative percentage composition of the as-synthesized NCdots

from XPS spectroscopy.

Atomic percentage

Sample name C (%) N (%) O (%) Impurities (%)
NCdots (EDA) 61.9 22.3 15.7 0.1

NCdots (Urea) 61.5 26.2 12.3 -

NCdots (FN) 59.1 17.3 14.2 9.4
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The XPS results of all NCdots showed that nitrogen doping of the NCdots was successful during
microwave synthesis. It is assumed that the surface concentration will be no different from that
found in the bulk. The nitrogen concentration of NCdots (Urea) was the highest of the three
NCdots varieties. The nitrogen content of all as-synthesised NCdots was greater than previously
reported values for the identical NCdots in the literature. This might be due to the synthesis
process used in this work, which indicated that the monomers experienced considerable

carbonization during polymerization to generate nitrogen-doped carbon dots.

4.3.10. Elemental (CHNS) analysis

Elemental analysis of the NCdots in weight percentage (wt.%) are summarised in Table 4.7.
The C wt.% across all three samples are above 40 %, thus indicating these dots are carbon
rich nanodots. The H wt.% was below 10% for all Cdots and there was no significant

variation in H composition observed between the various NCdots.

The NCdots have variable amounts of elemental nitrogen. Compared to NCdots (EDA) and
NCdots (Urea), NCdots (FN) had the largest concentration of N atoms (CHNS analysis) and
the lowest N atomic composition (XPS analysis). NCdots (Urea), was observed to present

with the lowest N atom concentration and the greatest N atomic composition.

Despite the fact that both techniques can be used to determine the sample composition, the
main signal in XPS comes from the surface (a few atomic layers at the surface, say a few
nanometer) due to electron escape depth, whereas CHNS analysis effectively gives the "bulk"
concentration of elements present in a sample, but very little information about the speciation
or oxidation state of each element. CHNS analysis is an elemental analysis instrument, which
means it can only detect elements, determine their composition, and determine sample purity.
XPS, on the other hand, provides information on the sample's chemical composition at the
surface and the binding energies that arise [120]. As a result, XPS and CHNS analyses give
complimentary information about a sample, however the information is usually fairly

different due to variances in surface and bulk chemical compositions.
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Table 4.5: Summary of the CHN-S analysis results.

Elemental Composition (%)

Sample reference C H N S
NCdots (EDA 48.89 7.061 22.44 -
NCdots (Urea) 42.69 5.292 14.01 -
NCdots (FN) 50.36 4.057 27.28 -

4.3.11. Atomic Force Microscopy (AFM) analysis

Using AFM tests, the surface roughness of all the freshly manufactured NCdots was assessed at
room temperature. Drops of a dilute aqueous dispersion of the produced NCdots were placed on
glass and silicon surfaces in a conventional process for AFM investigation. The surface
roughness (RMS) and maximum roughness depth (Rmax, Which is the largest single roughness
depth within the evaluation length) values were evaluated and compared to tapping mode AFM
data using the 50-objective lens. The 10-objective lens was helpful in determining the diverse
undulations by seeing the undulations (when observed) on a larger scale. The surface
topography of the NCdots, the visualization of roughness morphology, and the link with the

various nitrogen dopants utilized are discussed.

Figure 4.15 illustrates the two dimensional (2D) images of the synthesised NCdots which was
randomly arranged on the silicon wafer substrate at low magnification (2 um). The three
dimensional (3D) images of NCdots were observed with corresponding two dimensional image
analysis. Fig. 4.15 a and b (2D and 3D images) show pink ‘blobs’ of agglomerated substances
on the surface of the NCdots (EDA) and NCdots (Urea), respectively. These sites of
agglomeration are not visible for NCdots (FN) Fig. 4.15 c.

The RMS was found to be 0.802 nm, 2.235 nm, and 1.346 nm for NCdots (EDA), NCdots
(Urea), and NCdots (FN), respectively. It was discovered that the Rmax 0f NCdots (EDA),
NCdots (Urea), and NCdots (FN) were, respectively, 2.295 nm, 2.096 nm, and 0.810 nm. More
roughness was seen on the surface and in-depth investigation (Rmax values). These findings
suggest that NCdots (EDA) and NCdots (Urea) were agglomerated on the surface, with clusters
of particles visible, as opposed to what was seen for the NCdots (FN) images, which were

extremely smooth. It was possible to discern quite homogenous, practically spherical particles
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that are devoid of any agglomeration. This could be because NCdots (FN) were more crystalline

as confirmed by both PXRD and Raman data (Figs 4.4 and 4.6, respectively).

Radius 121.34 rm
sigma  0.085 nm

L

RMS

lc
ra(lc)
Rmax
RZ

Rz Cnt
Radius
Sigma

1.00

39.063 nm
2.235 nm
oc

0.463 nm
2.096 nm
2.054 nm
2

98.917 nm
0.152 nm

RZ
Rz Cnt
Radius

23,438 nm
1.346 nm
oc

0.173 nm
0.810 nm
0.796 nm
2

93.837 nm

Sigma 0.077 nm

Figure 4.15: AFM images of a) NCdots (EDA), b) NCdots (Urea) and ¢) NCdots (FN) and their
corresponding section analysis as well as 3D surface image analysis.

4.3.12. Olympus fluorescent microscope (OFM) analysis

In line with findings from Sec. 4.3.4, fluorescent microscope pictures were taken using an
Olympus BX63 fluorescent microscope. The stimulation of fluorophores and subsequent
detection of the fluorescent signal are both possible with OFM. The strong fluorescence
characteristic of NCdots with varying bandwidths is revealed by fluorescence microscopic

experiments.
The NCdots particles were seen with black emission under a UV-filter and green emission under

a red filter as shown in Fig.4.16 a-f. Thus, a range of fluorescence emission was observed under

green fluorescence [121]. This result is consistent with previous reports [122, 123].
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Fig. 4.16 a and d show fluorescent images of NCdots (EDA) which had a different image
morphology compared the other NCdots. The imaging looks like it has water molecules present
and that is because NCdots (EDA) are very hygroscopic in ambient conditions when dried. All
NCdots have relatively high avidity to moisture in the air, however for NCdots (EDA) have a

higher affinity thus they were paste-like during analysis.

Figure 4.16: OFM images of a) NCdots (EDA), b) NCdots (Urea) and ¢) NCdots (FN).and their

corresponding green field images d), €) and f), respectively.

4.4.Conclusion

In this study, the hydrothermal microwave irradiation process was used to synthesize NCdots
with a high fluorescence. Three different N-precursors were used viz, citric acid and
ethylenediamine, citric acid and urea, and fumaronitrile. The route proved to be a simple, cost-
effective, one-step microwave synthesis pathway towards the production water-soluble
luminous NCdots. The NCdots' highest quantum vyield in aqueous solutions with persistent,
excitation-wavelength-dependent PL features was 15% (EDA). According to FTIR, XPS, and
CHNS tests, the NCdots all exhibited a high nitrogen-atom concentration both on the surface
and in the bulk. Excitation wavelength dependent studies' findings are compatible with the
effects of doping on Cdots and the dynamics of their excited states. The decay lifetime as well
as quantum yield values obtained for NCdots (EDA) indicate a highly emissive molecular state
with a long lifetime. This indicates that the additional intersystem crossover brought on by the
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longer NCdot lifetime can improve the DSSC's efficiency (which would accelerate the
dissociation of the excitons in the system). Furthermore, the data showed that the production of

NCdots is dependent on the type of precursor used.

87



References

1.

10.

Xu, X., Ray, R., Gu, Y., Ploehn, H. J., Gearheart, L., Raker, K., & Scrivens, W. A.
(2004). Electrophoretic Analysis and Purification of Fluorescent Single-Walled Carbon
Nanotube Fragments. Journal of the American Chemical Society, 126(40), 12736-12737.
https://doi.org/10.1021/ja040082h

Cayuela, A., Soriano, M. L., Carrillo-Carrion, C., & Valcéarcel, M. (2016). Semiconductor
and carbon-based fluorescent nanodots: the need for consistency. Chemical
Communications, 52(7), 1311-1326. https://doi.org/10.1039/c5cc07754k

Xia, C., Zhu, S., Feng, T., Yang, M., & Yang, B. (2019). Evolution and Synthesis of
Carbon Dots: From Carbon Dots to Carbonized Polymer Dots. Advanced Science, 6(23),
1901316. https://doi.org/10.1002/advs.201901316

Goncalves, H., Jorge, P. A., Fernandes, J., & Esteves Da Silva, J. C. (2010). Hg(ll)
sensing based on functionalized carbon dots obtained by direct laser ablation. Sensors and
Actuators B: Chemical, 145(2), 702—707. https://doi.org/10.1016/j.snb.2010.01.031
Huang, D., Zhou, H., Wu, Y., Wang, T., Sun, L., Gao, P., Sun, Y., Huang, H., Zhou, G.,
& Hu, J. (2019). Bottom-up synthesis and structural design strategy for graphene
quantum dots with tunable emission to the near infrared region. Carbon, 142, 673-684.
https://doi.org/10.1016/j.carbon.2018.10.047

Sharma, A., & Das, J. (2019). Small molecules derived carbon dots: synthesis and
applications in sensing, catalysis, imaging, and biomedicine. Journal of
Nanobiotechnology, 17(1). https://doi.org/10.1186/s12951-019-0525-8

Feng, X., Wu, J., Ai, M., Pisula, W., Zhi, L., Rabe, J., & Millen, K. (2007). Triangle-
Shaped Polycyclic Aromatic Hydrocarbons. Angewandte Chemie International Edition,
46(17), 3033-3036. https://doi.org/10.1002/anie.200605224

Yan, X., Cui, X., & Li, L. S. (2010). Synthesis of Large, Stable Colloidal Graphene
Quantum Dots with Tunable Size. Journal of the American Chemical Society, 132(17),
5944-5945. https://doi.org/10.1021/ja1009376

Preview: Angew. Chem. Int. Ed. 50/2010. (2010). Angewandte Chemie International
Edition, 49(49), 9537. https://doi.org/10.1002/anie.201090155

Zhou, Y., Benetti, D., Tong, X., Jin, L., Wang, Z. M., Ma, D., Zhao, H., & Roseli, F.
(2018). Colloidal carbon dots based highly stable luminescent solar concentrators. Nano
Energy, 44, 378-387. https://doi.org/10.1016/j.nanoen.2017.12.017

88



11.

12.

13.

14.

15.

16.

17.

18.

19.

Xu, J., Miao, Y., Zheng, J., Wang, H., Yang, Y., & Liu, X. (2018). Carbon dot-based
white and yellow electroluminescent light emitting diodes with a record-breaking
brightness. Nanoscale, 10(23), 11211-11221. https://doi.org/10.1039/c8nr01834k

Hu, L., Li, H.,, Liu, C., Song, Y., Zhang, M., Huang, H., Liu, Y., & Kang, Z. (2018).
Chiral evolution of carbon dots and the tuning of laccase activity. Nanoscale, 10(5),
2333-2340. https://doi.org/10.1039/c7nr08335a

Liu, C,, Fu, Y., Xia, Y., Zhu, C., Hu, L., Zhang, K., Wu, H., Huang, H., Liu, Y., Xie, T.,
Zhong, J., & Kang, Z. (2018). Cascaded photo-potential in a carbon dot-hematite system
driving overall water splitting under visible light. Nanoscale, 10(5), 2454-2460.
https://doi.org/10.1039/c7nr08000j

Ding, Z., Li, F., Wen, J., Wang, X., & Sun, R. (2018). Gram-scale synthesis of single-
crystalline graphene quantum dots derived from lignin biomass. Green Chemistry, 20(6),
1383-1390. https://doi.org/10.1039/c7gc03218h

Essner, J. B., & Baker, G. A. (2017). The emerging roles of carbon dots in solar
photovoltaics: a critical review. Environmental Science: Nano, 4(6), 1216-1263.
https://doi.org/10.1039/c7en00179g

Wang, W. J., Xia, J. M., Hai, X., Chen, M. L., & Wang, J. H. (2017). A hybrid of carbon
dots with 4-chloro-7-nitro-2,1,3-benzoxadiazole for selective detection of p-
phenylenediamine. Environmental Science: Nano, 4(5), 1037-1044.
https://doi.org/10.1039/c7en00027h

Lu, X., Zhang, J., Xie, Y. N., Zhang, X., Jiang, X., Hou, X., & Wu, P. (2018).
Ratiometric Phosphorescent Probe for Thallium in Serum, Water, and Soil Samples
Based on Long-Lived, Spectrally Resolved, Mn-Doped ZnSe Quantum Dots and Carbon
Dots. Analytical Chemistry, 90(4), 2939-2945.
https://doi.org/10.1021/acs.analchem.7b05365

Ren, J., Sun, X., Wang, Y., Song, R., Xie, Z., Zhou, S., & Chen, P. (2018). Controllable
Photoluminescent and Nonlinear Optical Properties of Polymerizable Carbon Dots and
Their Arbitrary Copolymerized Gel Glasses. Advanced Optical Materials, 6(12),
1701273. https://doi.org/10.1002/adom.201701273

Li, S., Amat, D., Peng, Z., Vanni, S., Raskin, S., de Angulo, G., Othman, A. M., Graham,
R. M., & Leblanc, R. M. (2016). Transferrin conjugated nontoxic carbon dots for
doxorubicin delivery to target pediatric brain tumor cells. Nanoscale, 8(37), 16662—
16669. https://doi.org/10.1039/c6nr05055¢

89



20.

21.

22.

23.

24,

25.

26.

27.

28.

Sun, Y. P., Zhou, B, Lin, Y., Wang, W., Fernando, K. A. S., Pathak, P., Meziani, M. J.,
Harruff, B. A., Wang, X., Wang, H., Luo, P. G., Yang, H., Kose, M. E., Chen, B., Veca,
L. M., & Xie, S. Y. (2006). Quantum-Sized Carbon Dots for Bright and Colorful
Photoluminescence. Journal of the American Chemical Society, 128(24), 7756-7757.
https://doi.org/10.1021/ja062677d

Chen, B. B., Liu, M. L., Li, C. M., & Huang, C. Z. (2019). Fluorescent carbon dots
functionalization. Advances in Colloid and Interface Science, 270, 165-190.
https://doi.org/10.1016/j.cis.2019.06.008

Zhou, J., Zhou, H., Tang, J., Deng, S., Yan, F., Li, W., & Qu, M. (2016). Carbon dots
doped with heteroatoms for fluorescent bioimaging: a review. Microchimica Acta, 184(2),
343-368. https://doi.org/10.1007/s00604-016-2043-9

Ferreyra, D. D., Rodriguez Sartori, D., Ezquerra Riega, S. D., Rodriguez, H. B., &
Gonzalez, M. C. (2020). Tuning the nitrogen content of carbon dots in carbon nitride
nanoflakes. Carbon, 167, 230-243. https://doi.org/10.1016/j.carbon.2020.05.062
Martindale, B. C. M., Hutton, G. A. M., Caputo, C. A., & Reisner, E. (2015). Solar
Hydrogen Production Using Carbon Quantum Dots and a Molecular Nickel Catalyst.
Journal of the American  Chemical  Society, 137(18), 6018-6025.
https://doi.org/10.1021/jacs.5b01650

Liao, J., Cheng, Z., & Zhou, L. (2016). Nitrogen-Doping Enhanced Fluorescent Carbon
Dots: Green Synthesis and Their Applications for Bioimaging and Label-Free Detection
of Au®* lons. ACS Sustainable Chemistry & Engineering, 4(6), 3053-3061.
https://doi.org/10.1021/acssuschemeng.6b00018

Xu, M., He, G., Li, Z., He, F., Gao, F., Su, Y., Zhang, L., Yang, Z., & Zhang, Y. (2014).
A green heterogeneous synthesis of N-doped carbon dots and their photoluminescence
applications in solid and aqueous states. Nanoscale, 6(17), 10307-10315.
https://doi.org/10.1039/c4nr02792b

Du, Y., & Guo, S. (2016). Chemically doped fluorescent carbon and graphene quantum
dots for bioimaging, sensor, catalytic and photoelectronic applications. Nanoscale, 8(5),
2532-2543. https://doi.org/10.1039/c5nr07579¢

Liu, Y., Jiang, L., Li, B., Fan, X., Wang, W., Liu, P., Xu, S., & Luo, X. (2019). Nitrogen
doped carbon dots: mechanism investigation and their application for label free CA125
analysis.  Journal of  Materials  Chemistry B, 7(19), 3053-3058.
https://doi.org/10.1039/c9tb00021f

90



29.

30.

31.

32.

33.

34.

35.

36.

37.

Zhu, S., Zhang, J., Tang, S., Qiao, C., Wang, L., Wang, H., Liu, X., Li, B,, Li, Y., Yu,
W., Wang, X., Sun, H., & Yang, B. (2012). Surface Chemistry Routes to Modulate the
Photoluminescence of Graphene Quantum Dots: From Fluorescence Mechanism to Up-
Conversion Bioimaging Applications. Advanced Functional Materials, 22(22), 4732—
4740. https://doi.org/10.1002/adfm.201201499

Dong, Y., Pang, H., Yang, H. B., Guo, C., Shao, J., Chi, Y., Li, C. M., & Yu, T. (2013).
Carbon-Based Dots Co-doped with Nitrogen and Sulfur for High Quantum Yield and
Excitation-Independent Emission. Angewandte Chemie International Edition, 52(30),
7800-7804. https://doi.org/10.1002/anie.201301114

Jiang, K., Sun, S., Zhang, L., Lu, Y., Wu, A, Cai, C., & Lin, H. (2015). Red, Green, and
Blue Luminescence by Carbon Dots: Full-Color Emission Tuning and Multicolor Cellular
Imaging. Angewandte Chemie, 127(18), 5450-5453.
https://doi.org/10.1002/ange.201501193

Xu, Q., Kuang, T., Liu, Y., Cai, L., Peng, X., Sreenivasan Sreeprasad, T., Zhao, P., Yu,
Z., & Li, N. (2016). Heteroatom-doped carbon dots: synthesis, characterization,
properties, photoluminescence mechanism and biological applications. Journal of
Materials Chemistry B, 4(45), 7204-7219. https://doi.org/10.1039/c6tb02131]

Christe, Esteves Da Silva, & Pinto Da Silva. (2020). Evaluation of the Environmental
Impact and Efficiency of N-Doping Strategies in the Synthesis of Carbon Dots. Materials,
13(3), 504. https://doi.org/10.3390/mal13030504

Titirici, M. M., White, R. J., & Zhao, L. (2012). Nitrogen-doped Hydrothermal Carbons.
Green, 2(1), 25-40. https://doi.org/10.1515/green-2011-0023

Sendao, R. M. S., Crista, D. M. A., Afonso, A. C. P., Martinez De Yuso, M. D. V.,
Algarra, M., Esteves Da Silva, J. C. G., & Pinto Da Silva, L. (2019). Insight into the
hybrid luminescence showed by carbon dots and molecular fluorophores in solution.
Physical Chemistry Chemical Physics, 21(37), 20919-20926.
https://doi.org/10.1039/c9cp03730f

Qu, D,, Sun, Z., Zheng, M., Li, J., Zhang, Y., Zhang, G., Zhao, H., Liu, X., & Xie, Z.
(2015). Three Colors Emission from S,N Co-doped Graphene Quantum Dots for Visible
Light HzProduction and Bioimaging. Advanced Optical Materials, 3(3), 360-367.
https://doi.org/10.1002/adom.201400549

Zeng, Q., Shao, D., He, X,, Ren, Z., Ji, W., Shan, C., Qu, S., Li, J., Chen, L., & Li, Q.

(2016). Carbon dots as a trackable drug delivery carrier for localized cancer therapy in

91



38.

39.

40.

41.

42.

43.

44,

45,

46.

Vivo. Journal of Materials Chemistry B, 4(30), 5119-5126.
https://doi.org/10.1039/c6tb01259k

Xiong, Y., Schneider, J., Ushakova, E. V., & Rogach, A. L. (2018). Influence of
molecular fluorophores on the research field of chemically synthesized carbon dots. Nano
Today, 23, 124-139. https://doi.org/10.1016/j.nantod.2018.10.010

Kasprzyk, W., SWiergosz, T., Bednarz, S., Walas, K., Bashmakova, N. V., & Bogdat, D.
(2018). Luminescence phenomena of carbon dots derived from citric acid and urea — a
molecular insight. Nanoscale, 10(29), 13889-13894. https://doi.org/10.1039/c8nr03602k

Moon, B. J., Oh, Y., Shin, D. H., Kim, S. J., Lee, S. H., Kim, T. W., Park, M., & Bae, S.
(2016). Facile and Purification-Free Synthesis of Nitrogenated Amphiphilic Graphitic
Carbon Dots. Chemistry of Materials, 28(5), 1481-1488.
https://doi.org/10.1021/acs.chemmater.5b04915

Mondal, S., Yucknovsky, A., Akulov, K., Ghorai, N., Schwartz, T., Ghosh, H. N., &
Amdursky, N. (2019). Efficient Photosensitizing Capabilities and Ultrafast Carrier
Dynamics of Doped Carbon Dots. Journal of the American Chemical Society, 141(38),
15413-15422. https://doi.org/10.1021/jacs.9b08071

Devi, S., Kaur, A., Sarkar, S., Vohra, S., & Tyagi, S. (2018). Synthesis and
characterization of highly luminescent N-doped carbon quantum dots for metal ion
sensing. Integrated Ferroelectrics, 186(1), 32-39.
https://doi.org/10.1080/10584587.2017.1369322

Senddo, R. M. S., Crista, D. M. A., Afonso, A. C. P., Martinez De Yuso, M. D. V.,
Algarra, M., Esteves Da Silva, J. C. G., & Pinto Da Silva, L. (2019). Insight into the
hybrid luminescence showed by carbon dots and molecular fluorophores in solution.
Physical Chemistry Chemical Physics, 21(37), 20919-20926.
https://doi.org/10.1039/c9cp03730f

Liang, Y., Zhang, H., Zhang, Y., & Chen, F. (2015). Simple hydrothermal preparation of
carbon nanodots and their application in colorimetric and fluorimetric detection of
mercury ions. Analytical Methods, 7(18), 7540-7547. https://doi.org/10.1039/c5ay01301a
Tao, S., Song, Y., Zhu, S., Shao, J., & Yang, B. (2017). A new type of polymer carbon
dots with high quantum vyield: From synthesis to investigation on fluorescence
mechanism. Polymer, 116, 472-478. https://doi.org/10.1016/j.polymer.2017.02.039

Hou, J., Li, H., Tang, Y., Sun, J., Fu, H., Qu, X, Xu, Z., Yin, D., & Zheng, S. (2018).
Supported N-doped carbon quantum dots as the highly effective peroxydisulfate catalysts

92



47.

48.

49,

50.

51.

52.

53.

54,

55.

for bisphenol F degradation. Applied Catalysis B: Environmental, 238, 225-235.
https://doi.org/10.1016/j.apcatb.2018.07.032

Yang, J., Frgseth, V., Chen, D., & Holmen, A. (2016). Particle size effect for cobalt
Fischer—Tropsch catalysts based on in situ CO chemisorption. Surface Science, 648, 67—
73. https://doi.org/10.1016/j.susc.2015.10.029

Pinna, N. (2007). The “benzyl alcohol route”: an elegant approach towards organic—
inorganic  hybrid nanomaterials. J. Mater. Chem., 17(27), 2769-2774.
https://doi.org/10.1039/b702854g

Peng, S., Fan, X,, Li, S., & Zhang, J. (2013). Green synthesis and characterization of
graphite oxide by orthogonal experiment. Journal of the Chilean Chemical Society, 58(4),
2213-2217. https://doi.org/10.4067/s0717-97072013000400067

Qian, W., Sun, F., Xu, Y., Qiu, L., Liu, C., Wang, S., & Yan, F. (2014). Human hair-
derived carbon flakes for electrochemical supercapacitors. Energy Environ. Sci., 7(1),
379-386. https://doi.org/10.1039/c3ee43111h

Puvvada, N., Kumar, B. N. P., Konar, S., Kalita, H., Mandal, M., & Pathak, A. (2012).
Synthesis of biocompatible multicolor luminescent carbon dots for bioimaging
applications. Science and Technology of Advanced Materials, 13(4), 045008.
https://doi.org/10.1088/1468-6996/13/4/045008

Gao, T., Du, Y., & Li, H. (2019). Preparation of nitrogen-doped graphitic porous carbon
towards capacitive deionization with high adsorption capacity and rate capability.
Separation and Purification Technology, 211, 233-241.
https://doi.org/10.1016/j.seppur.2018.09.085

Papaioannou, N., Marinovic, A., Yoshizawa, N., Goode, A. E., Fay, M., Khlobystov, A.,
Titirici, M. M., & Sapelkin, A. (2018). Structure and solvents effects on the optical
properties  of  sugar-derived carbon nanodots.  Scientific  Reports, 8(1).
https://doi.org/10.1038/s41598-018-25012-8

Atchudan, R., Edison, T. N. J. I, & Lee, Y. R. (2016). Nitrogen-doped carbon dots
originating from unripe peach for fluorescent bioimaging and electrocatalytic oxygen
reduction reaction. Journal of Colloid and Interface Science, 482, 8-18.
https://doi.org/10.1016/j.jcis.2016.07.058

Safardoust-Hojaghan, H., Salavati-Niasari, M., Amiri, O., & Hassanpour, M. (2017).
Preparation of highly luminescent nitrogen doped graphene quantum dots and their
application as a probe for detection of Staphylococcus aureus and E. coli. Journal of
Molecular Liquids, 241, 1114-1119. https://doi.org/10.1016/j.molliq.2017.06.106

93



56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

Yang, Z., Xu, M., Liu, Y., He, F., Gao, F., Su, Y., Wei, H., & Zhang, Y. (2014).
Nitrogen-doped, carbon-rich, highly photoluminescent carbon dots from ammonium
citrate. Nanoscale, 6(3), 1890-1895. https://doi.org/10.1039/c3nr05380f

Liu, X., Pang, J., Xu, F., & Zhang, X. (2016). Simple Approach to Synthesize Amino-
Functionalized Carbon Dots by Carbonization of Chitosan. Scientific Reports, 6(1).
https://doi.org/10.1038/srep31100

So, R. C., Sanggo, J. E., Jin, L., Diaz, J. M. A., Guerrero, R. A., & He, J. (2017). Gram-
Scale Synthesis and Kinetic Study of Bright Carbon Dots from Citric Acid and Citrus
japonica via a Microwave-Assisted Method. ACS Omega, 2(8), 5196-5208.
https://doi.org/10.1021/acsomega.7b00551

Rao, L., Tang, Y., Lu, H., Yu, S., Ding, X., Xu, K., Li, Z., & Zhang, J. (2018). Highly
Photoluminescent and Stable N-Doped Carbon Dots as Nanoprobes for Hg2+ Detection.
Nanomaterials, 8(11), 900. https://doi.org/10.3390/nan08110900

Mondal, S., Yucknovsky, A., Akulov, K., Ghorai, N., Schwartz, T., Ghosh, H. N., &
Amdursky, N. (2019b). Efficient Photosensitizing Capabilities and Ultrafast Carrier
Dynamics of Doped Carbon Dots. Journal of the American Chemical Society, 141(38),
15413-15422. https://doi.org/10.1021/jacs.9b08071

Nekoueian, K., Amiri, M., Sillanpéda, M., Marken, F., Boukherroub, R., & Szunerits, S.
(2019). Carbon-based quantum particles: an electroanalytical and biomedical perspective.
Chemical Society Reviews, 48(15), 4281-4316. https://doi.org/10.1039/c8cs00445e
Lucchese, M., Stavale, F., Ferreira, E. M., Vilani, C., Moutinho, M., Capaz, R. B.,
Achete, C., & Jorio, A. (2010). Quantifying ion-induced defects and Raman relaxation
length in graphene. Carbon, 48(5), 1592-1597.
https://doi.org/10.1016/j.carbon.2009.12.057

Jorio, A., Lucchese, M. M., Stavale, F., Martins Ferreira, E. H., Moutinho, M. V. O,
Capaz, R. B., & Achete, C. A. (2010). Raman study of ion-induced defects inN-layer
graphene.  Journal of  Physics:  Condensed  Matter, 22(33), 334204.
https://doi.org/10.1088/0953-8984/22/33/334204

Ferrari, A. C. (2007). Raman spectroscopy of graphene and graphite: Disorder, electron—
phonon coupling, doping and nonadiabatic effects. Solid State Communications, 143(1-
2), 47-57. https://doi.org/10.1016/j.ss¢.2007.03.052

Antunes, E., Lobo, A., Corat, E., Trava-Airoldi, V., Martin, A., & Verissimo, C. (2006).

Comparative study of first- and second-order Raman spectra of MWCNT at visible and

94



66.

67.

68.

69.

70.

71.

72.

73.

infrared laser excitation. Carbon, 44(11), 2202-2211.
https://doi.org/10.1016/j.carbon.2006.03.003

Bandi, R., Dadigala, R., Gangapuram, B. R., & Guttena, V. (2018). Green synthesis of
highly fluorescent nitrogen — Doped carbon dots from Lantana camara berries for
effective detection of lead(ll) and bioimaging. Journal of Photochemistry and
Photobiology B: Biology, 178, 330-338. https://doi.org/10.1016/j.jphotobiol.2017.11.010
Wang, X., Cao, L., Yang, S. T., Lu, F., Meziani, M., Tian, L., Sun, K., Bloodgood, M., &
Sun, Y. P. (2010). Bandgap-Like Strong Fluorescence in Functionalized Carbon
Nanoparticles. Angewandte Chemie International Edition, 49(31), 5310-5314.
https://doi.org/10.1002/anie.201000982

Liu, R., Wu, D, Liu, S., Koynov, K., Knoll, W., & Li, Q. (2009). An Aqueous Route to
Multicolor Photoluminescent Carbon Dots Using Silica Spheres as Carriers. Angewandte
Chemie International Edition, 48(25), 4598-4601.
https://doi.org/10.1002/anie.200900652

lijima, S. (1991). Helical microtubules of graphitic carbon. Nature, 354(6348), 56-58.
https://doi.org/10.1038/354056a0

Li, D., Jing, P., Sun, L., An, Y., Shan, X., Lu, X., Zhou, D., Han, D., Shen, D., Zhai, Y.,
Qu, S., Zbotfil, R., & Rogach, A. L. (2018). Carbon Dots: Near-Infrared
Excitation/Emission and Multiphoton-Induced Fluorescence of Carbon Dots (Adv. Mater.
13/2018). Advanced Materials, 30(13), 1870092.
https://doi.org/10.1002/adma.201870092

Liao, J., Cheng, Z., & Zhou, L. (2016b). Nitrogen-Doping Enhanced Fluorescent Carbon
Dots: Green Synthesis and Their Applications for Bioimaging and Label-Free Detection
of Au** lons. ACS Sustainable Chemistry & Engineering, 4(6), 3053-3061.
https://doi.org/10.1021/acssuschemeng.6b00018

Song, Z., Quan, F., Xu, Y., Liu, M., Cui, L., & Liu, J. (2016). Multifunctional N,S co-
doped carbon quantum dots with pH- and thermo-dependent switchable fluorescent
properties and highly selective detection of glutathione. Carbon, 104, 169-178.
https://doi.org/10.1016/j.carbon.2016.04.003

Huang, H., Li, C., Zhu, S., Wang, H., Chen, C., Wang, Z., Bai, T., Shi, Z., & Feng, S.
(2014). Histidine-Derived Nontoxic Nitrogen-Doped Carbon Dots for Sensing and
Bioimaging Applications. Langmuir, 30(45), 13542-13548.
https://doi.org/10.1021/1a503969z

95



74.

75.

76.

77.

78.

79.

80.

81.

82.

Wu, J., Wen, C., Zou, X., Jimenez, J., Sun, J., Xia, Y., Fonseca Rodrigues, M. T., Vinod,
S., Zhong, J., Chopra, N., Odeh, I. N., Ding, G., Lauterbach, J., & Ajayan, P. M. (2017).
Carbon Dioxide Hydrogenation over a Metal-Free Carbon-Based Catalyst. ACS Catalysis,
7(7), 4497-4503. https://doi.org/10.1021/acscatal.7b00729

Sciortino, A., Mauro, N., Buscarino, G., Sciortino, L., Popescu, R., Schneider, R.,
Giammona, G., Gerthsen, D., Cannas, M., & Messina, F. (2018). B-C3N4 Nanocrystals:
Carbon Dots with Extraordinary Morphological, Structural, and Optical Homogeneity.
Chemistry of Materials, 30(5), 1695-1700.
https://doi.org/10.1021/acs.chemmater.7b05178

Hu, Y., Yang, J., Tian, J., & Yu, J. S. (2015). How do nitrogen-doped carbon dots
generate from molecular precursors? An investigation of the formation mechanism and a
solution-based large-scale synthesis. Journal of Materials Chemistry B, 3(27), 5608—
5614. https://doi.org/10.1039/c5tb01005¢

Strauss, V., Margraf, J. T., Dolle, C., Butz, B., Nacken, T. J., Walter, J., Bauer, W.,
Peukert, W., Spiecker, E., Clark, T., & Guldi, D. M. (2014). Carbon Nanodots: Toward a
Comprehensive Understanding of Their Photoluminescence. Journal of the American
Chemical Society, 136(49), 17308-17316. https://doi.org/10.1021/ja510183c

Auweter, H., Haberkorn, H., Heckmann, W., Horn, D., Luddecke, E., Rieger, J., & Weiss,
H. (1999). Supramolecular Structure of Precipitated Nanosize B-Carotene Particles.
Angewandte Chemie International Edition, 38(15), 2188-2191.
https://doi.org/10.1002/(sici)1521-3773(19990802)38:15

Li, H., Kang, Z., Liu, Y., & Lee, S. T. (2012). Carbon nanodots: synthesis, properties and
applications. Journal of Materials Chemistry, 22(46), 24230.
https://doi.org/10.1039/c2jm34690g

Wang, D., Wang, Z., Zhan, Q., Pu, Y., Wang, J. X., Foster, N. R., & Dai, L. (2017).
Facile and Scalable Preparation of Fluorescent Carbon Dots for Multifunctional
Applications. Engineering, 3(3), 402-408. https://doi.org/10.1016/j.eng.2017.03.014
Sugiarti, S., & Darmawan, N. (2015). Synthesis of Fluorescence Carbon Nanoparticles
from Ascorbic Acid. Indonesian Journal of Chemistry, 15(2), 141-145.
https://doi.org/10.22146/ijc.21207

Liu, Q., Zhang, N., Shi, H., Ji, W., Guo, X., Yuan, W., & Hu, Q. (2018). One-step
microwave synthesis of carbon dots for highly sensitive and selective detection of copper
ions in aqueous solution. New Journal of Chemistry, 42(4), 3097-3101.
https://doi.org/10.1039/c7nj05000c

96



83.

84.

85.

86.

87.

88.

89.

90.

S., T., & D., R. S. (2016). Green synthesis of highly fluorescent carbon quantum dots
from sugarcane bagasse pulp. Applied Surface Science, 390, 435-443.
https://doi.org/10.1016/j.apsusc.2016.08.106

Baker, S., & Baker, G. (2010). Luminescent Carbon Nanodots: Emergent Nanolights.
Angewandte Chemie International Edition, 49(38), 6726-6744.
https://doi.org/10.1002/anie.200906623

Sun, X., He, J, Yang, S., Zheng, M., Wang, Y., Ma, S., & Zheng, H. (2017). Green
synthesis of carbon dots originated from Lycii Fructus for effective fluorescent sensing of
ferric ion and multicolor cell imaging. Journal of Photochemistry and Photobiology B:
Biology, 175, 219-225. https://doi.org/10.1016/j.jphotobiol.2017.08.035

Bandi, R., Dadigala, R., Gangapuram, B. R., & Guttena, V. (2018b). Green synthesis of
highly fluorescent nitrogen — Doped carbon dots from Lantana camara berries for
effective detection of lead(ll) and bioimaging. Journal of Photochemistry and
Photobiology B: Biology, 178, 330-338. https://doi.org/10.1016/j.jphotobiol.2017.11.010
Cao, L., Meziani, M. J., Sahu, S., & Sun, Y. P. (2012). Photoluminescence Properties of
Graphene versus Other Carbon Nanomaterials. Accounts of Chemical Research, 46(1),
171-180. https://doi.org/10.1021/ar300128j

Zhu, S., Song, Y., Zhao, X., Shao, J., Zhang, J., & Yang, B. (2015). The
photoluminescence mechanism in carbon dots (graphene quantum dots, carbon nanodots,
and polymer dots): current state and future perspective. Nano Research, 8(2), 355-381.
https://doi.org/10.1007/s12274-014-0644-3

Mkhari, O., Ntuli, T. D., Coville, N. J., Nxumalo, E. N., & Maubane-Nkadimeng, M. S.
(2021). A comparison of fluorescent N-doped carbon dots supported on the surface of
hollow and solid carbon spheres, and solid silica spheres. Diamond and Related
Materials, 118, 108500. https://doi.org/10.1016/j.diamond.2021.108500

Lakowicz, J. R., & Masters, B. R. (2008). Principles of Fluorescence Spectroscopy, Third
Edition. Journal of Biomedical Optics, 13(2), 029901. https://doi.org/10.1117/1.2904580

91. Wang, W., Damm, C., Walter, J., Nacken, T. J., & Peukert, W. (2016). Photobleaching

92.

and stabilization of carbon nanodots produced by solvothermal synthesis. Physical
Chemistry Chemical Physics, 18(1), 466—475. https://doi.org/10.1039/c5¢p04942¢

Qu, S., Wang, X., Lu, Q., Liu, X., & Wang, L. (2012). A Biocompatible Fluorescent Ink
Based on Water-Soluble Luminescent Carbon Nanodots. Angewandte Chemie
International Edition, 51(49), 12215-12218. https://doi.org/10.1002/anie.201206791

97



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Liu, H., Ye, T., & Mao, C. (2007). Fluorescent Carbon Nanoparticles Derived from
Candle Soot. Angewandte Chemie International Edition, 46(34), 6473-6475.
https://doi.org/10.1002/anie.200701271

Sun, D., Ban, R., Zhang, P. H., Wu, G. H., Zhang, J. R., & Zhu, J. J. (2013). Hair fiber as
a precursor for synthesizing of sulfur- and nitrogen-co-doped carbon dots with tunable
luminescence properties. Carbon, 64, 424-434,
https://doi.org/10.1016/j.carbon.2013.07.095

Tian, L., Ghosh, D., Chen, W., Pradhan, S., Chang, X., & Chen, S. (2009). Nanosized
Carbon Particles From Natural Gas Soot. Chemistry of Materials, 21(13), 2803-2809.
https://doi.org/10.1021/cm900709w

Yuan, Y. H., Liu, Z. X., Li, R. S., Zou, H. Y., Lin, M., Liu, H., & Huang, C. Z. (2016).
Synthesis of nitrogen-doping carbon dots with different photoluminescence properties by
controlling the surface states. Nanoscale, 8(12), 6770-6776.
https://doi.org/10.1039/c6nr00402d

Li, X., Jiang, X., Liu, Q., Liang, A., & Jiang, Z. (2019). Using N-doped Carbon Dots
Prepared Rapidly by Microwave Digestion as Nanoprobes and Nanocatalysts for
Fluorescence Determination of Ultratrace Isocarbophos with Label-Free Aptamers.
Nanomaterials, 9(2), 223. https://doi.org/10.3390/nan09020223

Kim, S., Yoo, B. K., Choi, Y., Kim, B. S.,, & Kwon, O. H. (2018). Time-resolved
spectroscopy of the ensembled photoluminescence of nitrogen- and boron/nitrogen-doped
carbon dots. Physical Chemistry Chemical Physics, 20(17), 11673-11681.
https://doi.org/10.1039/c8cp01619d

Miao, X., Qu, D., Yang, D., Nie, B., Zhao, Y., Fan, H., & Sun, Z. (2017). Synthesis of
Carbon Dots with Multiple Color Emission by Controlled Graphitization and Surface
Functionalization. Advanced Materials, 30(2), 1704740.
https://doi.org/10.1002/adma.201704740

Zhou, J., Sheng, Z., Han, H., Zou, M., & Li, C. (2012). Facile synthesis of
fluorescent carbon dots using watermelon peel as a carbon source. Materials Letters,
66(1), 222-224. https://doi.org/10.1016/j.matlet.2011.08.081

Pan, D., Zhang, J., Li, Z., Zhang, Z., Guo, L., & Wu, M. (2011). Blue
fluorescent carbon thin films fabricated from dodecylamine-capped carbon nanoparticles.
Journal of Materials Chemistry, 21(11), 3565. https://doi.org/10.1039/c0jm03763j
Barman, M. K., Jana, B., Bhattacharyya, S., & Patra, A. (2014). Photophysical
Properties of Doped Carbon Dots (N, P, and B) and Their Influence on Electron/Hole

98



Transfer in Carbon Dots—Nickel (I1) Phthalocyanine Conjugates. The Journal of Physical
Chemistry C, 118(34), 20034-20041. https://doi.org/10.1021/jp507080c

103. Safardoust-Hojaghan, H., Salavati-Niasari, M., Amiri, O., & Hassanpour, M.
(2017Db). Preparation of highly luminescent nitrogen doped graphene quantum dots and
their application as a probe for detection of Staphylococcus aureus and E. coli. Journal of
Molecular Liquids, 241, 1114-1119. https://doi.org/10.1016/j.mollig.2017.06.106

104. Wang, D., Wang, Z., Zhan, Q., Pu, Y., Wang, J. X., Foster, N. R., & Dali, L.
(2017Db). Facile and Scalable Preparation of Fluorescent Carbon Dots for Multifunctional
Applications. Engineering, 3(3), 402-408. https://doi.org/10.1016/j.eng.2017.03.014

105. Cailotto, S., Amadio, E., Facchin, M., Selva, M., Pontoglio, E., Rizzolio, F.,
Riello, P., Toffoli, G., Benedetti, A., & Perosa, A. (2018). Carbon Dots from Sugars and
Ascorbic Acid: Role of the Precursors on Morphology, Properties, Toxicity, and Drug
Uptake. ACS Medicinal Chemistry Letters, 9(8), 832-837.
https://doi.org/10.1021/acsmedchemlett.8000240

106. Hajir Bahrami, S., Bajaj, P., & Sen, K. (2003). Thermal behavior of acrylonitrile
carboxylic acid copolymers. Journal of Applied Polymer Science, 88(3), 685-698.
https://doi.org/10.1002/app.11637

107. Lim, S. Y., Shen, W., & Gao, Z. (2015). Carbon quantum dots and their
applications. Chemical Society Reviews, 44(1), 362—-381.
https://doi.org/10.1039/c4cs00269e

108. Du, Q., Zheng, J., Wang, J., Yang, Y., & Liu, X. (2018). The synthesis of green
fluorescent carbon dots for warm white LEDs. RSC Advances, 8(35), 19585-19595.
https://doi.org/10.1039/c8ra02226g

109. Li, X., Jiang, X., Liu, Q., Liang, A., & Jiang, Z. (2019b). Using N-doped Carbon
Dots Prepared Rapidly by Microwave Digestion as Nanoprobes and Nanocatalysts for
Fluorescence Determination of Ultratrace Isocarbophos with Label-Free Aptamers.
Nanomaterials, 9(2), 223. https://doi.org/10.3390/nan09020223

110. Bandi, R., Gangapuram, B. R., Dadigala, R., Eslavath, R., Singh, S. S., &
Guttena, V. (2016). Facile and green synthesis of fluorescent carbon dots from onion
waste and their potential applications as sensor and multicolour imaging agents. RSC
Advances, 6(34), 28633-28639. https://doi.org/10.1039/c6ra01669c

111. Koteswararao, D., Rajkumar, B., Prameela, K., Ashok, K., & Sridevi, G. (2019).
Microwave Assisted Synthesis and Optical Properties ofHighly Fluorescent N-Doped

99



Carbon Dots. Asian Journal of  Chemistry, 31(12), 2897-2902.
https://doi.org/10.14233/ajchem.2019.22334

112. Codorniu Pujals, Daniel, Rodriguez Garces, Dairon, Arias de Fuentes, Olimpia,
& Desdin Garcia, Luis F. (2018). XPS of carbon nanostructures obtained by underwater
arc discharge of graphite electrodes. Nucleus (Havana), (64), 15-18.

113. Qian, Z., Ma, J., Shan, X., Feng, H., Shao, L., & Chen, J. (2014). Highly
Luminescent N-Doped Carbon Quantum Dots as an Effective Multifunctional
Fluorescence Sensing Platform. Chemistry - A European Journal, 20(8), 2254-2263.
https://doi.org/10.1002/chem.201304374

114. Schneider, J., Reckmeier, C. J., Xiong, Y., von Seckendorff, M., Susha, A. S.,
Kasak, P., & Rogach, A. L. (2017). Molecular Fluorescence in Citric Acid-Based Carbon
Dots. The Journal of Physical Chemistry C, 121(3), 2014-2022.
https://doi.org/10.1021/acs.jpcc.6b12519

115. Liu, B., Yang, C. M., Liu, Z., & Lai, C. S. (2017). N-Doped Graphene with Low
Intrinsic Defect Densities via a Solid Source Doping Technique. Nanomaterials, 7(10),
302. https://doi.org/10.3390/nan07100302

116. Das, S. K., Dickinson, C., Lafir, F., Brougham, D. F., & Marsili, E. (2012).
Synthesis, characterization and catalytic activity of gold nanoparticles biosynthesized
with  Rhizopus oryzae protein extract. Green Chemistry, 14(5), 1322.
https://doi.org/10.1039/c2gc16676¢

117. Miao, X., Qu, D., Yang, D., Nie, B., Zhao, Y., Fan, H., & Sun, Z. (2017b).
Synthesis of Carbon Dots with Multiple Color Emission by Controlled Graphitization and
Surface Functionalization. Advanced Materials, 30(1), 1704740.
https://doi.org/10.1002/adma.201704740

118. Wei, Y., Chen, L., Wang, J., Liu, X,, Yang, Y., & Yu, S. (2020). Rapid
synthesis of B-N co-doped yellow emissive carbon quantum dots for cellular imaging.
Optical Materials, 100, 109647. https://doi.org/10.1016/j.o0ptmat.2019.109647

119. Sprenger, D., & Anderson, O. (1991). Deconvolution of XPS spectra. Fresenius’
Journal of Analytical Chemistry, 341(1-2), 116-120. https://doi.org/10.1007/bf00322120
120. Mewada, A., Pandey, S., Shinde, S., Mishra, N., Oza, G., Thakur, M., Sharon,

M., & Sharon, M. (2013). Green synthesis of biocompatible carbon dots using aqueous
extract of Trapa bispinosa peel. Materials Science and Engineering: C, 33(5), 2914—
2917. https://doi.org/10.1016/j.msec.2013.03.018

100



121. Nie, H., Li, M., Li, Q., Liang, S., Tan, Y., Sheng, L., Shi, W., & Zhang, S. X. A.
(2014). Carbon Dots with Continuously Tunable Full-Color Emission and Their
Application in Ratiometric pH Sensing. Chemistry of Materials, 26(10), 3104-3112.
https://doi.org/10.1021/cm5003669

122. Sandeep Kumar, G., Roy, R., Sen, D., Ghorai, U. K., Thapa, R., Mazumder, N.,
Saha, S., & Chattopadhyay, K. K. (2014). Amino-functionalized graphene quantum dots:
origin of tunable heterogeneous photoluminescence. Nanoscale, 6(6), 3384.
https://doi.org/10.1039/c3nr05376h

101



Chapter 5
Synthesis and functionalization of onion-like carbon

nanomaterials using the flame pyrolysis method

5.1 Introduction

Following the discovery of fullerenes [1-2], the study of carbon-based nanomaterials has
sparked a surge of interest that continues to grow year after year. Nanofibers, nanotubes, and
spherical carbons such as nano-spheres, nano-dots, and nano-onions are among the newly
identified nano-carbon allotropes. These carbon nanostructured materials may be made using
well-known techniques such the arc discharge [3], flame pyrolysis [4] and chemical vapour
deposition methods [5]. Spherical carbons that include carbon nano-onions (CNOs) and
onion-like carbon nanomaterial (OLCNSs) or interchangeably, onion-like nanocarbons
(OLNCs) are spherical nanostructured materials with good electrical and structural
characteristics and have also been widely explored. CNOs and OLCNs have a variety of
structural morphologies, ranging from spherical to polyhedral [6]. They resemble concentric
multi-layered spheres that can be core-filled, solid, hollow/voided, or any combination of the
three. Some of the methods frequently used to prepare CNOs include high temperature
annealing of nanodiamond particles [7], implantation of carbon atoms on silver particles [8],
and laser vaporization of composite carbon metal targets at low helium pressures and in the

presence of Ceo as a nucleating centre [9].

Pyrolysis is another innovative way for producing OLCNs. One approach is propane
pyrolysis, which has been claimed to produce OLCNs at a low-cost, long-term method [10].
OLCNSs in gram scale quantities were reported to have been produced using this pyrolysis
process. The benefit of this process is that it does not require the use of a catalyst, resulting in
carbon compounds that are generally free of contaminants [11]. The open flame pyrolysis
approach is an alternative method for producing catalyst-free solid OLCNSs in a continuous
manner under ambient circumstances [12—-16]. The carbon supply is broken down into atomic
or radical fragments, which then react to generate OLCN aggregates with primary nucleation
sites, which may then be used to form agglomerates [17]. OLCNs layers develop from the
inside out, predominantly from carbon particle-nodules that curl on their own [17,18].
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Recently, the pyrolysis of oil into OLCNs has attracted many researchers [32]. Different oils
are usable and have been in the past. In this work, olive oil was pyrolyzed in a
straightforward, inexpensive process to create OLCNs. Olive oil was chosen for this study
because of its carbon-rich structure and high content of oleic acid (monosaturated fatty acid),
which is less susceptible to heat oxidation than many other vegetable oils. Post doping and
surface functionalization were enhanced to change the characteristics of the produced
OLCNs. The current study's flame pyrolysis synthesis technique is an alternate way for
generating OLCNs under ambient room temperature circumstances by using a carbon-

containing liquid (bio-oil) as a carbon source.

5.2 Experimental procedure
In this study, OLCNs were synthesized using the flame pyrolysis of liquid fuels; in particular,
olive oil was used, following the procedure reported by Mongwe et al. [20]. See schematic

diagram (Scheme 5.1) below.

Carbon nano-

Olive ol , onions
pyrolysis setup

Scheme 5.1: Synthesis procedure for the production of carbon nano-onions.
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5.2.1. Starting materials

Table 5.1: Materials and reagents used in this study.

Reagents Purity

) o Supplier
and materials and speciation
Olive Qil - Hercules brand
Ammonia gas, NHs(g), 99.7 % Sigma-Alrich
Hydrogen peroxide H202 Sigma-Alrich
n-Pentane n-CsHi2 Sigma-Alrich

None of the commercially available, analytical purity-grade compounds needed any further
purification before usage. Three types of OLCNs were synthesized; pristine onion-like
carbons (p-OLCNSs), oxygen functionalized (ox-OLCNSs) and nitrogen doped (N-OLCNS)
analogues using functionalization and nitrogen doping. This conversion of p-OLCNs was

achieved using a reflux method, and a chemical vapour deposition method, respectively.

5.2.2. Synthesis of onion-like carbon nanomaterials using flame pyrolysis

Using the flame pyrolysis technique, OLCNs were effectively created by burning roughly
100 mL of Hercules olive oil with a wick until there was no more oil in the container. A
flame was produced by lighting the wick, which was submerged in olive oil. The incomplete
combustion of the oil in the flame's centre zone resulted in the production of a deep-black
powder by the flame. The product obtained (carbogenic black powder) from the incomplete
combustion was collected on a brass plate (see Scheme 1 above) and labelled as pristine
OLCNSs (p-OLCNs). The flame assisted process took about ~1 hour and a good yield of ~4g

OLCNs was obtained (before purification).

5.2.3. Purification of the as-prepared onion-like carbon nanomaterials

To eliminate the olive oil residue that remained on the OLCNs after synthesis, the OLCNs
were moved to a flask with a round bottom and 40 mL of n-pentane. To create the pure
carbon nano-onions, the OLCNs were refluxed in n-pentane at 80 °C for six hours. After that,

the mixture was rinsed with double-distilled water and centrifuged at a high speed of 15,000

104



rpm for 15 minutes to separate it. Then the OLCNs were placed in a vacuum oven at 100 °C
until completely dry, to remove all the n-pentane and obtain p-OLCNs a dry powder-like

soot.

5.2.4. Functionalizing the onion-like carbon nanomaterials

Following Siswana et al [21], 50% hydrogen peroxide (H202) was used to oxidize the p-
OLCNs. Numerous oxidizing agents, including HNO3z, HNO3/H2SOs, KMnOs4, HCI,
(NH4)2S20s, and H20> [27], can add oxygen-containing functional groups to the surface of
carbon nanostructures. In effect, these oxidative reactions can produce aldehydes, ketones,
esters, alcohols, and carboxylic acid moieties, among other oxygenated functional groups.
When carbon materials are oxidized with very aggressive chemicals, their hydrophilicity
significantly increases as a result of the increased oxygen atom concentration and distribution

on the carbon nano-structures [28].

In this study, 40 mL H.O, was used to functionalize the OLCNs with oxygen groups. During
the functionalization, the reaction temperature was set at 80 °C for 6 hours (Fig. 1a), under
stirring to introduce carboxylic (COQO") functional groups. The obtained OLCNs were then
rinsed using a Millipore filter (Fig. 1b) with distilled water until a pH of about 7 was
achieved, or until the filtrate was clear in colour to obtain ox-OLCNSs. To obtain a neutral pH,

a basic NaOH solution was used.

Figure 5.1: a) Reflux system and b) Millipore filter used to rinse OLCNSs after

functionalizing.
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Chemical vapour deposition (CVD) was used to manufacture nitrogen-doped OLCNSs in a
horizontal tube furnace with argon serving as the nitrogen source and the carrier gas (Fig.
5.2) [29]. A quartz boat containing about 0.2 g of the purified p-OLCNs was inserted in the
middle of the quartz tube, installed within an electric furnace, and the system was then
flushed with argon. The purified p-OLCNs were heated for 60 minutes at 900 °C under a
stream of diluted gases (100 mL/min argon and 150 mL/min ammonia) after the furnace
temperature was increased to 900 °C under argon. Under argon gas, the produced N-OLCNs

were allowed to cool to room temperature.

Figure 5.2: CVD reactor system used to dope the OLCNSs with ammonia gas.

5.2.5. Characterization techniques
e The synthesized materials were characterized using TEM, FESEM, PXRD
spectroscopy, Raman spectroscopy, Uv-vis and PL spectroscopy, FTIR, XPS, CHNS
Elemental Analyzer and Branauer-Emmett-Teller (BET) surface area analysis.

5.3 Results and discussion

This section includes both the functionalized OLCNs and the findings and discussions of the
synthesized OLCNs. To make OLCNs more catalytically active and to change their overall
conductivity for use in dye-sensitized solar cells, OLCNs were doped with O and N atoms
(see Chapter 7). The results and discussion sections below review the experimental findings
and discusses them in the context of literature, while linking characterization techniques to

each other and properties to performance, as per application in DSSCs.
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5.3.1. Morphological analysis

Transmission electron microscopy (TEM) images of the uniformly dispersed p-OLCNSs, ox-
OLCNs, and N-OLCNs are shown in Fig 5.3 a, b and c. The images of the pristine and
functionalized OLCNs do not present an explicitly clear onion-like nanostructure as the
multi-shells (concentric multi-layers) expected are not clearly visible due to the low
magnification of the images. But it does demonstrate that these substances have quasi-
spherical morphologies and chain-like structures that are comparable to those mentioned by
Habiba et al [30]. These nanomaterials are mostly connected in an accreted form [30, 31]
owing to the chain-like morphology. The circular shell seems to remain intact in the photos
below, indicating that the onion-like nanostructure was preserved during the oxidation and
nitrogen doping processes (Fig 5.3 b and c).

The use of a high resolution TEM (HRTEM) is able to quantify the number of shells and any
disordering (if any) in the shells. Particle size distribution histograms for all OLCNs were
obtained by measuring approximately 100 particles using ImageJ software. It has been
reported that structural morphology, interlayer spacing, the shell layering, and graphitic
nature OLCNs can be tuned by doping or functionalization processes [32, 33]. The p-OLCNs
formed have particle sizes ranging between 20-60 nm, and an average diameter of 42 nm +
3.3 nm in comparison, 0x-OLCNs exhibited particle diameters varying between 60—200 nm,
and an average diameter of 125 nm £ 4.1 nm. N-OLCNs had particle diameters varying
between 50-120 nm with an average diameter of 85 nm * 3.5. The histogram of ox-OLCNs
demonstrated a broader size distribution as compared to the other OLCNSs. The reason for this
is not clear at the moment. This may also be due to the chain-like structure of OLCNSs, as the
interconnection may distort the particle sizes measurements. These results vary to those
found by Sikeyi et al [34], who synthezised and functionalized OLCNs following the same

methods used in this current study.
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Figure 5.3: TEM images and their corresponding size distribution histograms
underneath of a) p-OLCNs, b) ox-OLCNs and c) N-OLCNSs.

The quasi-spherical form of the OLCNs is seen in SEM pictures, along with the
agglomeration or aggregation of nanoparticles as shown in Fig 5.4 below. The SEM
micrographs of the OLCNs confirm that these nanomaterials are connected in form accreted
quasi-spherical shapes. There were no nanomaterials formed other than onion-like carbon.
The FESEM micrographs show that the OLCNSs retained its surface morphology even after

functionalization.
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Figure 5.4: SEM images of a) p-OLCNSs, b) ox-OLCNSs and ¢) N-OLCNSs.

5.3.2. Powder X-ray diffraction (PXRD) spectroscopy analysis

For each and every OLCNs sample, the PXRD analysis was performed. The outcomes for the
unmodified and functioning OLCNSs are shown in Fig. 5.5. The PXRD diffractograms for all
OLCNSs did not exhibit any appreciable changes, as can be observed from the patterns for p-
OLCNs, 0x-OLCNs, and the N-OLCNs. However, an extra peak can be seen ca 18° for ox-
OLCNSs. The substantial asymmetric reflection of all carbon compounds (~ca. 26 = 25°)
indicates the existence of sp?-bonded carbons. This signal is related to the reflection of X-ray
radiation from the (002) plane [35-37]. For the ox-OLCNs and N-OLCNs the peak at 20 of
approximately 43° correlate to the carbon's diffraction in the (111) basal plane [38]. This peak
was not observed in the pristine material as expected from the low intensity of the 002 peak
(Fig. 5.5).
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According to literature, the size of the nanoparticles is the main source of diffraction
widening. Strains and flaws in the crystalline material are also thought to contribute to this
phenomenon [39]. For the changed OLCNSs, this widening of reflections is more noticeable,
which may indicate that the adjustments to the OLCNs were successful. Due to the reduced
size, the spreading of the peaks may be a sign of a general disordering of the structure [40] of
the OLCNs as observed in the electron micrographs (Fig. 5.5). The ox-OLCNSs exhibited a
less prominent shoulder peak at around 26 = 18° (corresponding to the 001 plane) which
overlaps with the characteristic 002 carbon peak, signifying an increased interlayer spacing

upon successful insertion of oxygen groups between the layers [41].

The XRD data from Figure 5.5 below was used to determine the crystallite size and
interplanar d-space on the various OLCNs employing the Scherrer equation (1) and Bragg’s
law (2), respectively. From the XRD graph, we can calculate the full width and half
maximum (FWHM) and utilise the FWHM value obtained to calculate both the crystallite
size and d-space.

. 1
= Bagal s (1)

Where D is the average crystallite size (nm), K is the Scherrer constant (also called the shape

factor or shape parameter) whose value is ~0.94 for spherical crystallites (with cubic
symmetry), A is the X-ray wavelength for the Cu-K, X-ray source which has been
experimentally deterimed and has value of 1.5406 A (0.15406 nm), B is the line broadening at
FWHM in radians and 0 is the peak position/Bragg’s angle in degrees at half of 26.

Here, d is the interplanar spacing (in A or nm), 0 is the Bragg’s angle, n is the diffraction

order (for first order, n=1) and A is X-ray wavelength (Cu-K, = 0.15406 nm).

The calculated (average) crystallite sizes for p-OLCNs, ox-OLCNs and N-OLCNs were
found to be 1.84 nm, 1.03 nm and 1.07 nm for respectively. The interplanr spacing values
were calculated to be d(200) = 0.36 nm for p-OLCNs. For ox-OLCNs, the calculated d-space
values were do1) = 0.39 nm, dpogy = 0.37 nm and d11) = 0.20 nm. For N-OLCNSs, values

were determined to be d(200) = 0.36 nm and d11) = 0.21 nm.
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Figure 5.5: PXRD patterns of the as-synthesized OLCNs.

5.3.3. Raman spectroscopic analysis

The graphitization degree of the OLCNs both functionalized and un-functionalized was
studied and investigated using Raman spectroscopy. Three bands were of importance in the
analysis. The D-band is responsible for the presence of amorphous carbon nanoparticles and
structural defects in the graphitic layers of the carbonaceous material (disordered carbon).
The tangential vibrations recorded in the graphitic layers of carbon give birth to the G-band
(graphitic carbon) [42]. The 2D (D”) peak is extremely responsive to the level of

graphitization and structural modifications in carbon materials.

The as-synthesised OLCNs' Raman spectra revealed two peaks that correspond to the D-band
and the G-band (Fig. 5.6). The Raman spectrum of the p-OLCNs demonstrated two bands at
1353 and 1592 cm™. Both the doped and the oxidized and modified OLCNs had shifted and
widened D and G bands. Specifically, the change in both peaks upon functionalization (Fig.
5.6) can be attributed to the symmetry loss brought on by the inclusion of the nitrogen and
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carboxylic groups to the unsaturated carbon—carbon bonds, respectively, and the existence of
disordered carbon structures. Indicating an electronic influence of both the nitrogen and
oxygen incorporation on the carbon structure, the measured peak locations for the p-OLCNs,
0x-OLCNs, and N-OLCNs exhibited a little upshift for the D and G bands (0x-OLCNs > N-
OLCNs > p-OLCNs) [43].

The D and G ratio was calculated using the peak regions of the D and G bands. (Io/lc) [44].
The Ip/lc ratios of the N-OLCNs, ox-OLCNs, and p-OLCNs were found to be 3.34, 2.65, and
3.09, respectively (see Table 5.2). This possibly relates to the defect-rich nature of the
OLCNs after N and O addition [45]. See Supplementary Information (SI, Fig. S13) for

deconvoluted spectra.

In addition to the G band, another peak is seen at around 4200 cm™ [46]. This band may
occasionally be shown as the G band's shoulder [47]. It is classified as a D’ peak [48], is also
disorder-induced, and is not seen in highly oriented pyrolytic graphite (HOPG) but is
frequently seen in extremely defective graphite [49]. The 2D peak is particularly sensitive to
the degree of graphitization and structural changes in carbon materials. As a general rule, the
strongest bands are those that are visible at nearly twice the wavenumber of the D and G
bands. As a result, when the excitation wavelength is varied, this first-order counterpart

operates resonantly.

According to reports, the size of the OLCNs affects the ID/IG ratio seen in the Raman spectra
of OLCNs [50]. The peak intensities of the D-band and the G-band cannot be shown to be the
same or equal when comparing the peaks of all OLCNs. The p-OLCN, ox-OLCN, and N-
OLCN Raman spectra all show a little decrease of the D-band (in cm™) in comparison to the
G-band (in cm™), indicating purification of the pure OLCNs from carbonaceous material
during the process. [51]. This also implies that there was some structural deformation and
structural flaws, but the degree of deformity may be assessed by calculating the Ip/lg ratios.
Since the peak intensities are not exactly the same and the peaks do not have exactly the same
height, therefore the material does not have equal ratio of sp® hybridized: sp? hybridized
carbon atoms. Thus, the difference in peak intensities can also be attributed the amorphous

carbon nanomaterial structure mentioned in Section 5.3.2 above.
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Figure 5.6: Raman spectra patterns of the as-synthesized OLCNSs all recorded at Aex
514nm.

Table 5.2: Summary of the Raman spectroscopy analysis data.

Sample name D Band (cm™) Area G Band (cm™?) Area Io/lg ratio
p-OLCNs 1353 300737 1592 97406  3.09
0x-OLCNs 2005 548380 2386 206560 2.65
N-OLCNs 1999 448408 2393 134445 3.34

5.3.4 Optical properties (absorbance measurement and fluorescence studies analysis)

The typical peaks for OLCNs [52] in UV spectroscopy also exhibit a red shift that gradually
developed with the particles' size growth following functionalization: N-OLCNSs, p-OLCNs, and
0x-OLCNs. The spectra shows that all prepared OLCNs absorb in the ultraviolet region. The

absorption band evolves at wavelengths ~400 nm which indicates that the materials synthesized
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absorb the ultraviolet light since this peak is below the visible region. These observations can be

attributed to the overlapping of aromatic polycyclic hydrocarbons of OLCNs [53, 54].
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Figure 5.7: UV-vis absorption spectrum of a) p-OLCNs, b) ox-OLCNs and c) N-
OLCNEs.

All of the OLCNs were dispersed in distilled water and photoexcited at 350 nm, which resulted
in powerful emission bands with maximal wavelengths at 465 nm (p-OLCNSs), 425 nm (ox-
OLCNs), and 390 nm (N-OLCNSs), respectively. The various OLCNSs' varying maximum
emission wavelengths suggest that the fluorophores tethered to their surfaces are surrounded by
distinct surroundings. Tauc plots of allowed transitions to determine the bandgap energy can be
found in the SI, Figure. S14.
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Figure 5.8: PL spectra of the aqueous solution of a) p-OLCNs, b) ox-OLCNs and c)
N-OLCNSs at Aex 350 nm.

5.3.5 Thermogravimetric/differential (TGA/DTA) analysis

To examine the thermal stability of the p-OLCNs, ox-OLCNs, and N-OLCNs nanomaterials,
thermogravimetric (TGA) and derivative thermogravimetric (DTA) analysis were used. As
shown in Fig. 5.9 a, p-OLCNSs, ox-OLCNs, and N-OLCNs' TGA profiles show a large start
decomposition weight loss at T > 500 °C. The thermal disintegration of the oxygen functional
groups and perhaps some of the carbon core of the onion structure can be attributed to the
reduction in the weight loss of ox-OLCNs at the three decomposition temperatures [55].

The DTA curves data (Fig. 5.9 b) for N-OLCNs showed improved thermal stability (650 °C)
than the p-OLCNs (610 °C) and the ox-OLCNSs (645 °C). The increased surface area of the N-
OLCNSs is what is responsible for their improved thermal stability (see below) and presence
of N atoms OLCNs [56]. The ox-OLCNs displayed two distinct thermal phases, with the

lower peak position for ox-OLCNSs being caused by the loss of oxygen-functional groups,
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such as the removal of carboxylic groups from the OLCNs' surface (Fig. 5.9 b) [57, 58]. The
TGA and DTA results are in good agreement with the Raman results as well as absorbance
and fluorescence results, as it shows the OLCNSs all have different surface functional groups
which means they all exhibit different fluorophores.

The TGA plot demonstrates that the washed material, p-OLCNs, and functionalized materials

were all pure as no residue remained after the analysis.
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Figure 5.9: The percentage weight loss as a function of temperature; a) TGA profiles
for the produced OLCNs, and b) DTA curves for the OLCNE.

5.3.6. Fourier transmission infrared spectroscopy (FTIR) analysis

The spectra of the OLCNSs show several peaks (Fig. 5.10). Two peaks centred at 3878 and 3842
cm?, are due to NH- stretching modes [59]. The OH- peak usually observed between 3000 and
3500 cm™ is broad, but in this instance the NH peak is divided into two, which is explained by
the presence of alcohol OH groups and/or water absorped unto the surface of the OLCNs [34,
60]. The p-OLCNs have an OH- peak that is shifted, and different from the other functionalized
OLCNSs. This can be attributed to the p-OLCNSs not undergoing any surface modification. The

peak centred at 1688 cm™ can be due to the C=C stretching mode in aromatic rings.

When oxygenated functional groups were added to the surface of the p-OLCNs using hydrogen
peroxide, a new peak at 1795 cm™ that can be connected to the C=0 stretching mode of
carboxylic groups was formed. The creation of various quantities of oxygen-containing
functional groups, such as hydroxyl (-C-OH), carboxyl (-COOH), and carbonyl (-C=0), is
reportedly the result of controlled modification that was carried out using a variety of solvents
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[61-63] and at various temperatures [64,65]. The peak at 1043 cm™ can be ascribed the C-O
group [59].

A new peak for a C=N stretching mode for a nitrile group developed at 2494 cm™ when nitrogen
was added to the p-OLCNs [34]. This suggests that nitrogen was incorporated into the structure
of p-OLCNSs. The spectra of all three materials were similar, demonstrating that they shared a
backbone structure and that the p-OLCNs carbon structure was not completely disrupted or
harmed by the nitrogen doping and oxidation processes [66].
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Figure 5.10: FTIR spectra of all as-prepared OLCNSs.

5.3.7. X-ray photoelectron spectroscopy (XPS) analysis

The surface of the as-prepared OLCNs was analyzed using XPS to estimate the chemical
composition and determine the elemental compositions, potential functional groups, and valence

states (at. %). The signals of the nitrogen atoms in the N-OLCNSs, as well as the carbon and
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oxygen atoms, were all detectable in all survey spectra. From the analysis, it was revealed that
all as-prepared OLCNs are composed mostly by C (~74-89 at. %) and O (~10-18 at. %)
elements, and only N-OLCNs presented with nitrogen (~0.8 at. %) as shown in Table 5.3.
Detailed scans for the internal levels of C 1s, O 1s, and N 1s are shown in the figures below. All
C 1s peaks were observed to be unsymmetrical for all OLCNSs, which is reported to be a

characteristic of conducting forms of carbon [67].

Figure 5.11 a show the XPS full scan spectrum of the p-OLCNSs as well as the high resolution
spectra of Cls and O1s deconvoluted separately into different peaks. The main peak C1s
(Figure 5.11 b) centred at 284.2 can be assigned to sp? hybridized carbon atoms in strained C-C
bonds due to the curvature of the onions [68]. The other two peaks at 285.9 and 288.5 eV were
assigned to carboxylic groups (C-O) and (O-C=0), respectively [69].

Furthermore, the deconvolution of the high-resolution spectrum of O1s (Figure 5.11 c) revealed
two signals at 531.8 eV and 533.2 eV which are associated with organic C-O and C=0 were
determined to have 5.8 % and 5.1 % atomic percentage, respectively. These oxygenated groups
originate from the reaction of oxygen with the edges of incomplete graphitic layers containing
highly reactive dangling bonds [70] or moisture as the as p-OLCNs are hygroscopic in ambient

room temperature.
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Figure 5.11: a) XPS full scan spectrum, and the corresponding high-resolution
spectra of b) C1s and ¢) O1s of the as-synthesized p-OLCNs.

Figure 5.12 a show the XPS full scan spectrum of ox-OLCNSs with two predominant peaks at
284.4 eV and 532.2 eV which are attributed to the first orbital of the carbon (C1s) and oxygen
(O1s) with atomic percentages of 74.3 % and 18.6 %, respectively. The high resolution spectra
of Cls, and Ols were deconvoluted separately into different peaks. The high-resolution
spectrum of C1s (Figure 5.12 b) revealed five different peaks at 284.1 eV, 284.9 eV, 286.4 eV,
287.5 eV and 288.7 eV which were assigned to C-C sp? hybridization (36.1 %), C-C sp®
hybridization (27.7 %), C-O (5.8 %), C=0 (0.5 %) and O=C-O (5 %), respectively [71].

In addition, deconvolution of the high-resolution spectrum of O1s (Figure 5.12 c¢) revealed two

signals at 532.0 eV and 533.4 eV which are associated with C-O and C=0 respectively [72].

These findings concur with earlier findings [32].
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Figure 5.12: a) XPS full scan spectrum, and the corresponding high-resolution
spectra of b) Cls and ¢) O1s of the as-synthesized ox-OLCN:Ss.

N-OLCNs (Figure 5.13 a) revealed three peaks at 284.4 eV, 398.8 eV and 532.8 eV which are
attributed to the C1s, N1s and O1s respectively. As shown in Table 5.4, the atomic percentages
of Cl1s, N1s and Ols in N-OLCNs were 87.4 %, 0.8 % and 11.5 %, respectively. The high-
resolution C1s (Figure 5.13 b) also showed five different types of carbon at 284.2 eV, 285.0
eV, 286.2 eV, 287.5 eV and 288.8 eV which were assigned to C-C sp? hybridization, C-C sp®
hybridization, C-O, C=0/C=N and O-C=0, respectively [73].

The deconvolution of high-resolution spectrum of N1s (Figure 5.13 c) resulted in a single type
of nitrogen atoms located at 399.3 eV associated with pyrrolic nitrogen as the dominant
nitrogen-doping configuration [72]. The atomic percentage of the N1s nitrogen is 0.8 at. %. This

shows that successful N-doping did occur (as also seen from the FTIR spectra).
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Lastly, the high resolution spectrum of O1s (Figure 5.13 d) revealed two peaks at 532.1 eV and
533.5 eV which are attributed to C-O and C=0, respectively. These O-configuration almost
have an equal atomic composition percentage at 6% and 5.78%, respectively.

All C1s showed that multiple types of carbons were formed on the surface [74]. These results

are in good agreement with data from FTIR studies.
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Figure 5.13: a) XPS full scan spectrum, and the corresponding high-resolution
spectra of b) C1s, ¢) N1s, and d) O1s of the as-synthesized N-OLCNs.
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Table 5.3: The relative percentage composition of the as-synthesized p-OLCNs, ox-
OLCNs and N-OLCNs from XPS spectroscopy.

Atomic percentage

Sample name C (%) N (%) O (%) Impurities (%)
p-OLCNs 89.2 - 10.6 0.2
ox-OLCNs 74.3 - 18.6 7.1
N-OLCNs 87.4 0.8 115 0.3

5.3.8. Elemental (CHNS) analysis

The elemental analysis data are reported in Table 5.5. The high percentage carbon is consistent
with a carbonaceous material with a large carbon backbone, agreeing well with the PXRD,
Raman, FTIR, and XPS analysis.

These results further confirm the successful N-doping of N-OLCNs (1.3 %). The p-OLCNs and
0x-OLCNs show small percentages of N-atoms possibly due to contamination, as they couldn’t

be picked up by FTIR and XPS analysis techniques.

Table 5.4: Summary of the CHNS analysis results.

Results (%)

Sample name C H N S
p-OLCNs 95.48 1.822 0.13 -
0x-OLCNs 87.90 3.143 0.15 -
N-OLCNSs 92.87 0.962 1.34 -

5.3.9. Brunauer-Emmett-Teller (BET) surface area analysis

Table 5.6 below shows a summary of the BET data. The SSA of p-OLCNs is 61.7 m?/g, 68.7
m?/g for ox-OLCNs and 197.7 m?/g for N-OLCNs. The p- and ox-OLCN surface areas are
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comparable, whereas N-OLCN surface areas are much greater. The increase in BET surface area
caused by ammonia-induced surface erosion; potential stacking of N atoms on/in the OLCNSs
[175]. The creation of inter- and intra-particle pores can also be linked to the elimination of
surface functional groups [176]. These findings concur with those of TEM, Raman, and TGA

analyses. BET plots can be found in th SI, Figure. S.15.

Table 5.5: Summary of the BET results.

Surface area Pore volume Pore size
Sample name

(m?/g) (cm®/g) (nm)
p-OLCNs 61.7+0.2 0.31 26.6
0X-OLCNs 68.7+0.1 0.45 36.3
N-OLCNs 1979+1.1 0.33 16.2

5.3 Conclusion

The synthesis and functionalization of OLCNs were described in this chapter of the study by
doping nitrogen atoms into as-produced OLCNSs using ammonia gas as a hitrogen source and
oxidizing OLCNSs using the reflux technique with H2O: resulting in p-, ox- and N-OLCNSs. The
resulting OLCNs exhibited chain-like quasi-spherical morphology with varying particle sizes.
The surface modifications on the OLCNs were successful as the N and O were seen to be
present in the N-OLCNs and ox-OLCNs. The PXRD analysis, Raman spectroscopy, FTIR
spectroscopy, XPS analysis and CHN-S analysis were well in agreement with each other

proving this.
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Chapter 6
Synthesis of NCdots: OLCNs composites using the

refluxing method

6.1 Introduction

Global warming and rising energy consumption are two problematic issues that the world is
now grappling with. To assist with providing a solution to these problems, much effort has
been spent in producing various types of solar cells. Solar cell technologies have the potential
to either improve energy efficiency or assist with the development of renewable energy
sources [1] when fossil fuels run out or become too scarce or too expensive. The dye-
sensitized solar cell (DSSC), one of the most recent solar cells that has been created to
address the aforementioned problems is a low-cost device with an easy manufacturing
process [2, 3]. The four crucial parts of a DSSC device's performance are the photoanode,
dye, electrolyte, and counter electrode [4, 5]. The counter electrode transports electrons to the
electrolyte from the external circuit. Mechanical, chemical, and electrochemical stability,
resilience, and excellent catalytic activity are all characteristics of an efficient counter
electrode (CE) [6]. Strong electro-catalytic activity for effective electrolyte reduction,
outstanding electrical conductivity for low charge-transfer resistance, cheap cost and high
stability for large-scale manufacturing, and excellent electro-catalytic activity are all

necessary for a good counter electrode [7].

Platinum (Pt) has been employed as a potential CE material due to its excellent electrical
conductivity and electro-catalytic activities; nevertheless, the pricey cost and ease of
corrosion by 17/13” based electrolytes have limited the usage of Pt [8]. As an alternative to
platinum, carbon has been shown to be quite enticing. Nanoscale carbon compounds have a
large surface area and many active sites [9], particularly heteroatom-doped carbon materials
[10-16], have been produced and studied as possible replacement for Pt in DSSC devices.

Carbon dots (Cdots) are a new class of nano-carbonaceous materials with photoluminescent
(PL) features that have sparked a lot of interest in a variety of fields since their discovery.
Due to their low toxicity, great stability, and good photodegradation resistance, these dots

have been deemed better than typical semiconductor quantum dots and organic dyes [17].
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Electronic transitions in Cdots include c—n*, n—n*, n—n* and c—c*, which are closely
connected to Cdots' chemical make-up and optical characteristics [18]. Aromatic sp?> domains
in the carbon core are what give rise to the = -states in Cdots. As the quantity of conjugated
carbon atoms increases, the energy gap between the -states, for instance, in graphene
quantum dots (GQDs), rapidly decreases [19]. Functionalization may be utilized to change
the redox potential of GQDs by covalently adding electron-withdrawing or -donating groups,
even though it has little impact on the band gaps of GQDs. Functional groups, such as
carbonyls and amines, that are present on the surface of Cdots and contain lone electron pairs
can contribute to the N-states in Cdots. Additionally, electronic transitions from n-states in
the functional groups to n* states in the sp? carbon domains are possible when the functional
groups are bound to carbon domains [20]. As a result, the optical properties of Cdots are
significantly influenced by electronic structures and related electronic transitions. This can
influence their use, such as in optoelectronic cells. However, the electrical structure of Cdots

remains a mystery and has to be investigated further.

Onion-like carbon nanomaterials (OLCNs) with a multilayer lamellar structure stand apart
from other graphic carbon materials in a variety of ways, including their tiny diameter,
structural stability, and possibility for a sizable exterior surface area, all of which are helpful
for catalytic processes [21, 22]. The outcome is electrodes composed of carbon nanomaterials
have been proposed to have good electrode-electrolyte interface leading to excellent
conversion efficiencies. Since it is known that carbon can be used in DSSCs, the question
arises as to whether carbon composites could be used to enhance the electrode activity. A
composite or hybrid material with improved qualities may be created by combining two
carbons with very different and distinct nanostructures. There are a few examples of all-
carbon nanocomposites employed as a CE in DSSCs in the literature [7], suggesting this
approach has potential. The incorporation of NCdots into a support material introduces
functional groups into the support [23].

In this study, N doped and O functionalized OLCNs and pristine OLCNs with NCdots to
create a new type of carbon-carbon composite is described. There are instances of the
creation and application of composites made of Cdots and other carbon compounds [24, 25].
However, no thorough investigation of the interplay of OLCNSs as a support for the Cdots or
NCdots in particular has been made to far. According to our knowledge, this research is still

in its infancy.
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In situ growth, chemical bonding, and physical mixing are the three processes utilized to
create Cdot-based composites or hybrids. Cdots and other materials are mixed physically to
create composites that exhibit noncovalent interactions including electrostatic adsorption and
hydrogen-bond interaction [26-28], or t—n stacking interaction. This occurs after blending the
components by stirring or ultrasonication [29, 30]. When chemical bonding occurs between
the Cdots and the second component, Cdots and other materials interact covalently. The
heterogeneous nucleation and growth of a nanostructure on the surface of another

nanomaterial is known as in situ growth [31].

In this study physical mixing was used to create the Cdots: OLCNs interactions via stated, n—

7 stacking interactions, hydrogen bonding, and/or electrostatic adsorption (Scheme 6.1) [32].

Carbon

nano-onions

Scheme 6.1: Schematic representation of the formation of NCdots: OLCNs composites.

6.2 Experimental procedure

The synthesis of the NCdots and OLCNs has been reported in Chapters 4 and 5,
respectively. In this study, the NCdots were loaded on the surface of the p-OLCNs, ox-
OLCNs and N-OLCNs (Scheme 6.1) to produce a composite material using modified
methods reported in literature [33, 34] via physical mixing (Scheme 6.2), as explained by
Chen et al [31].
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6.2.1. Starting materials

Table 6.1: Materials and reagents used in this study.

Reagents ) .

) Purity Supplier/source
and materials
NCdots (EDA) - Chapter 4
p-/0x-/N- OLCNs - Chapter 5
Ethanol EtOH, 96% Sigma-Alrich

Ammonium hydroxide NHsOH, 98% Sigma-Alrich

6.2.2. Preparation NCdots: OLCNs composite

20 mL of water and 10 mL of ethanol were combined with the necessary number of NCdots
(5 %, 10 %, 15 %, and so on. See Tables 6.2 and 6.3) and sonicated for 15 minutes. A
required quantity of the support material (p-OLCNs, ox-OLCNSs, and N-OLCNSs) was added
to a solution of 1 mL of NHsOH and 10 mL of distilled water in a second, independent
beaker. The combination was thereafter given a 15-minute sonication. After combining the
two mixes, which separately contained the support solution and the NCdots solution, they
were further sonicated for five minutes. The resulting mixture was then stirred for 6 hours
under reflux at of 80 °C (Scheme 6.2).

To create dry black powder, the product was then dried overnight in a vacuum oven at 80 °C
and a rotating evaporator at 70 °C. The dispersion of NCdots over the surfaces of the OLCNs

support was made easier by the ammonia present in the solution combination [35].
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x NCdots x CNOs
20 mL dH,0 10 mLL _dHZO
10 mL EtOH 2 mL NH,OH

15 mins 15 mins
Sonication Sonication

Composite
mixture

Reflux for 6 hours

Scheme 6.2: Synthesis procedure for the NCdots: OLCNs composites.

NCdots: OLCNs composites were prepared in varying ratios. Synthesis conditions

summarized in Table 6.2 and Table 6.3.
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Table 6.2: Summary of composite synthesis, following the standard procedure stated

above (Section 6.2.2).

Mass of Mass of % weight
NCdots OLCNs loading

1 mg 20 mg 5%

2mg 20 mg 10%
3mg 20 mg 15%

4 mg 20 mg 20%

6 mg 20 mg 30%

8 mg 20 mg 40%

10 mg 20 mg 50%

Table 6.3: Summary of composite synthesis with a lower support loading weight

percentage than the NCdots.

Mass of Mass of % weight
OLCNs NCdots loading

1 mg 20 mg 5%

2 mg 20 mg 10%

6.2.3. Characterization techniques
e The synthesized composites were characterized using TEM, PXRD, Uv-vis and PL

spectroscopy and FTIR spectroscopy.

6.3 Results and discussion
Considering its safety, ease, and dispersibility for both Cdots and OLCNSs, water was chosen
as the preferred medium in the fabrication of Cdots: OLCNs nanocomposites. When making

composites, there are a few pre-existing factors to consider [36-38]:

1) Reaction time: largely has an impact on the size and structure of composites
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2) Reaction temperature: the ultimate shape of composite materials is controlled by
regulating the pace at which nanostructures form on the surface of another
nanomaterial

3) pH of the solution: may change or alter the surface state of the materials

In this study, experiments were carried out to optimize the above parameters. The
hydrothermal reflux method was chosen as the appropriate procedure of synthesize for this
purpose. This method can cater for long reaction times, low-to-moderate heating
temperatures and continuos stirring with minimal manipulation to the reaction contents. Thus,
6 hours was chosen as the optimal reaction time as it allowed sufficient time for slow and
steady mixng on the composite constituents into a single component without agglomeration.
The optimal reaction temperature was set to be 80 °C, as this temperature provided moderate
heat to the reflux system which is crucial during physical mixing so as to preserve the
structural shape of the composite constituents as they mix, and the NCdots embed into the
structural matrix of the OLCNs’. High heating temperature have the potential of altering the
structural shape and size of the constituents mixing thus altering the structure, function and
ultimately properties of the composite being formed. Also, the composite may disintergrate as
it forms due to burning from the high temepratured being provided. Continuous stirring at
low speed was found to be useful in ensuring a uniform environment in the composite
solution, avoid agglomeration in the complex system, and to help in maintaining the pace at
which the nanocomposites form. Water was used as the preferred medium for the fabrication
of the nanocomposites as it has a neutral pH, providing balance of acidty and basicity in the
mixing solution. Thus, the pH of the system was found to be relatively the same before and
after synthesis. The difference in pH was neglible, thus this gave evidence that the mixing
procedure occurred under consistent and stable reaction conditions. The results and
discussion sections below review the experimental findings and discuss them in the context
of literature, while linking characterization techniques to each other and properties to

performance, as per application in DSSCs.

6.3.1. Morphological analysis

The TEM images (Figs. 6.1-6.3) below show the composite material synthesized at different
weight percentage loadings. Images of three selected groups of various nanocomposites are
reported in this chapter (ranging from low to high loading, namely 5% NCdots: OLCNs, 50%
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NCdots: OLCNs and 5% OLCNs: NCdots), information on other composites may be found in
the Supplementary Information (S, Figs. S16-20).

The TEM micrographs revealed that all as-synthesized NCdots: OLCNs composites revealed
the concentric turbostatic shells of the OLCNSs, but the carbon dots were not clearly visible at
the resolution used. The interaction between Cdots and support nanostructures has been
shown to be weak and unstable, despite the physical mixing approach being simple and quick
[39]. High resolution TEM can be able to provide us with more accurate details about the
physical interaction of the NCdots and the surface of the various OLCNSs. Furthermore, in
Fig. 6.1 there is no distinct visible morphological difference between the different types of

nanocomposites overall (Figs. 6.1 a, b and c). It is possible that the Cdots are not visible on

the support due to the low quantity of Cdots dispersing in an ethanol and water mixture.

Figure 6.1: TEM images of a) 5%NCdots (EDA): p-OLCNs, b) 5%NCdots (EDA): 0x-OLCNSs and c)
5%NCdots (EDA): N-OLCNs composites.

The structure of the NCdots: OLCNs nanocomposites was found not to change as the
NCdots: OLCNSs ratio was varied (see S16-20). At very high loadings, Fig. 6.2 c it is possible
to see NCdots (shown by arrows) on the external surface of N-OLCNS, suggesting that’s
these nanocomposites are bonded to each other extrinsically. The Derjagin-Laundau-Verwey-
Overbeek hypothesis postulates that smaller particles are unstable in the vicinity of bigger
particles, hence, the Cdots particles are dispersed throughout the support's surface. As a

result, the Cdots adhere to the support material's surface (OLCNSs) [40].
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Figure 6.2: TEM images of a) 50%NCdots (EDA): p-OLCNSs, b) 50%NCdots (EDA): ox-OLCNs and
¢) 50%NCdots (EDA): N-OLCNs composites.

The micrographs below were obtained from a composite material made by incorporating a higher
ratio of NCdots to OLCNs (Figs. 6.3 a, b and c¢). The NCdots are still not visible on the surface
of the various OLCNS. It is possible that VVan der Waals forces involved binding Cdots to the
OLCNSs particles' surfaces, allowed them to stay bonded even during the subsequent drying
cycle [40]. However, simple mixing techniques like physical mixing are primarily focused on
liquid systems with hard integration modes, which cannot fully utilize and achieve the
maximum intrinsic properties of each active material. This results in minimal control over
constituent parts and failure to clarify the structural framework relationships between

components in nanocomposites [41] which suggests why NCdots could not be visualized in

the composite at such low TEM magnifications.

Figure 6.3: TEM images of a) 5% p-OLCNs: NCdots (EDA), b) 5% ox-OLCNs: NCdots (EDA) and
¢) 5% N-OLCNs: NCdots (EDA) composites.
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In the same breath, micrographs of 10% wt. % OLCNs: NCdots composites observed below
(Figs. 6.4 a, b and c) show the traditional morphology that has been observed in the above
figures. Still the presence of NCdots on the surface/matrix of the OLCNSs is not visible.
Herein the OLCNSs were added at 10% wt. % loading unto the NCdots and it was expected to
see NCdots in/on the OLCNs or dangling on the edges of the OLCNSs nanostructure at least.

To fully comprehend these nanocomposites, however, further knowledge regarding the nature
of interaction between the various functional groups found in NCdots and OLCNSs is

necessary.

Figure 6.4: TEM images of a) 10% p-OLCNs: NCdots (EDA), b) 10% ox-OLCNs: NCdots (EDA)
and c) 10% N-OLCNs: NCdots (EDA) composites.

6.3.2. Powder X-ray diffraction (PXRD) spectroscopy analysis

The PXRD analysis was measured for NCdots (EDA) and the various as-synthesized OLCNs
samples and results are shown in Fig. 6.5 a and b, respectively. Fig. 6.5 a, the diffractogram
shows a broad observed peak centred at 20 = 24.7° (Sec 4.3.2, Ch. 4) and small peak centred
at ~20 = 61.0°. The (002) and (100) planes may be used to explain the two peaks, respectively
[42]. Fig. 6.5 b shows PXRD analysis was computed for all OLCNs samples (Sec 5.3.2,
Ch.5). All OLCNs presented with a maximum asymmetric broad reflection at ~26 = 25°,
which can also be attributed to the (002) of turbostatic carbon and graphene carbon. The ox-
and N-functionalized OLCNSs presented with an additional peak at 26 = 43° not present in the
pristine material, which corresponds to the diamond structure observed on the (111) basal
plane diffraction [43]. Moreover, ox-OLCNs exhibited a less a prominent shoulder peak at
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around ~20 = 18° (corresponding to the 001 plane) attributed to oxygen groups between the
layers [44].
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Figure 6.5: PXRD patterns of the as-synthesized precursor material of the composites; a) NCdots
(EDA) and b) p-OLCNSs, ox-OLCNs and N-OLCNs.

Figure 6.6 a and b shows full spectral patterns of nanocomposites prepared with 5% and
10% NCdots wt. % loadings, respectively. These XRD results further verified the structural
properties of these nanomaterials. From both plots, the (002) graphitic plane clearly
demonstrates that all NCdots: OLCNs have improved crystallinity at 20 = ~25° (Fig. 6.6)
[45]. The outcomes of the nanocomposite experiments show that the OLCNS' pore structure
can serve as a basis for evenly dispersing NCdots. The OLCNs (Fig. 6.5 b) shows stronger
and relatively sharper peak at the same peak position as the nanocomposite precursors could
mean that the formed nanocomposites were even less graphitic in structure, after the physical
mixing process [46]. The OLCNSs diffractogram dominates that of the NCdots.

Figure 6.6 b shows even broader peaks of the (002) diffraction plane upon increase in w/w
percentage loading. This also applies to diffractograms in Fig 6.7. The considerably larger
carbon signal is a marker of little disordering of the structure of carbon in accordance with
vivid amorphous broadening [47]. The broadening of the peak can be an indication of a
widespread disordering of the structure due to the smaller sized/small quantities of sp?-
hybridized carbon [48]. So, the further broadening could be attributed to incorporation of the
NCdots, whereby the XRD instrument picking up the smaller sized dots in the nanocomposite
[49]. The peak positions did not change when compared to the nanocomposite precursor

material (Fig. 6.5 a and b) indicating no change in the size of the carbon domains.
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Figure 6.6 a and b both exhibited a small peak which can be attributed to the (100)
reflection. This XRD pattern is typical of the as-prepared sample, the sharp diffraction peak
(20 = ~44.38 °) with low peak intensity. This peak is also present in (Fig. 6.5 a) and is
indexed as graphite peak. Furthermore, 5% NCdots: 0x-OLCNs (Fig. 6.6 a) presents a very
low unresolved intensity peak between 40 and 50°. The chaotic structure of the graphene
rings inside the ox-OLCNs in the (111) plane may be responsible for this peak [48, 49]. The
weak peak corresponds to the (111) peak of the diamond structure in the XRD diffractogram
[50, 51], It seems during OLCNSs synthesis, the graphitic carbon peaks grow during
formation, with some residual diamond peaks [52].
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Figure 6.6: PXRD patterns of the NCdots: OLCNSs synthesized at a) 5% NCdots wt. % loading and b)
10% NCdots wt. % loading unto support.
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Figure 6.7: PXRD patterns of the NCdots: OLCNs synthesized at 50% NCdots wt. % loading unto
support.
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The other nanocomposites (not shown here, diffractograms can be found in the SI, S21 —
S22) all exhibited similar diffractograms. Whereby, the dominant (002) peak that is observed
in both the precursor material also reappears in all the X-ray diffraction patterns below,
however with broader and weaker peaks than before physical mixing reaction. These peaks
appear due to the graphitic carbon being still defective with incomplete shells formed [47].
These results are consistent even for the composites prepared with higher NCdots ratio:
OLCNSs support (Fig. 6.8).

In summary, the various NCdots: OLCNs nanocomposites primarily exhibited diffraction
patterns of NCdots contain broadened peaks lying at the angles typical of the 002, 001, and
111 reflections of graphite.

5% p-OLCN: N
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Figure 6.8: PXRD patterns of the OLCNs: NCdots synthesized at a) 5% OLCNs wt. % loading and b)
10% OLCNs wt. % loading unto NCdots.

6.3.4. Optical properties (absorbance measurement and fluorescence studies analysis)

Figure 6.9 below shows the optical properties of the as-synthesized NCdots were studied
using both ultraviolet-visible (Uv-vis) absorption and photoluminescence (PL)
spectrophotometry. As discussed in Ch. 4, Sec. 4.3.4, the NCdots exhibited a single
absorption peak at 275 nm and an emission maxima at wavelength 438 nm when excited with
energy of Xem 350 nm (Fig. 6.9 a). What these results revealed was that the synthesized
NCdots have single-emissive center which is believed to be core state rather than surface
state, and broad absorption for the PL emission mechanism. Figure 6.9 b shows the
traditional excitation-dependant emission behaviour of Cdots, with maximum emission

reached at excitation wavelength 410 nm.
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Figure 6.9: a) UV-vis absorption spectrum and PL emission spectrum of NCdots (EDA) recorded at
wavelength 350 nm and b) PL spectra of NCdots (EDA) recorded at various excitation wavelengths.
The inserts show the photographs of NCdots in water under visible light (brown solutions) and under

UV lamp (blue solutions) at 365 nm excitation wavelength under irradiation.

Figures 6.10-12 shows the UV-vis and PL spectra of as prepared p-/ox- and N-OLCNSs. The
UV-vis spectra (Figs. 6.10 a - 6.12a) below presented with red shift characteristic peaks for all
OLCN:s, as all the OLCNs absorb in the ultraviolet region. The large absorption peaks at ~300
nm are below the visible spectrum (<400 nm) and suggest that the OLCNs absorb UV light.
This may be because distinct surface functional groups have introduced varied structural

orderliness to the OLCNs. The p- and ox-OLCNSs exhibited multiple emission centres. However,

the intense emission maxima bands were measured at 465 nm (p-OLCNSs), 425 nm (0x-OLCNSs)

and 390 nm (N-OLCNSs), respectively (Figs. 6.10 b - 6.12b).

——p-OLCNs —— p-OLCNs

o
i

s 8

Intensity (a.u.)

Absorbance (a.u.)

-
b

a0 500 B0 1000 400 aso 500 550 500
Wavelength (nm) Wavelength (nm)

Figure 6.10: a) UV-vis absorption spectrum and b) PL emission spectrum of p-OLCNs recorded at

wavelength 350 nm.
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Figure 6.11: a) UV-vis absorption spectrum and b) PL emission spectrum of ox-OLCNSs recorded at
wavelength 350 nm.
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Figure 6.12: a) UV-vis absorption spectrum and b) PL emission spectrum of N-OLCNSs recorded at

wavelength 350 nm.

UV-vis analysis was used to examine the optical characteristics of the NCdots: OLCNs
nanocomposites (Figs. 6.13a - 6.16a) and PL spectroscopy (Figs. 6.13b - 6.16b),
respectively. The UV-vis and PL information of other nanocomposites can be found in the SI.
It was observed that all the nanocomposites (Figs. 6.13a — 6.16a) ran in aqueous solution at
ambient conditions had similar absorption peaks at approximately the same peak positions,
see summary in Table 6.5. The approximate wavelengths of the colours in the visible light
areas and their complementary colour to the absorbed colour calculated [53, 54], as well as
the light absorption zones at specific transitions and measured wavelengths are also shown in
Table 6.5.
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The nanocomposites present with absorption peaks related to both NCdots and OLCNSs.
Bands observed at ~242, ~278, ~279 and ~288 nm are poorly defined and can be attributed to
the presence of NCdots in the hybrid system (see arrows below; Figs. 6.13b - 6.16b.
Enlarged inserts of this area can be found in the SI). And the more pronounced peaks
observed at ~362 - ~636 nm can be from the OLCNs when light passed through the
nanocomposite structure. This is deduced from the optical properties provided by the
absorbance measurement and fluorescence studies analysis above (Figs. 6.9-6.12). The
resulting absorbance spectra are a result of delocalized absorptions in the hybrid
nanostructure and as such the maximum absorption is moved to a longer wavelength, as the
amount of delocalization increases. Tauc plots used to determine the bandgap energy of the

nanocomposites can be found in the Sl, Figures. S28 and S29.

Table 6.4: Absorption measurements wavelength at maximal light absorbance observed

in all nanocomposites.

UV-vis absorption Reflected colour
wavelength (nm) Absorbed colour (Complementary)
~242 - -
~278 - -
~279 - -
~288 - -
~ 362 Violet Yellow-green
~419 Violet Yellow-green
~ 446 Violet Yellow-green
~ 455 Blue Yellow
~ 463 Blue Yellow
~ 536 Green Violet
~ 636 Red Blue-green

This experiment discovered that the absorption peak intensities between the various
nanocomposites had not changed or increased, most likely because each composite included
an equal number of n-n* transitions of & systems comprising C-N/C= N bonds [55, 56]. The

intensity of absorption peaks at ~362-447 nm and ~460-640 nm excitation wavelengths are
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similar in the case of all the NCdots: OLCNs composites. This behaviour could be explained
by the domain size distribution and carbonization degree analysed from the difference of
NCdots: OLCNs nanocomposite (and individual carbon dots) surface composition [57, 58].
The intragap states, which are extra electronic states between the HOMO and LUMO levels,
were produced by the N atoms. Since intragap states close the energy gap, NCdots with more

N atoms are often able to absorb more photons with lower energy [18].

By creating intragap states, N-doping can boost light absorption and occasionally extend the
spectrum sensitivity of NCdots to red and even near-infrared wavelengths. For instance, using
a microwave-assisted hydrothermal technique, NCdots with an absorbance peak centered at
650 nm were easily created from citric acid and urea [59]. The NCdots that Qu et al.
previously created by solvothermal processing citric acid and diethylenetriamine showed
blue, green, or yellow emissions when the reaction solvent was changed from water to DMF
or when no solvent was used [60]. The conjugated pyrrole/pyrrolidone groups were used to
identify the edge state of NCdots, and as the quantity of pyrrolic N increased, the PL and
excitation wavelengths shifted toward the red. This is what is observed in the spectra above.

The wavelengths of molecules containing one chromophore group can fluctuate. The
magnitude of the wavelength is affected by the colours in visible light when measuring
wavelength [53]. It's critical to remember that the maximal UV absorption of a conjugated

molecule is proportional to the degree of conjugation [54].
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Figure 6.13: a) UV-vis absorption spectrum and b) PL emission spectrum (Aem 350 nm) of NCdots:
OLCNSs synthesized at 5% NCdots wt. % loading unto support.
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Figure 6.14: a) UV-vis absorption spectrum and b) PL emission spectrum (Aem 350 nm) of NCdots:
OLCNSs synthesized at 10% NCdots wt. % loading unto support.
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Figure 6.15: a) UV-vis absorption spectrum and b) PL emission spectrum (Aem 350 nm) of NCdots:
OLCNs synthesized at 50% NCdots wt. % loading unto support.

Absorbance (a.u.)

10% p-OLCNs: N
——10% ox-OLCNs: N

——10% N-OLCNs: N

300

400 500 600 700
Wavelength (nm)

Intensity (a.u.)

400 -

300 4

200 4

100 4

10 % p-OLCNs: N
———10 % ox-OLCNs: N
=10 % N-OLCNs: N

400

450

5(.)0 5;0 600
Wavelength (nm)

Figure 6.16: a) UV-vis absorption spectrum and b) PL emission spectrum (Aem 350 nm) of OLCNSs:
NCdots synthesized at 10% OLCNs wt. % loading unto support (NCdots).
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As mentioned here in Figs. 6.13b - 6.16b, 350 nm excitation wavelength was used to
measure PL spectra. The peak maximum at 350 nm excitation wavelength was typically
redshifted in the PL spectra for all composites. The maximum emission peaks of the
nanocomposites upon incorporation of the NCdots on the surface of the various OLCNs
summarised in Table 6.6 below, information of other nanocomposites can be found in the SI,
S23-27 and Table: S1. The PL emissions observed in Figs. 6.13b - 6.16b emitted in the
same range, with variable peak positions. This suggests that the nanocomposite exhibits
emissive behaviour from the combination of NCdots and OLCNSs fluorophores, thus the
hybridization gives off a single emission centre. However, it cannot be adequately quantified
at this point from which environment on the nanocomposite the PL emission results from.
Thus, the PL data observed might be brought on by a number of circumstances, including the
NCdots, or the support (OLCNS), surface-support interactions, nanocomposite made of
functional NCdots and support groups, or photoinduced electron transfer (PET) from the
NCdots to the support [60].

The optical selection at different defects states, non-radiative recombination of excitons at
defects sites, and functional groups found in Cdots are all credited with contributing to the PL
emissions data [61]. The variation in size (of the OLCNs) may result in a shift in the
maximum emission wavelength. It is probable that the as-prepared nanocomposites exhibit a
stronger fluorescence than NCdots because the NCdots modified the arrangement of carbon
and nitrogen in the OLCNs (which serve as the composite's support substrate), resulting in

surface defect states.

In this research area, it is evident that both precursor concentration and type can impact the
production and optical characteristics of the composite material. The electrons of Cdots are
not delocalized throughout the particle due to core defects, surface functional groups, and
restricted states originating from molecular fluorophores (less-crystalline core structures)
[18]. A lone pair of electrons in nitrogen, in particular, is essential for the formation of
various nitrogen-induced intragap states (N-states) and for changing photoelectron-related

properties such as photo absorbance, photothermal conversion, and photoelectron transfer.
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Table 6.5: PL emissions at excitation wavelength of 350 nm of the nanocomposites.

Name of sample PL emissions (nm)
5% NCdots:p-OLCNs ~448
5% NCdots:0x-OLCNs ~448
5% NCdots:N-OLCNSs ~447
10% NCdots:p-OLCNSs ~450
10% NCdots:0x-OLCNs ~452
10% NCdots:N-OLCNs ~445
50% NCdots:p-OLCNSs ~456
50% NCdots:0x-OLCNs ~451
50% NCdots:N-OLCNs ~454
10% p-OLCNs: NCdots ~452
10% ox-OLCNs: NCdots ~452
10% N-OLCNSs: NCdots ~452

6.3.5. Fourier transmission infrared spectroscopy (FTIR) analysis
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Figure 6.17: FTIR spectra of a) NCdots (EDA) and b) all as-prepared OLCNSs.

The surface functional groups of the as-prepared nanocomposites were characterized by

FTIR. Spectra are vertically offset for clarity. It was observed that all nanocomposites
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produced the same transmittance results for each spectrum (Figs. 6.18 — 6.20). The similarity
in the infrared spectra could be attributed to the nanocomposites virtually having the same
fluorophores (as seen from the UV-vis and PL data). which translates to similar functional
groups. The spectra presented with similar peak structure, however the relative peaks were
slightly varied in terms of peak position. This is explained by the fact that covalent bonds in
molecules selectively absorb light at particular wavelengths, changing the vibrational energy
of the bond [62]. As a result, the atoms in the bond determine the type of vibration (stretching

or bending) caused by the infrared light.

The spectra below (Figs. 6.18 — 6.20) present with eight prominent peaks. The vibration
mode at ~1026 cm™ can be attributed to the C-O functional group [63]. This peak presented
at 1467 cm pertaining to NCdots (EDA) and at 1043 cm™ attributed to OLCNs (see Fig.
6.17a and b, respectively). The C=C is observed for the composites at ~1643 cm™ and was
seen to be at peak positions 1548 cm™ and 1688 cm™ for the NCdots and various OLCNSs,
respectively. Another common vibration mode is the C=0 which was observed at ~1840 cm"
11687 cm?, and 1795 cm? for the nanocomposites, NCdots (EDA) and OLCNS,
respectively. The O-H/N-H peak, not clearly resolved and visible in the nanocomposites was
observed at ~3094 cm™. This peak has shifted greatly [64]. The peaks observed at ~1500 cm”
1 ~2113 cm™, and ~2997 cm! can be attributed to the N-O, C=N, and C-H stretching media,

respectively.

An interesting vibration mode at ~2094 cm™ was ascribed to C=C=N ketenimine stretch [65].
It is possible that this functional group could be due to the disruption of the NCdots
incorporation which might have caused re-distribution of atoms around the surface of NCdots
and the various OLCNSs during physical mixing to allow for interaction and bonding to occur.
The C=N peak was observed at 2240 cm™ and 2494 cm! for the NCdots (EDA) and OLCNSs,
respectively. Therefore, it is suggested that the formation of the ketenimine may have been
caused by some interaction between these two functional groups on the surfaces of the

various precursors.

Hence, this suggests that the vibration modes observed in these nanocomposites originate
from the composite precursor material, either from the original functional group or partly due
to newly formed groups from the NCdots and OLCNSs support interactions. Fig. 6.18 b was

indexed to show the similarity between the different composites. Fig. 6.19 has asterisks in the
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place of the different indexed vibration modes analyzed, again to show the similarity between
the different spectra obtained. FTIR spectra of other composites may be found in the SI, Figs.
S30, S31.

1 T T T T T T
! A i !
1 1 1 1 1 1 1
! L~ M i !
1
_ -h'-'_'_'—\.__ 1 _ E : : : ] :
T o084 ! e = 1 i H
S TAY 5 AAERE :
@ . N 5 06 [ \‘\i/\
o 1 ] [} 1 1 1 1
€ I E A i
2 v by i 2 é i 211§ V| i
g 3094 ¥ i f‘\-\\ £ 2098 1847 i
. 2907 i 1840% - P 04 2009 55, ilgoo {
v 1
5% N: p-OLCNs 2094 1634 10% N: p-OLCNs 1628 v
5% N: 0x-OLCNs v 1026 10% N: 0x-OLCNs 1052
—— 5% N: N-OLCNs 3094 0.2 J—=10% N: N-OLCNs
3500 3000 2500 2000 1500 1000 3500 3000 2500 2000 1500 1000
Wavenumber (cm') Wavenumber (cm')

Figure 6.18: FTIR spectra of the NCdots: OLCNs synthesized at a) 5% NCdots wt. % loading and b)
10% NCdots wt. % loading unto support.

0,9 o

9

=

o

‘®

2

£

7]

c

o

[
0,7 4 *

50% N: p-OLCNs
———50% N: ox-OLCNs

0.8 ——50% N: N-OLCNs

3500 3000 2500 2000 1500 1000
Wavenumber (cm™)

Figure 6.19: FTIR spectra of the NCdots: OLCNs synthesized at 50% NCdots wt. % loading.

The figure below presents the FTIR spectra of the composites prepared with a higher
concentration of OLCNs: NCdots. In Fig. 6.20 a, the spectra of the 5% p-OLCNs: NCdots
(EDA) and 5% N-OLCNs: NCdots (EDA) both did not have clearly defined peaks for
characterization. This may be because it's challenging to get the right data and because
spectral resolution affects detection sensitivity. Because IR absorption bands have relatively
low absorption coefficients compared to Uv-vis spectra, this technique's sensitivity is often

low, and the resultant detection limits are rather large [66].
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Thus, the spectrum analysed was of 5% ox-OLCNs: NCdots (EDA) (in Fig. 6.20 a). As seen,
the C-O, C=0 and C=C functional groups were ascribed to the vibration modes at peak
positions ca. 1052 cm™, 1912 cm™ and 2114 cm™, respectively based on the information
above. The peaks indexed with asterisks, in this case, were attributed to characteristic
molecular environments that could probably be related to multiple compounds overlapping in
the chemical structure. The FTIR peaks in Fig.6.20 b could be characterized as those in the
figures above, due to the similarity in peak positions and spectral shape. Thus, the peaks ca.
1026 cm™, 1546 cm, 1658 cm-1, 1844 cm™, 2104 cm™, 2343 cm™, and 2671 cm™ could be
ascribed and attributed to C-O, N-O, C=C, C=0, C=C, C=C=N and C-H functional groups,
respectively.
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Figure 6.20: FTIR spectra of the OLCNs: NCdots synthesized at a) 5% OLCNs wt. % loading and b)
10% OLCNs wt. % loading unto NCdots.

6.4 Conclusion

This chapter investigated the composite material of two distinct carbon allotropes in this
chapter: NCdots and various OLCNSs (pristine and functionalized). The interaction of these
two materials and the characteristics that resulted in a hybrid nanocomposite. The NCdots:
OLCNSs composites exhibited properties that were a result of the product of the two starting
materials, as seen from the UV-vis, PL, PXRD and FTIR analyses. The X-ray diffraction
pattern of the nanocomposites was found to have two distinctive characteristics: i) broadening
of the peaks corresponding to the reflections of crystalline graphite, and ii) shift of the first
peak (002 plane) to smaller angles in comparison to the 002 reflection of graphite. IR
frequencies of the nanocomposites were interpreted in terms of particular structural properties

of the chemical group or molecules of interest by investigating these compounds and using
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theoretical chemistry for normal modes calculations. This study was challenging since these
composites had never been made or studied in terms of their physiochemical and optical

characteristics.
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Chapter 7

Application of the NCdots: OLCNSs composites in dye-

sensitized solar cells

7.1 Introduction

A great interest in researching alternative renewable energy technologies has arisen in
response to an increase in energy demand brought on by industrialization and population
development, which is expected to exhaust fossil fuel resources for our contemporary society
[1]. One of the most studied alternatives, solar energy is abundant and predominantly
employs green technology, making it one of the potential answers to the world's energy

problems [2, 3].

Due to its inherent cheap module cost and simplicity of manufacture, dye-sensitized solar
cells (DSSCs) have received a lot of interest as a potential alternative for the conventional
silicon solar cell since their ground-breaking invention in 1991 [6]. They also have the
advantage of being a lightweight and flexible technology. DSSCs are now developing quickly
in an effort to create durable, effective, and affordable devices that are suited for usage in
real-world applications [7-9]. As opposed to typical semiconductor-based solar cell
technologies, DSSCs isolate charge carrier transmission from light absorption. The dye
sensitizer takes in the incident sunlight and utilizes the light energy to start a vectorial
electron transfer process. As a result, DSSCs are superior to silicon (Si) based photovoltaics
in the following ways [10]: 1) resistance to flaws, a common issue with semiconductors like
silicon, 2) affordability of production due to the ease of fabrication of the semiconductor-

electrolyte interface (SEI), and 3) the capacity to directly convert light into chemical energy.

One of the most important components of the DSSC is the counter electrode [11]. The
counter electrode must return electrons from the external circuit to the redox electrolyte in
order to decrease the triiodide ion [12, 13]. Because of its extraordinary catalytic conductivity
and high remarkable catalytic activity, Pt is frequently used as the catalyst in DSSCs for the
triiodide (Is/1") redox reaction [14]. Additionally, its high price and scarcity make it
impossible to produce on a wide scale for photovoltaic applications [15]. Therefore, readily
available and simple to process materials will be preferred for use in big solar energy

conversion systems in the future. In order to reduce triiodide ion, it is crucial to develop low-
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cost counter electrode materials that also exhibit great electrical conductivity, robust chemical

stability, and outstanding catalytic activity.

As of now, the counter electrodes have been made of FTO or ITO (indium tin oxide) glass
and have been coated with low-cost carbonaceous materials such as hard carbon spheres,
carbon black, fullerene, activated carbon, graphite, carbon nanotubes and graphene, and
onion-like carbon nanomaterials (OLCNs). [16-23]. Pt has recently been produced and is
being explored as a potential replacement in DSSC devices by nanoscale carbon materials
[24]. Their extraordinary qualities, such as their multiple active sites and vast surface area,
etc., have served as the main driving force behind these endeavours. Additionally, their utility
has been improved by their tunability employing heteroatoms through the doping procedure
in carbon materials [25]. The basal layer heteroatoms can create additional active sites, which
can increase the inherent catalytic activity of carbon materials. Due to the heterogeneous
charge distribution that has been created at nearby sites, this has caused variations in charge
density or local spin [26, 27].

Doping nitrogen (N) atoms on the edge or basal carbon planes is one way to encourage the
delocalization of -electron domains [28]. Additionally, the addition of N can increase the
number of catalytic active sites for I37/1" redox processes by incorporating lone pair electrons
into the large n-conjugated system [29-31]. Due to their fascinating catalytic capabilities, N-
doped carbon materials and carbon materials in the form of balls can provide novel electrode

materials for electrochemical energy conversion and storage.

For DSSCs, it is critical to concurrently enhance the following [32-34]: (i) electrical
conductivity, while matching the electronic energy states within the constituent components;
(ii) electrocatalytic activity; and (iii) device stability. To improve the electrical structure of
carbon materials as-prepared, oxidative treatments in particular have been applied extensively
[35, 36].

In this work, we provide a unique NCdots: OLCNs composite that is entirely carbon-based
and serves as the counter electrode material for DSSC. Pang et al. developed an all-carbon
composite counter electrode for a DSSC with a 10.28 % power conversion efficiency using
graphene networks embellished with nitrogen-doped carbon nano-onions [24]. To date,
according to our knowledge, there are not many reports on the use of NCdots, despite the fact
that there are a few publications on the application of all carbon-based materials as counter

electrode materials. composite OLCNs. Cdots have become a popular new form of light-
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harvesting material as a result of its remarkable benefits [37-45]. Cdots can work as both
effective catalysts and multifunctional catalyst design elements, promoting a broader
spectrum of electron and hole absorption and separation while stabilizing photolysis
semiconductors [46].

OLCNs have been successfully used as electrode materials because of their multilayer
lamellar structure, which reveals a number of appealing qualities, including a small graphitic
layer, improved structural stability, and a highly accessible external surface area, which is
helpful for catalytic reactions [47, 48]. Because of their better ion adsorption in electrolyte
and higher corrosion resistance, OLCNs have become a more prominent choice for a catalyst
[49, 50].

To prevent NCdot particle aggregation in the DSSC system, the high surface area of OLCNSs
(as a support material) will allow dispersion, while NCdots produced by citric acid and EDA
can act as catalytic sites to increase electrocatalytic activity. Following that, the combined
network of NCdots and OLCNs will provide a useful path for the transportation of electrolyte
as well as electrical conducting channels for the rapid charge transfer of electrons. According
to our hypothesis, the novel composite will be a more affordable counter electrode than Pt,

creating new prospects for a range of electrochemical device applications.
7.2 Experimental procedure

The electrochemical characteristics of the NCdots: OLCNs composites were examined in an
attempt to investigate the effectiveness of the nanocomposites as electrode materials in
DSSCs, it is necessary to evaluate their electro-catalytic activity, charge-transfer resistance,
and electrochemical stability. Following that, various concentrations and ratios of these
materials were used as a counter electrode in the DSSC. A overview of the photovoltaic
effect as seen in the current density to voltage properties of NCdots: OLCNSs based DSSCs is
given in this chapter.
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7.2.1 Starting materials

Table 7.1: Materials and reagents.

Reagents Purity
Supplier
and materials and speciation

Ethanol CH3CH20H, 96% Sigma-Alrich

Acetyl acetone CH3COCH2COCHzs, 99.3% Sigma-Alrich

N719 dye-sensitizer Sigma-Alrich

Sunlight dish washing soap - Local supermarket

1-hexyl-3-methylimidazolium C1oH19IN2, > 98% Sigma-Alrich
iodide

4-tert butylpyridine CoH13N, > 96% Sigma-Alrich

Lithium iodide Lil, > 99% Sigma-Alrich

Acetonitrile CH3CN, 99.5% Sigma-Alrich
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7.2.2 Preparation of the photoanode and deposition of the dye-sensitizer

A slurry paste was made with Degussa P25 TiO2 powder. A beaker containing 1.0 g of TiO>
was filled with the powder, and 0.3 mL of acetyl acetone was added. 12 mL of d-H>O was
then added, and the slurry was continuously heated and stirred for 24 hours at 60 °C (to
prevent re-aggregation of TiO2 nanoparticles). Thereafter, the obtained granulated powder
was ground to a fine powder. 0. 2 mL of acetic acid and 3 mL of ethanol were dropwise
added to the powdered powder. The slurry paste was further continuously stirred for another
3 hours. FTO glass substrates of dimensions 20 mm x 20 mm were cleaned with d-HzO,
acetone and ethanol sequentially by ultra-sonication for 30 minutes with each solution. Then
the paste was deposited onto the conducting sides of the clean FTOs which served as TCOs
for each cell as shown in Fig. 7.1 a. Following paste deposition, the TiO2 coated FTOs were
left to remain at room temperature for ten to fifteen minutes before being sintered for thirty
minutes on a hot plate in air at 450 °C. Sintering was used as a substitute for annealing,
which is done in a furnace at 450 °C to get rid of any organic materials and enhance contact
between the paste and the dye-sensitizer. The ruthenium complex dye-sensitizer (N719) was
added to the cooled TiO> coated FTOs via drop casting and allowed to dry at room

temperature as shown in Fig. 7.1 b.
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Figure 7.1: a) FTO coated with the TiO- paste alone and b) TiO, coated FTO with N719 dye-

sensitizer deposited.
7.2.3 Preparation of the counter electrode

The DSSCs counter electrodes were prepared using the various as-prepared NCdots: OLCNSs
composites, in the different variation of the NCdots: OLCNs weight percentage (wt. %)
loading, for comparison purposes of their catalytic properties. Firstly, NCdots: OLCNs
composites were dispersed in dH20 and ultra-sonicated for 15 minutes. The binder solution
was then agitated for 15 minutes while 7.4g of PEG was dispersed in 20 mL of dH20 to
create a sol-like mixture. In order to create a homogenous mixture, 0.5 mL of the NCdots:
OLCNSs combination was combined with 0.5 mL of the PEG solution. The mixture was then
further sonicated for 5 minutes to create a viscous sol. To prepare each electrode to be tested,
the viscous sol was drop-casted onto clean FTO glasses while heating the glass on a hot plate
at 60 °C until a fairly uniform coated FTO was obtained as shown in Fig. 7.2. The coated
FTOs were then re-sintered in air for 30 minutes at 250 °C to eliminate PEG organic

molecules from the electrode.
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Figure 7.2: Various FTO glass substrates being coated on a hot plate. The colour and transparency of

the films also varies according to type of NCdots: OLCNs composite applied.

7.2.4 Device assembly (fabrication)

The photoanode and counter electrodes were combined to complete each cell. Both electrodes
were combined using clamps before the electrical conductivity test (see Fig 7.3 below). The
counter electrode was put on top of the photoanode, which was laid face up on a level
surface, permitting each electrode's non-coated offset position. The area of each cell exposed
to light was ~25 mm? (5 mm x 5 mm). Since each electrode was placed offset from the other
counter electrode, the exposed non-coated part of the FTOs gave allowance for the solar cells
connectors to have access to the electrodes for testing, and this allowed both electrode
electrical contact and elimination of cell shorting.
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Figure 7.3: Fabricated dye-sensitized cell connected using clip binders.

7.2.5 Electrochemical measurements

An effective method for examining processes involving electron transfers is electrochemistry.
It links chemical changes to electron flow [51]. The ensuing chemical change in inorganic
chemistry frequently involves the oxidation or reduction (redox) of a metal complex. Tafel
polarization analysis, electrochemical impedance spectroscopy, and cyclic voltammetry (CV)
were used to examine the electrocatalytic properties of several counter electrodes for triiodide
reductions. In a standard procedure, cyclic voltammetry samples were measured in a three-
electrode electrochemical cell using glassy carbon as the working electrode (WE), an
Ag/AgCl (with 3M KCI) as the reference electrode (RE) and NCdots: OLCNs on FTO as the
counter electrode (CE) all dipped in a 40 mL acetonitrile solution of 0.05 M LiL, 0.001 M I
and 0.5 M LiClQ4. The scan rate conditions were varied between 40-200 mV s* and the tests
for all composite samples were ran at 50 mV s™. Before measurements with the composite
commenced, all electrochemical experiments were conducted using the Pt wire electrode as a
reference. This allowed for the evaluation of the composite's catalytic activity. A metallic rod
with a 2 mm diameter and a 0.03142 cm? surface area was enclosed in glassy carbon. The
glassy carbon was first polished to eliminate any impurities using a polishing pad and ultra-
pure water. The reference electrode is used to properly measure the applied potential in
respect to a trustworthy reference response as the current flows between the working and

counter electrodes.
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Assembling the three-electrode setup for this study's CV, EIS, and LSV measurements using
the BioLogic SP -300 electrochemical workstation and EC Lab software is shown in Figure
7.4. The electrochemical impedance spectroscopy measurements were carried out at ambient
room temperature with an AC sinus signal amplitude of 10 mV (Vrms ~ 7.07 mV) in the
frequency range 100 KHz to 100 MHz at 0 V DC bias. Tafel polarization voltammograms

were plotted using LSV data at a scan rate of 100 mV s

Ag/AgCl (RE)

Pt wire (CE) Glassy carbon (WE)

Acetonitrile solution

Figure 7.4: Three-electrode electrochemical cell employing the Ag/AgCl reference electrode, glass
carbon (working electrode) and Pt wire (counter electrode) used in this study.

7.2.6 Current density-voltage characteristics of the DSSCs

By examining the current-density vs. photovoltage (J-V) characteristic curves under white
light corresponding to AM 1.5 and in the dark, the DSSCs' photovoltaic performance was

evaluated. These measurements were performed in a natural setting using computer-
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controlled HP 4141B source-meter equipment (SMU). The active cell area and incident light

intensity were each 25 mm? and 100 mW cm?, respectively.

All of the manufactured devices were put to the test with a liquid electrolyte. 0.6 M
methylhexylimidazolium iodide, 0.1 M iodine, 0.5 M tert-butyl pyridine, and 0.1 M lithium
iodide were used to create the electrolyte solution [51]. The margins of the offset electrodes
were then covered with the redox electrolyte solution. Capillary action then brought the fluid

into the area between the electrodes.
7.3 Characterization techniques

By using CV, the electrocatalytic characteristics of several CEs for triiodide reductions were
comprehensively examined (Fig 7.5 a), EIS (Fig 7.5 b), and Tafel polarization experiments
(Fig 7.5 ¢ and d). These images also provide a basic understanding of what kind of
information each plot can provide. A three-electrode cell coupled to a potentiostat was used
for all electrochemical voltammogram measurements (BioLogic SP-300). As reference,
counter, and working electrodes, respectively, saturated calomel electrode, platinum wire
electrode, and glassy carbon electrode were utilized. Using the solar simulator (150 W xenon
(Xe) lamp) with 1.5 air mass filters and a source/measure unit HP 4141B under 100 mW cm™
illumination, the photocurrent density-voltage (J-V) characteristics of each cell were
measured. Every experiment or measurement was conducted in a controlled environment at

room temperature.
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Figure 7.5: Images of standard a) CV plot [52], b) EIS plot [53], ¢) LSV plot and d) Tafel
voltammogram [54].

7.4. Results and discussions
7.4.1 Electrochemical properties of NCdots: OLCNSs electrode using CV scans

In the CV study, the electric potential was varied at the speed (scan rate) of 50 mV s. Figure
7.6 shows the CV voltammogram of the Pt electrode that was used in this study for the
conduction of the experimental testing showing the direction of the CV scan. In the forward
scan (see red arrow), the potential is swept negatively from the starting potential (Ei= 0.9 V)
to the switching potential (Ef = -0.58 V) [55, 56]. This is referred to as the cathodic trace
(labelled reduction on the graph). The scan direction is then reversed, and the potential is
swept positively back to E;, referred to as the anodic trace (labelled oxidation on the graph)
[57-59]. The counter electrode's job is to complete the circuit while the current is being
measured as an electron flow between the WE and CE. As a result, while investigating a
reduction at the WE, an oxidation takes place at the CE.

There were found to be two common pairings of redox waves (Fig. 7.6). Redox reaction (1)
is attributed to the more negative pair, while redox reaction (2) is assigned to the more
positive pair [60, 61]. The Pt CE presents peak current densities -3.91 mA/cm? at 0V
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(reduction) and 5.43 mA/cm? at 0.28V (oxidation) for the I3~ redox. In order for DSSCs to
function, I is first oxidized to 3" by the oxidized sensitizing dye in the photoanode, and then
15" is diffused to CE to absorb the electrons from the external circuit while being catalytically
reduced to I"by CE, which completes the system cycle.

L3 7 287 2 B0 e (1)

Ox (i)

Oxidation

Current density (mA/cm?)

44 ed (ii)
Reduction

-0.4 0,0 0:4 0,8 1,2
Potential Voltage (V)

Figure 7.6: CV Voltammogram for the Pt electrode at a scan rate of 50 mV s.

In order to distinguish between the differences in catalytic activity of the various NCdot:
OLCNSs, the CV curves of the nanocomposite electrodes with varying weight percentages
were investigated: On the FTO counter electrode, there are NCdot: OLCN composites. The
matched curves of the Pt CV and the examined carbon material showed the typical "duck
shape" [62].

Figures 7.7 a, b and c¢ show voltammograms from the 5% NCdots on p-/ox-/N-OLCNs,
respectively. The peak current densities for each counter electrode material were found to be
[-152.24 mA/cm? at -0.26 V]; [839.13 mA/cm? at -0.03 V] (Fig 7.7 a), [-57.85 mA/cm? at -
0.55 V7J; [65.95 mA/cm? at 0.024] (Fig 7.7 b) and [-5.81 mA/cm? at -0.24 V]; [80.84 mA/cm?
at 0.04 V] (Fig 7.7 c). See Table 7.2 for a detailed tabulated summary. These peak current
measurements demonstrate that, under the same circumstances, all of these nanocomposite

electrodes had better conductivity and lower resistance than the Pt electrode [63-65].
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According to literature, a DSSC's performance may be improved with reduced resistance and
better conductivity [62]. In comparison to the Pt electrode or the other nanocomposites,
composites made with 5% NCdots: p-OLCNs had a significantly greater current density at
the I3 reduction peak and a larger 1> oxidation peak for the carbon electrode. However, it is
evident that the 5% NCdots: p-OLCNs electrode's electric potential changed to a more
positive and higher oxidation-reduction current density than the Pt electrode. The peak
current density values for 5% NCdots: ox-OLCNs and 5% NCdots: N-OLCNSs both showed
comparable results. Compared to the Pt electrode, they too displayed larger current densities.

Thus, the nanocomposite electrodes can be said to have higher electrocatalytic activity in the
Is7/ 12 redox reaction than that of the Pt particles. However, the reduction peak for all the
composites was not clearly defined, which may be due to the restrain of the catalytic reaction
on the electrodes [66].
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Figure 7.7: CV Voltammogram for CE made of a) 5%NCdots (EDA): p-OLCNSs, b) 5%NCdots
(EDA): 0x-OLCNSs and c) 5%NCdots (EDA): N-OLCNs at a scan rate of 50 mV s
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The cyclic voltammograms show variable change in the peak currents with the different
nanocomposite films (see Supplementary Information, (SI) Figs. S32-35). Data with
increasing NCdots weight percentage (10-50%) indicate erratic results, suggesting that all
nanocomposite films may not be adequately electrocatalytic, and that the process may be
constrained by diffusion and the electrocatalytic activity of the electrodes made of NCdots
and OLCNs [67]. It was anticipated that the electrochemical study of the nanocomposite
films would reveal a linear rise in electrochemical activity with increasing amounts of
NCdots deposited on the OLCNSs. For example, Fig 7.8 ¢, and 7.9 a, b and c, all show no

electrocatalytic activity towards this redox couple.

140906 10% N: p-OLCNs 12000 0

12000 - 10000 -

10% N: ox-OLCNs

10000 ~
2000 4
E000 -
G000 4
G000 =

4000 4000 =

2000 = 2000 =

Current density (mA/cm?)
Current density (mA/cm?)

0 0

-2000 -
-2000 -

-4000 -

-4000

T T T T T T T T T T T T T T T T T T
06 D4 02 00 02 04 06 08 10 12 06 -04 02 00 02 04 06 08 10 12
Potential Voltage (V) Potential Voltage (V)

250 Q

200 -

10% N: N-OLCNs

150 -

100 -

50 -

Current density (mAfem™)

-50 -

T T T T T T T T T
06 D4 02 00 02 04 06 08 10 12
Potential Voltage (V)

Figure 7.8: CV Voltammogram for CE made of a) 10%NCdots (EDA): p-OLCNs, b) 10%NCdots
(EDA): 0x-OLCNSs and c) 10%NCdots (EDA): N-OLCNSs at a scan rate of 50 mV s,
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Figure 7.9: CV Voltammogram for CE made of a) 50%NCdots (EDA): p-OLCNSs, b) 50%NCdots
(EDA): 0x-OLCNs and c) 50%NCdots (EDA): N-OLCNSs at a scan rate of 50 mV s

Figures. 7.10 and 7.11 below both show CV plots of composites prepared with higher
NCdots concentration ratio to the various OLCNs. Fig 7.10 a, b and c¢ show little to no
electrocatalytic activity due to the relatively insignificant values obtained of the peak
densities, for both the forward and reverse reactions. Moreover, the cathodic peak for the
reduction reaction of 13" ions, which is a very important reaction on the counter electrode was

hardly observed.

However, Fig 7.11 a, b and c shows some electrochemical activity. The peak current
densities for each counter electrode material were found to be [-12.90 mA/cm? at -0.27 V];
[76.43 mA/cm? at 0.11 V] (Fig 7.11 a), [-11.82 mA/cm? at -0.27 V]; [78.12 mA/cm? at 0.14]
(Fig 7.11 b) and [-8.69 mA/cm? at -0.27 V]; [85.11 mA/cm? at 0.21 V] (Fig 7.11 c). Once
more, these peak current figures demonstrate that all of the nanocomposite electrodes are
more conductive and have lower resistance than the Pt electrode. A greater electrocatalytic

activity toward the reduction process is therefore shown by the nanocomposite electrodes
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[68]. If the analyte is stable following reduction and may afterwards be re-oxidized, it is said

to be chemically reversible.

70
5% p-OLCNs: N

30 4

Current density (mAfem™)

25 -

20 -

Current density (mAfem™)

06 D4 02 00 02

04 06 08 10 12

Potential Voltage (V)

Current density (mA/icm?)

60

40 4

30 4

20 -

50 4

-40

150-@

120 -
&0 4

40 4

— 5% 0%-OLCNs: N

T T T T T T T T T
06 D4 02 00 02 04 06 08 10 12
Potential Voltage (V)

5% N-OLCNs: N

T T T T T T T T T
06 D4 02 00 02 04 06 08 10 12
Potential Voltage (V)

Figure 7.10: CV Voltammogram for CE made of 5% p-OLCNSs: NCdots (EDA), b) 5% ox-OLCNSs:
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Figure 7.11: CV Voltammogram for CE made of a) 10% p-OLCNSs: NCdots (EDA), b) 10% ox-
OLCNSs: NCdots (EDA) and c) 10% N-OLCNSs: NCdots (EDA) at a scan rate of 50 mV s™.

Peak-to-peak separation (Epp) and absolute reduction peak current density (Joc) reflected from
the CV curves typically give details on the counter electrode's electrocatalytic capacity for the
triiodide reduction [68, 69]. Thus, commonly a smaller Epp and higher |Jpc | values indicate
better performance for the Is” reduction [70, 71]. Table 7.2 summarises these values for two
chosen composite types: with lower NCdots concentration (5% loading) to the support and
with higher NCdots ratio to the various OLCNs (10% loading). Moreover, Jyc is the reduction
peak current density, as already mentioned, and Jpa is the oxidation peak current density, Epc
is the reduction peak applied potential and likewise Epa is the oxidation peak applied potential
[72].

NCdots loaded unto p-OLCNSs at 5% weight percentage are hereby seen to having the lowest
peak-to-peak separation for the redox reaction (Table 7.2), demonstrating that the effects of

doping have significantly improved the decrease of I3 to I". Furthermore, apparently the 5%
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NCdots: OLCNs composites shows the optimal performance for the reduction of Is” compared

to Pt and the other nanocomposites

Table 7.2: Cyclic Voltammetry analysis results.

Reduction Oxidation

Sample name Joc (MA/CM™?)  Epa(MV)  Jpc(MA/cM™?)  Epa(MV)  AEP/Epp (MV)
Pt -3.91 0 5.34 0.28 0.28

5% NCdots:p-OLCNs -0.26 -0.03

5% NCdots:0x-OLCNs -57.85 -0.55 65.95 0.024 0.57

5% NCdots:N-OLCNs -5.81 -0.24 80.84 0.040 0.28

10% p-OLCNs:NCdots -12.90 -0.27 76.43 0.11 0.38

10% ox-OLCNs:NCdots -11.82 -0.27 78.12 0.14 0.41

10% N-OLCNs:NCdots  -8.69 -0.27 85.11 0.21 0.48

The results reported above imply that the p-OLCNs and NCdots have the potential to improve
the electrocatalytic performance of DSSCs. According to the general pattern seen above,
composites with co-doping performed worse than those with doped carbon dots put onto
virgin OLCNs (in either ratio or concentration). Furthermore, compared to NCdots loaded
onto far-fetched N-OLCNs, NCdots loaded onto ox-OLCNs exhibited substantially
comparable behavior. The doped surface's passivation and functionalization prevent
photogenerated electron-hole pairs from freely moving. Therefore, the bound excitons may
grab carriers and produce photoinduced charge traps when exposed to light [73]. Finally,
when carriers move through the nanocomposites, they will become stuck, producing the

observed photo reaction.

These findings unequivocally show that the addition of lower weight percent (< 10 %) of
NCdots to the various OLCNSs presents with potential achieve a higher electrical conductivity
compared to those with higher wt. % (> 15 %). The most likely explanation for this behaviour

is that NCdots are well dispersed in the composite at lower weight percent levels, and as a
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result, NCdots and OLCNs are well connected. As a consequence, the hybrid
nanocomposite's electrical conductivity is greater than that of the other composites made in
this work. The same is valid for composites with increased OLCN content (10% loading).
However, samples with 5% loading (10%) also included samples with greater concentrations
of conductive NCdots (OLCNS), which improved the conductivity of the composite [74]. The
triiodide ions are becoming harder to decrease, as seen by the red(i) shift seen near the lower

potential. a surface with cracks that has low lateral conductivity.

In summary, these materials don't conduct electricity well. The efficiency of the co-doped
nanocomposites, however, was noticeably significantly lower. This may be because
photogenerated charge carriers recombined extremely quickly. Creating better composite
nanostructures is one technique to increase charge separation. It may be anticipated that
improving composite preparation efficiency may increase the carbon-carbon system's
conversion efficiency. The electrode with a 5% loading of NCdots then displayed the

maximum current density.

When the proportion of NCdots in mesoscopic carbon film was loaded onto the
functionalized, the current density drastically decreased due to the deterioration in catalytic
activity, specifically the reduction in total electrochemical active surface area. This might be
explained by the functionalized nanoparticles obstructing some of the pores in the carbon
template or by the decrease in the catalytic active site exposed in the electrolyte with an

increase in carbon concentration [75, 76].
7.4.2 Electrochemical impedance analysis

The cell was biased with open-circuit voltage under sinusoidal perturbation of 0 V with the
frequency scanning range of 100 KHz - 100 MHz during the impedance measurement. A
separate analysis of the impedance behaviour of the counter electrode might provide further
information because numerous operational circuit components will contribute to the DSSC's
impedance [77]. Figure 7.17, which describes the resistance-to-mass transfer/diffusion rate of
the ions across the electrode-electrolyte matrix, shows the diameter of the semicircle
impedance loop in the high frequency region. Between the carbon electrodes, the electrolyte
was identical to that used in CV testing. Under standard conditions, it is possible to
distinguish clearly between charge transfer at the counter electrode, diffusion of the redox

species in the electrolyte, electron transport in the mesoscopic TiO2 film, and electron
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recombination at the TiO.-electrolyte interface by looking at the spectral shapes of the

impedance response as a function of frequency [78].

Figure 7.16 shows the EIS plot of the Pt electrode that was used in this study as reference for
the nanocomposites of interest in this study. The plot consists of two semicircles, the first one
showing an incomplete semicircle — these circles allow extraction of the real part of the
impedance corresponding to the Rp = electrode resistance; R = electrolyte resistance; Ret =
charge transfer resistance (Stern layer) and Rmt = mass transfer resistance (diffuse layer) [79],
respectively. The charge transfer resistance corresponding to the charge exchange between
the nanocomposites, Pt counter electrodes, and the triiodide electrolyte was calculated using
the semi-arcs in the Nyquist plots. A decrease in Re signifies an increase in the
electrocatalytic activity of the CE relative to Pt by reflecting an acceleration of the electron

transfer process at the electrolyte-CE interface [80].

At high frequencies corresponding to 100 kHz and a phase of zero, the Ohmic series
resistance (Rs) of the electrode/total series resistance can be determined. The semicircles on
the low frequency side of the semicircle indicate the diffusion impedance of the electrolyte,
and the charge-transfer resistance of the electrodes may be calculated as half the value of the
actual semicircle on the high frequency side [81, 82]. The Rs primarily defines the resistance
of the substrates, whereas the Rct gauges the catalytic activity of the electrodes in reducing
triiodide ions. For the Pt electrode, it was determined that the R, = 97.71 Qcm?, R, = 40.02

Qcm?and Ret + Rme = 227.43 Qcm?. Table 7.3 summarizes the findings of nanocomposites.

The SI (Figs. S36-42) contains the values of various synthetic nanocomposites. In all
nanocomposites, the constant phase element (CPE) and Rt nanocomposite network at the
electrode and electrolyte interface dominate the impedance in the middle frequency range,
between 100 Hz and 10 kHz. The CPE measures the interfacial capacitance while accounting

for the electrodes' roughness, which results in a sinking of the semicircle into an ellipse.
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Figure 7.16: EIS Voltammogram for the Pt electrode.
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Figure 7.17: EIS Voltammograms for composites prepared with a) 5% NCdots wt. % loading and b)
10% OLCNs wt. % loading unto NCdots.

Looking at the Fig. 7.17 above, it can be noticed that all nanocomposite electrodes exhibit
variable semi arc widths and shapes. This implies that the resistivity values of the various
analysis electrodes are variable. This is most likely a result of the hybrid nanocomposite
materials' having bad electrical contact and charge transfer to Pt compared to the TCO. It's
also possible that the high concentration of NCdots in the composite matrix structure is not
evenly distributed, which would explain why the NCdots are not properly coupled to the
different OLCNs and TCO substrate [71]. This is true for all examined nanocomposites. This

is also consistent with the conductivity findings from CV given above. Additionally, we
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previously covered how adding doped carbon dots to functionalized OLCNs increases the
contact resistance between the composites of NCdots and OLCNs. Therefore, the higher the
co-doping content of the nanocomposites leads to higher resistance of the composite in

overall.

From Fig. 7.17 above and Table 7.3 below, the response at medium frequencies is related to
a high capacitance that strongly depends on light intensity and can be attributed to the
NCdots: p-OLCNs/electrolyte interface, because an accumulation of electrons and redox
species is expected at this interface under open circuit conditions. The response at low
frequencies is connected to electrolyte diffusion mechanisms [82].

From all nanocomposites, three different types of electrochemical reactions were seen. First,
there is the Wagner-Traud (corrosion) process, which is applicable to redox reactions without
transport restriction. The charge transfer and semi-infinite diffusion process, which is
relevant for redox reactions or corrosion with mass-transport restriction (electrode in a
quiescent electrolyte, aerobic corrosion), is followed by the charge transfer and adsorption
(Volmer- Heyrovsk mechanism), which is relevant for reactions that result in acidic

corrosion, electrocatalysis, and/or electrolyzers [83].

Table 7.3: EIS analysis results.

Name of sample Rp (Q cm?) Ro (Q cm?) Rct + Rmt (Q cm?)
5% NCdots:p-OLCNSs - - 376.34

5% NCdots:0x-OLCNs - - 127.88

5% NCdots:N-OLCNSs - - 117.91

10% p-OLCNs: NCdots - - 96.0

10% ox-OLCNSs: NCdots - - 113.04

10% N-OLCNSs: NCdots - - 139.89

The primary need for a substance to be used as a catalyst in a DSSC is the decrease of the
charge mediator's oxidized state, which calls for low charge-transfer resistance and high
exchange current densities [81]. In order to understand the impacts of sheet resistance, the

catalytic properties of the CEs, and to lessen the impact of the photoanode, the EIS study was
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carried out. According to the EIS results, increasing NCdots doping increased the semicircle's
diameter. This indicates that increasing the number of NCdot loadings does not increase the
charge transfer rate throughout the whole composite film [82]. This means, in terms of DSSC
application, that increasing of NCdots loadings in the composite material may not necessarily
affect the reaction rate across the entire composite electrode. Thus, the overall performance
of the DSSC is not affected all-round the surface of the counter electrode.results of other

composites can be found in the Sl page.
7.4.3 Potentiodynamic polarization curves for Tafel analysis

Linear Sweep Voltammetry is another name for linear polarization (LSV). It is an
electrochemical approach where the potential is linearly increased or lowered over time while
the current in the circuit is being measured. The current (J) vs potential (V) curve represents
the measurement's plot. The Linear Sweep Voltammogram and Polarization Curve are other
names for this curve [84]. In corrosion studies, the corrosion potential is surrounded by linear
polarization. The polarization curve is then subjected to the Tafel Analysis to provide the
corrosion potential, corrosion current, and corrosion rate. Results for the various composites
can be found in the SI (Figs. S43-47).

The three-electrode setup for LSV measurements utilizing the Pt electrode is similar to the

one used in the EIS measurement, Fig. 7.24 shows the measured Tafel results.

From the Tafel polarization plot (Fig. 7.24 b), the semi-log arithmic plot presents with non-
linearity and no identical symmetry (also see Fig. 7.24 a) within the exponential regime. The
Pt electrode’s slope on the curve's cathodic branch is greater and steeper, suggesting a higher
and quicker exchange current density (Jo) on the electrode's surface [4]. A greater J, value
translates into a lower R¢ value (as values are inversely proportional) [4, 45], which is
consistent with the CV and EIS results above indicating that the Pt electrode has strong
catalytic activity of the CE. Good catalytic activity of a CE results in enhanced performance
of the DSSC.
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Figure 7.24: a) LSV plot and b) Tafel polarization for the Pt electrode.
7.4.4 Current density - voltage (J-V) characteristic of the DSSCs under illumination

By evaluating the current-voltage (I-V) characteristics in the dark and with AM 1.5G spectral
distribution, the cell performance was evaluated. A 150 W Oriel solar simulator outfitted with
neutral filters (F1-F6) and AM 1.5 was used for these tests. A silicon photo-detector that was
calibrated and operated at 1 Sun was used to calculate the radiance. For certain samples, the
brightness of the samples was modified using neutral filters after the samples were lit using
the FTO glass substrate (see Fig. 7.25). The DSSC device with NCdots's J-V characteristics
are shown here: OLCN electrodes were gathered using a 2-point probe configuration HP
4141B SMU operated by a relay box. Here, we talk about the unique hybrid carbon-based
nanomaterials we studied that are employed as CEs in DSSCs. Approximately <1 ml of

electrolyte was used.

The power conversion efficiency is the ratio of electrical output to radiation power incident
on the solar cell surface (PCE/n). The equation provided as Equation (3) is used to determine
it. The fill factor, abbreviated as FF, is a measurement of how ideal or square the J-V
characteristics are under light in any solar cell technology. Equation (4), where Vmax =
voltage at maximum power; Jmax = current at maximum power; and Vo = voltage at the
contacts of the circuit when there is no load, analytically calculates the fill factor. It is open
circuit circumstances that are used to measure Voc. The Jsc = the maximum current through a
load under short circuit conditions and where 1 (%) = light conversion efficiency; Ac = active
area of the cell; L = intensity of the incident light (100 mW.cm). The fill factor can also be

extracted directly from the maximum power operating and the product of Jsc and Vo, as seen
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in Equation (5). Pmax = maximum power delivered by the DSSC determined from the plot of

Power to the applied voltage in the DSSC device.

n (%) = (Voc X Jsc X FF) / (A X L) .................................................................... (3)
FF = (Vmax X Jmax) / (Voc X Jsc) ......................................................................... (4)
FF = (Pmax) / (Voc X Jsc) .................................................................................. (5)

5% NCdots: OLCNs

10% OLCNs: NCdots

Figure 7.25: Shows various FTO glass substrates being coated on a hot plate.

Resistive effects in solar cells are thought to lower their efficiency by wasting power in
internal or series resistance, according to earlier assessments of EIS and the equivalent circuit
of DSSCs [85-87]. Internal resistance primarily has two effects: reduced fill factor and
photocurrent. The primary variables affecting the internal resistances of the DSSCs are the
sheet resistance of the substrates, the charge-transfer processes at the CEs, the electron
transfer at the TiO2/dye/electrolyte interface, and the carrier transport by ions inside the
electrolyte [85, 86]. The short-circuit current density, open circuit voltage, fill factor, and
power conversion efficiency of solar cells (n %) for all counter electrodes used in this work
are shown in Table 6.6.
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Table 7.4: Cell performances of the DSSCs with different nanocomposite electrodes
under irradiation of 100 mW/cm? simulated AM 1.5.

Name of sample Jc (Alcm?) Ve (V) FF (%) N (%) Pmax (W/cm?)

e

T
5% NCdots:p-OLCNs 1.73 x 10° 0.53 18.43 (0.00169 O .69 x10°

5% NCdots:0x-OLCNs 9.23x 10° 0.02 - - 2.35x 10°
5% NCdots:N-OLCNs 3.37x 10° 0.03 - - 1.40x 10°
10% p-OLCNs: NCdots ~ 7.81 x 107 0.51 4.07 0.00162 1.62 x 10
10% ox-OLCNs: NCdots  6.33 x 107 0.55 5.72 0.00199 1.99 x 10°

10% N-OLCNs: NCdots ~ 7.63 x 107 0.8 - - -

Figures 7.26 and 7.27 show the J-V curves of the nanocomposites under irradiation and the
resulting power-voltage (P-V) curves thereof, respectively. Figures 7.26 a and b both have
insert graphs which are the enlarged area where the Jsc and Vo values could not be clearly
visualized. Table 6.6 summarises the findings. The J-V characteristics show evidence of
photovoltaic effect albeit with low performance. The low Jsc values are ascribed to the high
series resistance of the composite which contributes to losses in electron transfer needed for
regeneration of the dye. Additionally, it is evident that the incorporation of NCdots produces
long afterglow that reduced or damps the photocurrent making the device photoactive in the
dark.

After the simulation experiments, the composites prepared with 10% p-OLCNs: NCdots
showed the highest cell efficiency. This DSSC achieved a low light-to-electric conversion
efficiency of 0.00199 %, which is significantly lower than that of a Pt electrode (7.78%)
recorded in literature under the same conditions [4]. It was expected that the 5% NCdots: p-
OLCNs composite would exhibit the highest cell efficiency seeing the good electrode

performance characteristics of the film from CV data, however that is not the case.

The reason is that the FF of the DSSC with the 10% p-OLCNs: NCdots electrode is smaller
than that of the 5% NCdots: p-OLCNSs electrode, even though the 5% NCdots: p-OLCNs
showed better performance in terms of both CV and EIS. According to PXRD data, these
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observations may be explained by the functionalization of the graphite surface using
oxidizing chemicals, which only causes intercalation if there are numerous surface flaws
(Fig. 6.11, Ch. 6). Therefore, it is possible that a single donor or acceptor material in the
composite offers acceptable qualities as a single donor or acceptor, but they are not matched
in terms of energy band diagram to complete the energy needs to create enough photo-current

to make a workable solar cell [88].

The other composites prepared using higher OLCNs concentration (10% loading) had
inadequate photovoltaic parameters. The photoconversion of these devices are very poor and
so the performance characteristics as well. Looking at Fig. 7.27, the P-V curves of the 10%
0x-OLCNSs: NCdots show several steps are present which could be due to the material
behaving as activated bypass diodes [89]. Hence the P-V curves presented with a “kink” (see
arrow in Fig. 7.27), of which indicate a mismatch between different areas of the array of
module under test. This might result from partial shadowing of the PV array or damage to the
PV cells, which would activate materials like bypass diodes. Rapid photo-corrosion of the
NCdots: OLCNs composites occurs in the presence of the iodide/triiodide redox electrolyte,

leading to low efficiency and brief lifetimes [89].

The charge transfer from CE to oxidized redox species is expected to account for a
substantial fill factor and outstanding power conversion efficiency. There is a considerable
overpotential for the reduction of oxidized redox species because the poisoning effect's poor
charge transfer rate at the Pt CE causes reverse electron transfer at the photoanode [90],
reducing the effectiveness of nanocomposites. The degree of the active electrocatalytic
materials’ adhesion to the FTO when used as a CE is a significant factor in determining the
PCE [91]. The sheet resistance of the device layers should be an order of magnitude lower
than that of the device's shunt resistance, even though higher values of sheet resistance of the
counter electrode in DSSC will contribute to reduction of the FF parameter through either
recombination losses or hindered charge transfer, which determines the shape of the current-
voltage characteristics and the maximum power output of the device. The counter electrode’s

resistance has to be as low as feasible to get high FF.
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Figure 7.26: Characteristic J-V curves of DSSCs measured under irradiation of 100 mW/cm? a) 5%

NCdots wt. % loading and b) 10% OLCNSs wt. % loading.
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Figure 7.27: Characteristic P-V curves of DSSCs measured under irradiation of 100 mW/cm? a) 5%
NCdots wt. % loading and b) 10% OLCNSs wt. % loading.

Figures 7.28 and 7.29 show the J-V and P-J characteristics of a 25 mm? DSSC device under
no illumination, respectively. It is evident that Js, Voc and FF of this device increase with
decreasing light intensity. The fact that the device displays a photovoltaic effect in the dark
may be due to the long-lasting glow of carbon nanodots in particular, which are directly
activated by the solar cell simulator's spectrum radiation. NCdots offer remarkable
advantages to be developed as a new class of metal-free afterglow materials because of their
high optical capabilities and relative innocuity [92]. In order to encourage intersystem
crossover (ISC) and enhance spin-orbit coupling, effective heteroatom doping was used to
gradually boost the room temperature phosphorescence emission in bare Cdots [93, 94]. In
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addition, Cdots have been given superior room temperature phosphorescence performances
by being embedded in a variety of matrices, including polyvinyl alcohol [95-97], potash alum
[98], aluminum sulfate [99], zeolites [100, 101], silica gel [102], urea/biuret [103], and
polyurethane [104]. These matrices were seen to effectively provide rigidified conditions for

fixing emissive species.

This work is very intriguing since it is the first to describe the visible-light-excited afterglow
produced by NCdots-carbon composite materials. Thermally triggered delayed fluorescence
and phosphorescence were obtained by distributing NCdots in the matrix of pristine and
functionalized OLCNSs. Although the causes of afterglow emission in Cdots are still not fully
understood, mounting evidence suggests that the excitons on the triplet states are the source
of the long-lasting emission [105]. According to Chapter 4, NCdots have a long lifespan and
a high fluorescence quantum yield. According to earlier studies, the C=0O/C=N associated
functional groups are mostly responsible for the afterglow emission of Cdots because they
have high spin-orbit interaction and effectively create triplet excitons [106, 107]. Both of
these functional groups were seen on the synthesized NCdots in this investigation (see Fig.
4.9, Ch.4).

The fact that the item still shines in the dark after the lighting has been switched off proves
that it can still provide electricity. In order to estimate Jsc and Voc, we have determined the
device's performance characteristics in low light. The device performance characteristics are
summarized in Table 6.7. The maximum power output could not be used to estimate the fill
factor for the dark-operated devices (Figure 7.29). These results show that the DSSC device
conducts more effectively in the dark than in the illuminated situation, as seen by the low Voc
and Jsc values in the dark compared to the outcomes achieved under illumination. These
NCdots (or mixtures thereof) can therefore be categorized as smart nanomaterials because of
their essential sensitivity to light stimuli and their memory properties, which permit their

afterglow.
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Figure 7.28: Characteristic J-V curves of DSSCs measured under no irradiation of a) 5% NCdots wt.
% loading and b) 10% OLCNs wt. % loading.
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Table 7.5: Cell performances of the DSSCs with different nanocomposite electrodes in

the dark under no irradiation.

Name of sample Jsc (MA/CmM?) Voc (V) Pmax (MW/cm2)
5% NCdots:p-OLCNs (103 x 10°) 0.48 3.30x 10°°

5% NCdots:ox-OLCNs ~ 3.04 x 10 0.35 2.89x 108

5% NCdots:N-OLCNs 1.02 x 10 0.65 -

10% p-OLCNs: NCdots ~ 2.76 x 10°® 0.05 2.83x10°
10% ox-OLCNs: NCdots  4.57 x 10° 0.02 -

10% N-OLCNs: NCdots ~ 3.06 x 108 0.53 -

Dark characteristics for a 25 mm? device composed of 10% p-OLCNs: NCdots were
investigated in order to better investigate and research this afterglow effect. In the absence of
light, the device's asymmetric behavior is visible. It is clear that the instrument conducts with
a forward bias. In order to conduct this experiment, the device was first illuminated, as has
been done before, and its conductivity was then determined. The cell was then kept in
complete darkness for the following five minutes, with no exposure to light. After the allotted
time had passed, measurements were made in the dark. Thus, it is evident that these NCdots
have a strong memory impact and a consistent afterglow. The Jsc and Vo of this cell were
determined to be 3.31 x 10° A/cm? and 60 V, respectively. These values are somewhat
similar to the values obtained in the dark before the 5 minutes rest time. Thus, this tells us
that even after the cells have been kept away from a light source for 5 minutes still produces

comparable afterglow efficiency.
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% loading composite after 5 minutes.

Mie scattering [108] brought on by the inclusion of NCdots has been proven to be
particularly efficient at increasing light harvesting. However, in terms of solar cell
technology, silicon and compound semiconductor-based devices predominate [109]. It is vital
to boost the carbon counter electrode's catalytic activity and lateral conductivity since it is
employed for both the redox of the electrolyte and the conduction of charge inside the liquid
monolithic DSSC. Further, achieving long-term stability requires a quick sensitizer recovery.

Also crucial to the performance of solar cells is long-lasting charge separation.

Dark current in DSSC may also result from the injected electron's loss to Is from a
nanostructured wide bandgap semiconductor, such as TiO2 (the hole carrier in solution
electrolyte). Therefore, in solar cells, this reverse reaction must be prevented or minimized. A
drop in dark current results in an increase in the solar cell's open circuit voltage, according to

the fundamental equation of a solar cell that links the two variables.
7.5 Conclusion

The all-carbon materials, or DSSCs, that make up NCdots: OLCNs CE nanocomposites all
showed very low PCEs of less than 1%, which is far lower than Pt CE reported in the
literature. The NCdots network topology provides multidirectional channels to aid electron
transport in the NCdots: OLCNs nano composite. In contrast to the functionalized ox- and N-
OLCNSs, which were thought to be involved in the recombination effects seen in the

composites of these materials, it was shown that NCdots had superior surface contact with p-

194



OLCNSs. The afterglow effect seen in these cells, which makes the DSSCs act like diodes,
may also be to blame for the reduced PCE. The extremely fluorescent NCdots that were seen
to have a lengthy, persistent decay during lifespan investigations are what cause this
afterglow. However, because of their superior and reliable memory effect, which produces
this afterglow, these composites are deemed smart materials by virtue of this property. The
evident rise in R¢t suggests that the catalytic activity has decreased as the ratio of graphite has

increased.
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Chapter 8

General conclusions and recommendations

8.1. Introduction

This dissertation's last chapter offers broad findings about the whole study along with

suggestions for future work.

8.2. Conclusions

The objective of this study was to produce nitrogen-doped carbon dots (NCdots) and onion-
like carbon nanomaterials (OLCNS), and then combine these two different carbon allotropes
to produce an all-carbon nanocomposite for use as a counter electrode (CE) material in dye-
sensitized solar cells (DSSCs). The following conclusions were formed from the findings of
this research effort.

The quality of human existence is significantly influenced by the availability of energy. If
renewable energy sources cannot be created swiftly, this is in peril. Chemistry is predicted to
play a significant role in identifying ecologically acceptable energy solutions. The simplicity
with which the driving force of a reaction may be regulated, as well as the convenience with
which thermodynamic and kinetic parameters can be monitored, lies at the heart of
electrochemistry's power. Therefore, in order for DSSCs to be commercialized and widely

used, they must have sufficient performance [1-3].
8.2.1. Synthesis of NCdots using the microwave-assisted and their properties

NCdots were effectively produced using several nitrogen-containing precursors
(ethylenediamine, urea, and fumaronitrile). The distinct NCdots had varying particle sizes,
and more curiously, particle sizes > 10 nm, which is an unusual particle size for standard
Cdots. This was due to the reaction conditions used in this study. Of the three nitrogen
precursors studied, NCdots made with ethylenediamine had the highest fluorescence quantum
yield; as a result, they were chosen for use in making NCdots. As a counter electrode material
in DSSCs, OLCNs composites. The general conclusion gained from this section of the study

was that high-quality NCdots may be synthesized using selective precursors.

211



8.2.2. Synthesis of OLCNs using flame pyrolysis method and their properties

Using flame pyrolysis of olive oil, OLCNs were successfully synthesized. Even though the
many graphitic layers that allow these materials to be called "onions" could not be properly
detected due to the low magnification of the TEM instrument. The carbon materials were
successfully classified as chain-like and quasi-spherical in shape. According to the various
types of functionalization procedures, the functionalized OLCNs were effectively identified
as nitrogen-doped and oxygenated. Functionalization of the OLCNSs resulted in structural
defects as seen from TEM, PXRD spectroscopy, and Raman spectroscopy analyses. The
OLCNSs synthesized for this study presented prepared with various structural morphologies.
To ascertain the amount and kind of heteroatoms present in the functionalized OLCNs
structural matrix as well as the effects of surface modification on the OLCNs, additional

study is necessary.

8.2.3. Synthesis of NCdot: OLCNs composites using physical mixing and their

properties

Physical mixing of the NCdots and OLCNSs as precursors via mild refluxing, moderate
reaction time, and low temperature produced the nanocomposites. In one set of
nanocomposites, different low quantities of NCdots were placed into the surface of the
OLCNSs, which served as the supporting framework. Another set of composites was made in
which the concentration of NCdots was higher than that of OLCNs. Thus, OLCNs were
mixed with NCdots using different percentage loadings. The hybrid composites produced
different outcomes in terms of diffraction spectroscopy study, however their absorbance
analysis produced consistent results for all nanocomposites. Their photoluminescence data
revealed that combining NCdots and different CNOs produced material with comparable
fluorophores, since the nanocomposites had similar emission wavelengths when excited with
the same wavelength. These findings call for much further investigation and characterisation
of these composites, including Raman spectroscopy, TGA/DTA, XPS analysis, and HRTEM.

There is a lot of room for more research into these new composites.
8.2.4. NCdots: OLCNs composites application in DSSCs

The introduction of NCdots: OLCNs nanocomposites into DSSCs was accomplished

effectively. In DSSCs, the selected nanocomposites performed poorly as catalytic materials.
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However, not all NCdots: OLCNs-based cells exhibited promising qualities as good solar
cells, therefore only six different types of nanocomposites (out of the 27 made) were chosen
for testing based on cyclic voltammetry catalytic activity data. When compared to
commercially available standard Pt electrodes, the evaluated cells showed poor power cell

efficiencies (<1%).

However, due to their smart memory effect, the cells were discovered to be able to exhibit
photovoltaic activity in the dark. After spending 5 minutes of no light stimulated after
irradiation tests, these cells continued to show after-dark activity. Although it was not
expected of these cells to continue delivering this activity in the dark, 5 minutes was
randomly chosen as the cooling time period after irradiation. It's possible that these cells
might continue to release light in the dark for longer than 5 minutes; further study and
analysis is strongly suggested. To the best of our knowledge, visible-light-excited afterglow
NCdots: OLCNs nanocomposites have never been reported until now.

8.3. Recommendations

With additional advancements in electrolytes, catalytic carbon nano-onions, organic dye
sensitizers, and nanoporous semiconducting electrodes, DSSCs will be able to compete with

standard thin film solar technologies.

Future research is advised to concentrate on creating structures with a higher level of order
than the fractal-like assembly of random nanoparticles. For an appropriate form of the films,
the mesoporous channels or nanorods should be positioned parallel to one another and
vertically with respect to the TCO glass current collector. Faster pore diffusion, simpler
access to the film surface and grain boundaries, and a more regulated junction creation would
all be possible as a result. According to a study by Adachi et al., one technique for creating
such oxide structures is to use surfactant templates to help in the synthesis of TiO2 nanotubes
[4]. According to Wang and Hu, functional groups and structural flaws/defects on the surface
of graphitic carbon nanomaterials may be crucial to the electrocatalytic sites in DSSC counter
electrodes [5]. Tuning defects and looking for different useful functional groups for NCdots,
OLCNSs, and NCdot: OLCNs might be a viable study field for producing high-performance
all-carbon DSSCs.

A photovoltaic device must be functional for at least 20 years without considerable
performance degradation ideally. Thus, careful consideration has been given to the
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conductivity of each component of nanocrystalline injection solar cells, such as the
conducting glass, TiO layer, sensitizer, electrolyte, counter electrode, and sealant [6].
However, other carbon nanostructures have received a lot of attention in a number of sectors,

these as-prepared nanocomposites are still regarded a niche in carbon nanostructure research.
8.4. Future work and considerations

The lack of sufficient device characterisation is a last issue affecting the industry, which
affects not only carbon-incorporated PVs but the whole PV field. That is to say, one cannot
simply construct and analyse a single architectural device and safely assert that the addition
of new material resulted in a significant improvement. As a result, without many trials (e.g.,
device data), it is impossible to determine that the minor performance increases are due to the

carbon material.

In next investigations, conducting polymers and carbon materials may be combined to
increase solar cell efficiency. Combining carbonaceous nanoparticles with conjugated
polymers may result in percolation pathways as well as electron acceptors that may

successfully transport the transferred electrons along their length [7-9].

How closely the dye's absorption window covers the spectrum of sunlight determines the
maximum current density in dye-sensitized solar cells. Numerous dyes have poor low-energy
photon absorption, which is commensurate with how poorly the cells’ function. As a result,
it's critical to learn more about the nanostructure of nanomaterials (such as Cdots and
OLCNS) and their interactions with semiconductor materials, as well as the kinetics of the
charge-exchange process at the material interface.
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Appendix A:

Supplementary information

S1. Optimization of the NCdots synthesis procedure

NCdots were prepared using the microwave-assisted irradiation method. Synthesis varied
reaction time: 5-, 7-, and 10-minutes microwave holding time. Various results were obtained
as the products had mixed results ranging from obtaining different colours of final products
after synthesis, to the liquid-solid constituency of the same products. Some other parameters
were kept constant while varying time only viz. solvent volume, precursor mass used,

microwave power and conditions (i.e., all samples were synthesized while stirring).

Svnthesis of nitrogen-doped carbon dots (Trial 1):

In the initial effort to synthesize NCdots, 20 mL of distilled water was added to about 1.0 g of
fumaronitrile (a precursor for carbon and nitrogen). The mixture was transferred as is into
Teflon microwave tubes. Fumaronitrile (FN) does not dissolve completely in water therefore
during the synthesis procedure a stirrer bar was added to the microwave tube as well, so that
the mixture can stir as the NCdots. This was also to allow a uniform mixture to be obtained at
the end. In another microwave tube, the same contents of the same quantity were added and

both tubes were placed in the microwave rotor in preparation for synthesis.

The rotor was then placed back into the microwave oven and synthesis began. To balance the
microwave rotor (as it uses a minimum of 4 tubes and maximum of 8 tubes at a time), two
more tubes were used. However, they were only filled with the reaction solvent (distilled
water in this case) and stirrer bars as well. All 4 reaction vessels were well balanced in mass
and weight. The microwave power was set to stay constant for the duration of the synthesis at
700 W. Reaction (holding) time for the synthesis was set for 10 minutes running time and the
ramping time was set to 7 minutes (100 W/per min). The microwave reaction system running

a synthesis for the formation of N-Cdots is shown below in Fig. S1.
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Figure S1: Picture of the microwave oven reaction system used for synthesis.

The reaction ran well until the microwave machine abruptly stopped the synthesis at 14:49
minutes (7:49 minutes after ramping) due to high rise/increase in pressure in the rotor beyond
the machine’s set power rate increase per second. Therefore, the synthesis procedure was
unsuccessful as the reaction couldn’t run for the set 10 minutes as expected. The resultant
products were two differently coloured solutions. One solution was a very dark brown liquid
and the other a very bright orange colour (see Fig. S2 below). From the microwave reaction
system, the reaction tubes had two different final reaction temperatures: one noted
temperature was 145 °C and the other 166 °C. There was no particular smell detected from

the solutions, however, the dark brown solution had somewhat a soft pungent scent.

Figure S2: Differently coloured solutions obtained from the first microwave synthesis of NCdots
(FN).

The solutions were taken out of the microwave tubes after synthesis and put into 50 mL
centrifuge tubes in order to filter out big particles and separate the microwave solid waste
from the NCdots supernatant solution. A 0.22 m filter membrane was then used to separate
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the supernatant solution from the solid waste at the bottom of the centrifuge after the
solutions were spun at 5000 rpm for 20 minutes (Fig. S3). The collected solution was then

dried for about 24 hours at 100 °C in a vacuum oven.

Figure S3: Picture of the centrifuge machine used with the settings displayed.

A second synthesis was attempted following the same synthesis procedure as above, however
the only difference now was that the reaction ran for 5 minutes, instead of 10 minutes. Under
the same microwave and precursor preparation conditions, the reaction this time ran
successfully to completion. After synthesizing NCdots (FN) for 5 minutes, the obtained
products were again different coloured solutions (see Fig. S4). The solutions were again
centrifuged under the same conditions (as above) and the two differently coloured

supernatant solutions were collected and dried in a vacuum oven at 100 °C for 24hrs.

Figure S4: Resultant solutions from the second attempt of NCdots (FN) after microwave synthesis for

5 mins.
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Svynthesis of nitrogen-doped carbon dots (Trial 2):

After realizing that synthesis using only two microwave reaction vessels was not successful
(due to the unsuccessful synthesis in the first attempt and the differently coloured solutions
obtained in both the first and the second attempt in Trial 1) the next option was to try
synthesize again however this time filling all four reaction tubes with the precursor and

reaction solvent.

In the first attempt of Trial 2, about 1.0 g of FN was placed in a 100 mL beaker as before. 20
mL of distilled water was then added into the beaker and the mixture was poured into a
microwave reaction vessel. A stirrer bar was then added to the tube as well. This was done
for all four reaction vessels to be used for synthesis. All four stirrer bars were of the size and
mass relatively, and all four microwave tubes were balanced (on a scale balance instrument)
so that they could all have the same mass and weigh the same, before going into the

microwave rotor.

Using the same reaction conditions for microwave synthesis as above (same microwave
power, same ramping time, mass of solvent and precursor), the reaction was set to run for 10
minutes of synthesis for all four reaction tubes. Unfortunately, again, the reaction could not
run to completion. This time, the microwave machine abruptly stopped synthesis at 12:49
minutes (5:49 minutes after ramping) due to high rise/increase in pressure in the rotor. The
resultant products obtained were four differently coloured solutions: three of the were all
alike, bright orange in colour and the other solution was dark brown in colour. All four
samples had the same volume of solvent after synthesis. Four different temperatures were
noted from the microwave reaction system after synthesis stopped and the final temperatures
observed on the machine screen were at 167 °C, 138 °C, 137 °C, 134 °C. After that, the four
solutions were centrifuged. This time at 4000 rpm for 20 minutes as that is the greatest speed
the machine can spin at when four tubes are centrifuged as opposed to two (Fig. S5 below).
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Figure S5: Centrifuge machine used for the second trial with the settings displayed.

The supernatant solutions were then collected and separated from the bottom waste. The
collected solutions were placed in new centrifuge tubes for drying (Fig. S6) and the
centrifuge waste (precipitate/sediment waste) in the glass vials. Once more, all solutions were

dried in an overnight vacuum oven experiment at a temperature of 100 °C (~24hrs).

Figure S6: Resultant solutions from the first microwave synthesis of NCdots (FN) ran for 10 mins

using 4 vessels.

The second attempt of Trial 2 followed suit to the first one, however this time all four
reaction vessels filled with precursor and reaction solvent were run for 5 minutes in the
microwave oven. Under the same microwave and precursor preparation conditions as above,
the reaction this time ran successfully to completion. After synthesizing NCdots for 5
minutes, the obtained products this time had the same-coloured solutions (see Fig. S7) for all

four reaction vessels, unlike any of the syntheses before. The final temperature noted for
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these solutions was ~145 = 1.0 °C. The four similarly coloured supernatant solutions were
collected and dried in a vacuum oven at 100 °C for 24 hours after the solutions were

centrifuged once more under the same circumstances (as above).

Figure S7: Resultant solutions from microwave synthesis of NCdots (FN) ran for 5 mins using 4

vessels.

The third attempt at synthesizing NCdots followed the same preparation and synthesis
procedure as has been used before. However, this attempt was to try and see what the optimal
reaction time for getting the expected results was before conclusively proving that using
characterization techniques, since all syntheses before gave us variable and somewhat
unreliable results to believe that indeed NCdots were synthesized. Therefore, a reaction was
run in the microwave reaction system, using the same reaction conditions as prior however
the reaction was run for 7 minutes this time. Unfortunately, again, the reaction could not run
to completion. Again, the microwave machine abruptly stopped synthesis at 13:48 minutes
(6:48 minutes after ramping, which was very close to the 7 minutes reaction time set). The
resultant products obtained were four differently coloured solutions, they were labeled as
follows: dark-brown solution, red-brown, black-brown, and bright-orange solution (see Fig.
S8). The obtained solutions were centrifuges and their supernatants collected and dried in a
100 °C vacuum oven until dry.
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Figure S8: Resultant solutions from microwave synthesis ran for 7 mins with differently coloured

solutions labelled: a) dark brown, b) red brown, ¢) black brown, and d) bright orange solutions.

All dried powders were collected from the vacuum oven (from Trial 2 attempts) and
characterized using TEM, FTIR and UV-vis analysis to try and see if indeed NCdots were

synthesized or at least get an idea of which reaction time used actually synthesized NCdots.

Figure S9: Various synthesized carbon dots a) Cdots, b) NCdots (EDA), ¢) NCdots (Urea) and d)
NCdots (FN).

Finally, after characterization the optimal synthesis reaction time was decided to be 5 minutes
for al NCdots (Fig. S9). Thus, all Cdots obtained were synthesized under the following
microwave conditions; ramp time: 5 minutes, reaction/holding time: 5 minutes,
microwave power: 700 W and reaction temperature reaching: ~170 °C. The same amount
of precursor was used for all reactions, as well as the same volume and type of solvent.

Pristine Cdots were synthesized using 1g citric acid and 20 mL of distilled water to obtain a
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cream white/yellowish product labelled as Cdots. The reaction mixture (Fig. S9 a) was
colourless after synthesis. It was a clear liquid with no precipitate, and no observable
particles in suspension. The same transparent solution was obtained from NCdots made from
precursors 1g ethylenediamine + 1g citric acid, and 1g urea + 1g citric acid both mixed with
20 mL distilled, respectively (Fig. S9 b and c) however the observed final mixture colour in

b was a light orange and that for ¢ was a bright yellow.

The opposite is true about NCdots made from 1g fumaronitrile (Fig. S9 d). The obtained
solution after synthesis was a thick, liquid slurry which was black in colour. Fumaronitrile is
very reactive, and the mixture started carbonizing during the 3 mins of ramping, therefore by

the end of 5 mins reaction time, the mixture had already “over-carbonised” so to speak.

S1.1 Optimization of the NCdots purification procedure

A great challenge encountered was purifying the carbon dots. The NCdots escaped through
the dialysis membrane (14 000 kDa) and was lost in solution, as seen below (Fig. S10 a and
b). The resulting products obtained were too low for any analysis to be made, literally <5 %
of the product could be recovered after dialysis (Fig. S11). Therefore, dialysis was not used

in the progression of this study.

Figure S10: Dialysis of the various synthesized carbon dots a) NCdots (Urea) and b) NCdots (FN).
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Figure S11: Product obtained from carbon dots after dialysis —a) NCdots (Urea) and b) NCdots (FN).
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Figure S12: Tauc plots of a) direct and b) indirect allowed transitions to determine the bandgap

energy of the various NCdots.
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S2. Deconvoluted Raman analysis spectra of OLCNs
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Figure S13: Deconvoluted Raman spectra patterns of the as-synthesized a) p-OLCNSs, b) ox-OLCNs

and c) N-OLCN:ss all recorded at Aex 514nm.
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S3. Brunauer-Emmett-Teller (BET) surface area analysis
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Figure S15: BET surface area isotherms of the as-synthesized a) p-OLCNs, b) ox-OLCNs and c) N-
OLCNSs.

S4. Morphological analysis of the prepared NCdots: OLCNs

Upon increase in percentage w/w loading of NCdots onto OLCNSs, no distinct morphological
changes can be observed different from Fig 6.1 (Ch. 6, Sec 6.3.1) micrographs. However,
Fig. S16 b shows the accretion process more clearly. The “onions” almost look
interconnected, and this suggests that as they form chain-like structures, the individual
fragments form and coalesce unto each other before the previous onion-structure has
completely formed complete multi-shells. Again, upon physical mixing there are no
differences in morphological structure in comparison to the OLCNs synthesized in (Sec.
5.3.1, Ch. 5). Thus, this shows that the composite-making process has no structural effects on

the OLCNSs, and hopefully the NCdots which are not currently visible in the micrographs.
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Figure S16: TEM images of a) 10%NCdots (EDA): p-OLCNs, b) 10%NCdots (EDA): ox-OLCNs
and ¢) 10%NCdots (EDA): N-OLCNs composites.

Figure S17 shows that these OLCNSs all had varying shapes, however, most of them were
quasi-spherical in shape. It is well known in chemistry that lumps/agglomeration do not have
a sufficient enough surface area to allow chemical reaction to occur, let alone interaction with
other elements/material. Thus, it can be observed that upon increase in NCdots weight
percentage loading, the bulk OLCNs structures still retained their chain-like morphology
(Figs. S17 a, b and c) and without conglomeration sites in sight. However, effects of
coalition from the accretion procedure are still visible on the material (see Fig. S17 ¢ for

example).

Figure S17: TEM images of a) 15%NCdots (EDA): p-OLCNs, b) 15%NCdots (EDA): ox-OLCNs
and ¢) 15%NCdots (EDA): N-OLCNs composites.

Figure S18 shows the nanocomposite material showing the external morphology of
composites. Here it is visualized that these material are still connected in accreted form (Figs.
S18 a, b and c). The dark spot (herein circled) present with areas of dense distribution of
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CNOs. This is where CNOs are gathered in large numbers, yet still no NCdots are visible or

the effect of their incorporation physically unto the surface of the various CNOs.

Figure S18: TEM images of a) 20%NCdots (EDA): p-OLCNs, b) 20%NCdots (EDA): ox-OLCNs
and ¢) 20%NCdots (EDA): N-OLCNs composites.

Herein, the morphology of the composites at 30% wt. % loading is observed (Figs. S19 a, b
and c). It seen that chain-like composites exhibit polyhedral as well quasi-spherical shapes.
The micrographs have noticeable dark regions, and these could result from the synthesis
procedure of formation. Sill no distinct physical changes are observable upon composite

synthesis.

¢ 100 nm I
Figure S19: TEM images of a) 30%NCdots (EDA): p-OLCNs, b) 30%NCdots (EDA): ox-OLCNs

and ¢) 30%NCdots (EDA): N-OLCNs composites.

The micrographs observed below (Figs. S20 a, b and c) present nanocomposites prepared at
40% wt. % loading of NCdots: OLCNs. Figs. S20 a and b show the regular conventional
morphology that has been experienced in previous figures above. Whereby, the morphology
of the composites still maintains the chain-like form. However, looking at Figs. S20 c, the N-
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CNOs are presenting with small dense-like quasi-spherical structures (see arrows below).
This can be ascribed to being clusters of NCdots bonded unto the surface, or individual
NCdots.

The image at higher magnification shows these nanostructures to be somewhat bonded unto
the surface of the N-OLCNSs. It is difficult at this point to determine the type of interaction
with which these nanoparticles are having together in their bond. However, N-OLCNs were
seen to having the largest specific surface area and the lowest pore size between all three
types of as-synthesized OLCNSs (Sec 5.3.9). Moreover, since we know the types of functional
groups of NCdots and N-OLCNs, we can postulate what the proposed noncovalent
interactions within the composite material of the two materials could be. Based on the
explanation given in Ch. 6, Sec. 6.1, these two carbonaceous materials could be said to be
bonding via n—r stacking interactions from aromatic rings and electrostatic adsorption due to

the N-N atoms on each material via lone pairs.

This postulation comes from the fact that these smaller dense nanoparticles (NCdots) are
bonded on the ridges of the N-OLCNSs structure, mostly bonded on the edges of the onion
structure. Thus, these nanostructures can be said to be dangling on the surface of the N-
OLCN:Ss, rather than being bonded intrinsically and being embedded into the structural matrix
of the multi-shells of N-OLCNSs.

100 nm ]
Figure S20: TEM images of a) 40%NCdots (EDA): p-CNOs, b) 40%NCdots (EDA): ox-CNOs and ¢)

40%NCdots (EDA): N-CNOs composites.

Once more, the OLCNs are joined in a chain-like fashion and their quasi-spherical and

polyhedral forms can be seen. In some areas, there is not distinct delineation between two
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carbon-onion fragments which make up the bulk structure. Hence, interconnection via

accretion as has been observed before (Figs S16-20 above).

S5. Powder X-ray diffraction (PXRD) spectroscopy analysis of the prepared NCdots:
OLCNs

Figure S21 a and b below present XRD spectrums of nanocomposites synthesized at 15%
and 20% wi/w loading of NCdots unto the OLCNs support. The diffractograms show the
conventional (002) graphitic carbon peak and diamond (111) peak. However, the 20%
NCdots: 0x-OLCNs presented with a small, overlapping peak ca. 260 = ~14.28 °. The
functionalization using oxidising agents on the graphite surface results in intercalation only if
a large number of surface defects are present which can be attributed to the (001) plane (see

circled area).
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Figure S21: PXRD patterns of the NCdots: OLCNSs synthesized at a) 15% NCdots wt. % loading and
b) 20 % NCdots wt. % loading unto support.
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Figure S22: PXRD patterns of the NCdots: OLCNSs synthesized at a) 30% NCdots wt. % loading and
b) 40% NCdots wt. % loading unto support.
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S6. Optical properties (absorbance measurement and fluorescence studies analysis) of
the prepared NCdots: OLCNSs
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Figure S23: Shows a) UV-vis absorption spectrum and b) PL emission spectrum (Aem 350 nm) of
NCdots: OLCNs synthesized at 15% NCdots wt. % loading unto support.

Q

Absorbance (a.u.)

i

20% N: p-OLCNs
20% N: ox-OLCNSs|
= 20% N: N-OLCNs

300 400 500 600 700 800

Wavelength (nm)

b

200

Intensity (a.u.)

-
@
S

-
=
S

50 4

20% N: p-OLCNs
———20% N: ox-OLCNs|
———20% N: N-OLCNs

T T T T
400 450 500 550 600

Wavelength (nm)

Figure S24: Shows a) UV-vis absorption spectrum and b) PL emission spectrum (Aem 350 hm) of
NCdots: OLCNSs synthesized at 20% NCdots wt. % loading unto support.
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Figure S25: Shows a) UV-vis absorption spectrum and b) PL emission spectrum (Aem 350 nm) of
NCdots: OLCNs synthesized at 30% NCdots wt. % loading unto support.
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Figure S26: Shows a) UV-vis absorption spectrum and b) PL emission spectrum (Aem 350 hm) of
NCdots: OLCNs synthesized at 40% NCdots wt. % loading unto support.
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Figure S27: Shows a) UV-vis absorption spectrum and b) PL emission spectrum (Aem 350 nm) of
NCdots: OLCNSs synthesized at 5% OLCNSs wt. % loading.

Table S1: PL emissions at excitation wavelength of 350 nm.

Name of sample

PL emissions (nm)

15% NCdots:p-OLCNs 455
15% NCdots:0x-OLCNs 463
15% NCdots:N-OLCNs 438
20% NCdots:p-OLCNs 447
20% NCdots:0x-OLCNs 436
20% NCdots:N-OLCNs 440

232



30% NCdots:p-OLCNs

459

30% Ncdots:0x-OLCNs 464
30% NCdots:N-OLCNs 457
40% NCdots:p-OLCNs 454
40% NCdots:0x-OLCNSs 462
40% NCdots:N-OLCNs 451
5% p-OLCNSs: NCdots 456
5% 0x-OLCNs: NCdots 472
5% N-OLCNSs: NCdots 460

a

15000

Direct
5% N: p-OLCNs
5% N: ox-OLCNs
= 5% N: N-OLCNs

Energy (eV)

Figure S28: Tauc plots of a) direct and b) indirect allowed transitions to determine the bandgap

energy of the various 5% NCdots: OLCNs composites.
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Figure S29: Tauc plots of a) direct and b) indirect allowed transitions to determine the bandgap

energy of the various 5% OLCNs: NCdots composites.
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S7. Fourier transmission infrared spectroscopy (FTIR) analysis of the prepared
NCdots: OLCNSs

Again, Figs. S230 and S31 have asterisks in the place of the different indexed vibration

modes analyzed, again to show the similarity between the different spectra obtained.
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Figure S30: FTIR spectra of the NCdots: OLCNs synthesized at a) 15% NCdots wt. % loading and b)
20% NCdots wt. % loading unto support.
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Figure S31: FTIR spectra of the NCdots: OLCNSs synthesized at a) 30% NCdots wt. % loading and b)
40% NCdots wt. % loading unto support.
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S8. Electrochemical properties of NCdots: OLCNs electrode using CV scans
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Figure S32: CV Voltammogram for CE made of a) 15%NCdots (EDA): p-OLCNSs, b) 15%NCdots
(EDA): 0x-OLCNs and c) 15%NCdots (EDA): N-OLCNs at a scan rate of 50 mV s,
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Figure S33: CV Voltammogram for CE made of a) 20%NCdots (EDA): p-OLCNSs, b) 20%NCdots
(EDA): 0x-OLCNSs and c) 20%NCdots (EDA): N-OLCNs at a scan rate of 50 mV s
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Figure S34: CV Voltammogram for CE made of a) 30%NCdots (EDA): p-OLCNSs, b) 30%NCdots
(EDA): 0x-OLCNSs and c) 30%NCdots (EDA): N-OLCNs at a scan rate of 50 mV s
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Figure S35: CV Voltammogram for CE made of a) 40%NCdots (EDA): p-OLCNSs, b) 40%NCdots
(EDA): 0x-OLCNSs and c) 40%NCdots (EDA): N-OLCNs at a scan rate of 50 mV s

S8. Electrochemical impedance analysis of the prepared NCdots: OLCNSs
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Figure S36: EIS Voltammogram for composites of 10% NCdots (EDA): OLCNSs.
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Figure S37: EIS Voltammograms for composites of a) 15% NCdots (EDA): p-OLCNs +10% NCdots
(EDA): 0x-OLCNs and b) 15% NCdots (EDA): N-CNOs.
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Figure S38: EIS Voltammograms for composites of a) 20% NCdots (EDA): p-OLCNs and b) 20%
NCdots (EDA): ox-OLCNSs + 20% NCdots (EDA): N-OLCNSs.
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Figure S39: EIS Voltammogram for composites of 30% NCdots wt. % loading unto support.
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Figure S40: EIS Voltammograms for composites of a) 40% NCdots (EDA): p-OLCNs + 40% NCdots
(EDA): 0x-OLCNs and b) 40% NCdots (EDA): N-OLCNs.
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Figure S41: EIS Voltammogram for composites of a) 50% NCdots (EDA): p-OLCNs + 50% NCdots
(EDA): 0x-OLCNs and b) 50% NCdots (EDA): N-OLCNSs.
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Figure S42: EIS Voltammogram for composites of 5% wt. % OLCNSs support.

Table S2: EIS analysis results.

Name of sample Rp (Q cm?) Rs (Q cm?) Ret + Rmt (Q cm?)
5% NCdots:p-OLCNSs - - 376.34

5% NCdots:0x-OLCNs - - 127.88

5% NCdots:N-OLCNs = = 117.91

10% NCdots:p-OLCNSs - - 45.71

10% NCdots:0x-OLCNs 43.55 9.85 35.29

10% NCdots:N-OLCNs - - 173.77
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15% NCdots:ox-OLCNs - - 128.46

20% NCdots:p-OLCNs - - 22202.85

20% NCdots:N-OLCNs - - 110.66

30% Ncdots:0x-OLCNs - - 286.09

40% NCdots:p-OLCNs - - 211.46

40% NCdots:N-OLCNs - - 32313.81

50% NCdots:0x-OLCNs - 300.50 19603.55

5% p-OLCNs: NCdots - - 6288.15

5% N-OLCNSs: NCdots - - 6634.56

10% ox-OLCNs: NCdots - - 113.04
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S9. Potentiodynamic polarization curves for Tafel analysis of the prepared NCdots:
OLCNs
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Figure S43: Tafel plots of the NCdots: OLCNs synthesized at a) 5% NCdots wt. % loading and b)
10% NCdots wt. % loading unto support.
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Figure S44: Tafel plots of the NCdots: OLCNs synthesized at a) 15% NCdots wt. % loading and b)
20% NCdots wt. % loading unto support.
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Figure S45: Tafel plots of the NCdots: OLCNs synthesized at a) 30% NCdots wt. % loading and b)
40% NCdots wt. % loading unto support.
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Figure S46: Tafel plots of the NCdots: OLCNs synthesized at 50% NCdots wt. % loading unto

support.
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Figure S47: Tafel plots of the OLCNs: NCdots synthesized at a) 5% OLCNs wt. % loading and b)

10% OLCNs wt. % loading unto NCdots
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