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ABSTRACT

Carbon dots are a new class of carbon-based materials, having interesting
chemical, physical and biological properties. Due to these unique properties, they have
been used in many applications, for example, bio-imaging probes, drug and gene
delivery, sensors, fluorescent ink, optoelectronic devices, and photocatalysis. In this
thesis, the carbon dots were synthesized through pyrolysis and hydrothermal methods
from polyurethane and natural rubber as carbon-based precursors. The prepared carbon
dots from polyurethane and natural rubber were used for metal ion sensing because of
their selective binding ability with selected metal ions. In addition, the carbon dots will
be applied for supercapacitor application. Zinc oxide is a metal oxide that is a promising
candidate as the electrode of supercapacitors via redox reaction and Faradaic processes.
However, it still has the shortcomings of poor performance because of its slow faradic
reaction and low electron transportability at high current. The carbon dots are pseudo-
capacitive materials because of the presence of heteroatoms whereas zinc oxide can
generate oxygen-containing groups to enhance the charge storage by redox reactions.
Moreover, carbon dots were modified using gamma irradiation in the presence of
ethylenediamine to introduce surface passivation by ammonium groups in the carbon dot

structure. Therefore, the gamma-irradiated carbon dots and zinc oxide will be used to
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fabricate the composite electrodes in order to improve performances in supercapacitors.
In summary, this thesis will demonstrate the versatility of carbon dots and their unique
properties in various applications.

Keywords: Carbon dots, Polyurethane, Natural rubber, Hydrothermal, Pyrolysis, Zinc

oxide, Metal ion sensing, Supercapacitors
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CHAPTER 1
INTRODUCTION

1.1 Metal ion contamination

Heavy metal ions are widely existed in the industry, agriculture, and other
areas. Due to the existence of the food chain, they can easily enter the human body.
Thus, the contamination of heavy metal ions in the environment and water resources is
extremely harmful to the environment and human health [1]. It would induce various
diseases by damaging the organs like the liver, kidneys, bones, and teeth [2, 3]. Thus,
it is of importance to develop a simple, fast, sensitive, and low-cost methodology that
could analyze and simultaneously identify heavy metal ions. There are many techniques
that can be used in the field for analyzing heavy metal ions, including atomic absorption
spectroscopy [4] and inductively coupled plasma atomic emission spectroscopy [5], etc.
Although these methods can detect metal ions with excellent sensitivity and selectivity,
they still have some disadvantages, such as tedious sample preparation, high cost and
large size of the instrument, and the requirement of specially trained users, which limit
their applications in heavy metal ions detection.

Colorimetric method is also commonly used for metal ion sensing [6], but
its sensitivity is usually not enough to investigate the contamination of heavy metals in
real applications [7]. Compared with those methods, fluorescence sensing has the
advantages of high sensitivity and simple operation. It becomes a popular method in
the field of metal ion analysis [8]. Therefore, the development of alternative charming
candidates based on fluorescence sensing with excellent sensitivity, selectivity, and

ease of use is highly needed.
1.2 Energy shortage
The demand for fossil fuels (coal, petroleum, and natural gas) has

continuously increased with the fast growth and development of the global economy.
The need for total equivalent oils in the world was estimated to be around 13.7 billion
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tons as of 2012 and will increase up to around 18 billion tons by 2035 according to the
statistical report [9]. The depletion of fossil fuels and the occurrence global warming
have already caused economic and environmental crisis, such as price fluctuations and
unbalanced supply chains, resulting in intense research activity for the exploitation of
environmental-friendly and limitless energy sources. Therefore, developing sustainable
energy supplies and storage technologies can be achieved to overcome these problems.
Recently, energy storage devices, such as supercapacitors, have received attention in
various aspects, including renewable energy production plants, transportation, portable
tools, and information storage systems [10]. However, the applications of energy
storage devices are limited by the lack of appropriate electrodes with excellent
electrochemical performance. Therefore, the creation and development of high-
performing electrode materials are significant to boost the practicality of energy storage
devices [11].

1.3 Carbon dots

Nanomaterials have experienced booming in scientific, technological, and
commercial applications. For example, quantum dots are interesting nanomaterials
having unique electrical and optical properties such as bright photoluminescence and
size-dependent optoelectronic properties [12]. Quantum dots are normally composed of
elements from groups I11-V, 11-VI, or IV-VI1 of the periodic table, such as cadmium and
lead [13]. They have excellent fluorescence properties and are widely used in sensing
applications. Due to their toxicity from toxic metals, it limits quantum dots for use as
sensors for practical uses [14]. Graphene is a two-dimensional (2D) flat material that
consists of monolayer carbon atoms. It possesses properties as for a range of thermal
and mechanical properties and electrical conductivity [15]. However, graphene still
showed toxic effects both in vitro and in vivo[16]. Carbon nanotubes (CNTS) are
carbon-based nanomaterials with diameters ranging between 0.5-100 nm [17].
Although they have received attention in various fields from electronics, engineering,
and medicine, they must be functionalized with the biocompatible surface coating to
reduce the toxic effect in in-vivo [18].
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Carbon dots, also known as carbon nanodots or carbon quantum dots, are a
new class of carbon-based materials that were discovered via an accidental discovery
during the separation and purification of SWCNTs from carbon soot by Xiaoyou Xu
and co-workers in 2004 [19]. They are zero-dimensional carbon nanoparticles with a
size less than 20 nm [20]. They consist of a combination of graphitic and disordered
carbons and a high percentages of oxygen [21]. They offer interesting and unique
properties, including photophysical properties, high photoluminescence, high
photostability, high water solubility, low toxicity, and facile surface adsorption and
binding [22-24]. Due to their beneficial properties, carbon dots have been considered
to be promising candidates to solve the problem of toxic nanomaterials. Due to these
advantages of carbon dots, they have been used in many applications such as
optoelectronic devices [25], bio-imaging [26], sensors [27], drug delivery [28], and
supercapacitors [29]. Furthermore, carbon dots can be synthesized from a number of
materials that contain a high percentage of carbon. Many carbon-based materials were
used as precursors for the synthesis of carbon dots in previous studies such as glucose
[30], graphene [31], graphite [32], single-walled or multi-walled carbon fibers [33],
candle soot [34], carbon nanotubes [35]. Carbon dots can be prepared through top-
down and bottom-up methods. In the top-down route, carbon dots can be formed by
breaking large carbon-rich materials. While in the bottom-up method, carbon dots were
generated from small molecules under the thermal treatment.

In this study, we will synthesize highly fluorescent carbon dots from
abundantly available and low-cost material that are polyurethane and natural rubber as
precursors and explore their metal ion sensing and energy storage applications.
Polyurethane and natural rubber are ones of the most important polymers used in daily
life. Hence, their recycling has been of great interest. Carbon dots will be prepared
using pyrolysis and hydrothermal methods to obtain the optimum conditions in terms
of high product yields and high quantum yields. The structural and optical properties
of carbon dots will be examined by routine characterization techniques. The obtained
carbon dots will be applied in metal ion sensing and energy storage applications because
of their properties including excellent binding ability with metal ion and pseudo-

capacitive properties, respectively.
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1.4 Research objectives

1.4.1 To synthesize carbon dots from polymers, including polyurethane
and natural rubber.

1.4.2 To characterize properties of the resulting carbon dots.

1.4.3 To modify carbon dots derived from polyurethane using gamma
irradiation.

1.4.4 To characterize properties of the gamma-irradiated carbon dots.

1.4.5 To apply carbon dots for the followings.

(1) Metal ion sensing

(2) Supercapacitor

1.5 Scope and limitation of the study

1.5.1 Synthesis of the carbon dots from polyurethane and natural rubber
using pyrolysis and hydrothermal methods
1.5.2 Study of effects of fluorescence properties via the following
parameters
(1) Type of acid
(2) Concentration of acid
(3) Reaction temperature
(4) Reaction time
1.5.3 Characterization of the resulting carbon dots
1.5.3.1 Optical properties
(1) UV-visible spectroscopy
(2) Fluorescence spectroscopy
1.5.3.2 Structure characterization
(1) Fourier transform infrared (FT-IR) spectroscopy
(2) X-ray photoelectron spectroscopy (XPS)
1.5.3.3 Size and morphology
(1) Dynamic light scattering (DLS) and zeta potential

(2) Transmission electron microscope (TEM)
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1.5.3.3 Characterization of metal ion sensing
(1) X-ray absorption spectroscopy (XAS)
1.5.3.4 Characterization of supercapacitors
(1) Galvanostatic charge-discharge (GCD assay)
(2) Cyclic voltammetry (CV)
(3) Electrochemical impedance spectroscopy (EIS)
(4) Contact angle analysis
1.5.4 Applications of resulting carbon dots
1.5.4.1 Metal ion sensing
(1) Nickel ion detection
(2) Magnesium ion detection
1.5.4.2 Energy storage application

(1) Supercapacitors
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CHAPTER 2
REVIEW OF LITERATURE

2.1 Carbon dots and their properties

Carbon dots, also known as carbon nanodots or carbon quantum dots, are a
new class of carbon nanomaterials with a size less than 20 nm (Figure 2.2a) [36]. They
are basically spherical particles with sp? and sp® hybridization as the carbon-core
structure consists of hydrophilic functional groups, such as hydroxyl, carbonyl, and
carboxylic acid groups (Figure 2.1). The presence of these oxygen-containing
functional groups suggests the hydrophilicity of carbon dots as they are indeed highly
soluble in water and aqueous solutions. Carbon dots are generally prepared using and
solvothermal treatments, ultrasonication, and microwave-assisted techniques in the
presence of acids as catalysts [37]. In the reaction with acid and high temperature, the
raw materials are proposed to undergo dehydration, hydrolysis, polymerization, and
carbonization to form the carbon dots with hydrophilic functional groups on their

surfaces [38].

Figure 2.1 Chemical structure of carbon dots. Adapted from “Novel Fluorescent
Carbonic Nanomaterials for Sensing and Imaging,” by A. P. Demchenko,
and M.O. Dekaliuk, 2013, Methods and Applications in Fluorescence, 1(4).
Copyright 2013 by IOP Publishing.
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Comparing with other fluorescent probes, such as organic dyes, quantum
dots, and metal nanoclusters, carbon dots possess excellent properties including low
cost, simple synthesis, facile functionalization, good biocompatibility, great water
solubility, and low toxicity [39, 40]. They have been widely used in many applications
such as biological imaging, sensing, drug delivery, photocatalytic [41]. Additionally,
they have been used for effective metal ion sensors and energy storage devices because
of their selective binding ability with metal ions and they can act as pseudo-capacitive
materials, respectively.

Normally, the optical absorption peak of carbon dots occurs in the
ultraviolet (UV) region with a tail extending to the visible range. In addition,
fluorescence peak of carbon dots is commonly observed. For example, nitrogen-doped
carbon dots (NCDs) obtained from using citric acid, ethylenediamine, and fluorescein
as the precursors via hydrothermal method exhibited UV-visible absorption peak and

strong blue fluorescence with a high fluorescence quantum yield (Figure 2b) [42].
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Figure 2.2 (a) TEM images, inset: size distributions of the nitrogen-doped carbon dots
(NCDs) and (b) UV-visible absorption, fluorescence excitation (green),
and emission (blue) spectra of the NCDs, inset: optical images under
daylight (left) and a UV lamp (right). Adapted from “Highly fluorescent
nitrogen-doped carbon dots for selective and sensitive detection of Hg?*
and CIO™ ions and fluorescent ink,” by Y.-X. Li, J.-Y. Lee, H. Lee, C.-C.
Hu, T.-C. Chiu, 2020, Journal of Photochemistry and Photobiology A:
Chemistry, 405. Copyright 2020 by Elsevier.
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Recently, their phosphorescence properties and chemiluminescence
properties were also discovered. For example, Yehao Deng and co-workers reported
that carbon dots dispersed in the polyvinyl alcohol (PVA) matrix showed clear
phosphorescence under UV light (Figure 2.3) [43]. From these properties, carbon dots
were used in various applications such as catalysts, sensors, information encryption,
photodynamic therapy, and in-vitro and in-vivo bioimaging/biosensor. The optical
absorption and photoluminescence properties of carbon dots were controlled by the

surface functional groups, morphology, size, and crystalline nature of carbon dots.
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Figure 2.3 (a and b) Digital photographs and the corresponding spectra of carbon dots:
dispersed in water under UV light (a: upper left; b: blue line); dispersed in
the PVA matrix under daylight (upper right), UV light (a: lower left; b:
cyan line) and right after UV light has been turned off (a: lower right; b:
olive line). The UV excitation for the photographs is 365 nm while for the
spectra it is 325 nm. (c) Phosphorescence excitation spectrum (olive dots)
and absorption spectrum of carbon dots dispersed in water (blue dots). (d)
Time-resolved phosphorescence spectrum. Adapted from “Long lifetime
pure organic phosphorescence based on water soluble carbon dots,” by Y.
Deng, D. Zhao, X. Chen, F. Wang, H. Song, D. Shen, 2013, Chemical
Communications, 49(51). Copyright 2013 by RSC Publishing.
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2.2 Synthesis of carbon dots

One of the attractive aspects of carbon dots is that they can be synthesized
from a number of precursors. Carbon dots were synthesized from glucose [44],
sugarcane bagasse [45], banana peel waste [46], cabbage [47], red lentils [48], vitamin
B1 [49], pure-solvent tetrahydrofuran [50], and citric acid [51]. The two main
approaches for the synthesis of carbon dots are top-down and bottom-up as shown in
Figure 2.4

Top-down approach

Bottom-up approach

9 L T ¥
3 A AT : ;
22 © v
=4 Graphite Arc discharge Microwave pyrolysis
Carl()on) dot Organic molecules
CD, ! m

Carbon resources
Figure 2.4 The synthesis of carbon dots via top-down and bottom-up approaches.

-

Adapted from “Carbon Nanodots: A Review—From the Current
Understanding of the Fundamental Photophysics to the Full Control of the
Optical Response,” by A. Sciortino, A. Cannizzo, F. Messina, 2018, C,
4(4). Copyright 2018 by MDPI.

2.2.1 Top-down approach
In top-down approach, the carbon dots can be synthesized by
breaking down larger precursors such as carbon black [52] or graphene oxide [33] into
carbon dots via various methods such as arc discharge[19], chemical ablation, laser

ablation [32], microwave irradiation [53], and electrochemical carbonization [54].
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2.2.2 Bottom-up approach

In bottom-up approach involves reassembling small molecules of
carbon-based materials such as orange juice [55], chicken egg [56], citric acid [57], and
glucose [30] as precursors to form larger carbon dots by applying external energy
including ultrasonication [58], pyrolysis, and hydrothermal.

In comparison between two different methods, the bottom-up method
is simpler, lower cost, milder condition, higher product yield, and easier to introduce
heteroatoms from the precursor into carbon dots than top-down method.

2.3 Pyrolysis method

Pyrolysis is a thermal decomposition of the organic or carbon-based raw
materials and conversion into carbon dots by using high temperature. At the first stage
of the reaction, the temperature was over the melting point of precursors, and then these
raw materials molecules underwent dehydration, condensation, carbonization, and
passivation to the formation of carbon dots [59, 60]. The properties, size distribution,
composition, and morphology of obtained carbon dots via pyrolysis method are dictated
by material composition, temperature, heating time, and reaction time [57].

The pyrolysis method is commonly used for the preparation of carbon dots.
For example, carbon dots were synthesized from fennel seeds as raw materials via
pyrolysis method (Figure 2.5). Fennel seeds were crushed, transferred to the crucible
cup, and heated using a heat plate at 500 °C for 3 hours. After the reaction time was
completed, the crucible was allowed to cool down to room temperature and a dark-gray
product was obtained. The obtained product was dissolved in deionized water followed
by the sonication for 5 minutes. The black color suspension was centrifuged at 15000
rpm for 10 minutes to remove the large particles. The supernatant was filtered using
100 nm pore size filter and dialysis for further purification. The purified carbon dots
was stored for further characterization [61].
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(c) (d)
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Pyrolysis method at
500 C for 3 hrs
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Figure 2.5 The schematic illustration shows the synthesis of carbon dots from fennel
seed via pyrolysis method. (a) Fennel seeds. (b) Ground fennel powder. (c)
Pyrolysis of fennel powder. (d) Sonication of carbon dots. (e)
Centrifugation of carbon dots. (f) Dialysis of carbon dots. (g) Carbon dots
under UV. (h) TEM image of carbon dots. Adapted from “Synthesis and
characterization of Mono-disperse Carbon Quantum Dots from Fennel
Seeds: Photoluminescence analysis using Machine Learning,” by A.
Dager, T. Uchida, T. Maekawa, M. Tachibana, 2019, Scientific Reports,
9(1). Copyright 2019 by Natureresearch.

2.4 Hydrothermal method

Hydrothermal method is a cheap, environmentally friendly, and non-toxic
technique to synthesize novel carbon-based materials from various raw materials. This
method was classified into two types which are high and low temperatures. The high-
temperature hydrothermal treatment proceeds in a range of 300 to 800°C generally for
organic compounds while the low-temperature hydrothermal treatment performs at
below 300°C for carbon-based materials. The reaction occurs in an apparatus consisting
of a steel pressure vessel, called a Teflon-lined autoclave and heating with high-

pressure steam inside the reactor to generate the reaction.
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Hydrothermal method is widely used for the synthesis of carbon dots. For
example, carbon dots can be prepared via a one-pot hydrothermal method using
cellulose fibers as a carbon-based precursor and sulfuric acid as a carbonization agent
(Figure 2.6). Then, the mixture was transferred to Teflon-lined autoclave and then
heated at 200°C for 4 h in an oven. After cooling to room temperature, dilution, and
filtration with a 0.22-uM filter membrane, the carbon dot solution was obtained.
Furthermore, the prepared carbon dots are successfully applied in chemical detection

with excellent selectivity and sensitivity [62].

Sunlight UV-light (365 nm)

Cellulose Fibers

oo S-CQDs Solutions
Carbonization H'2 M) S-CQD

Figure 2.6 The synthesis procedure of S-doped carbon quantum dots (S-CQDs).
Adapted from “Acidophilic S-doped carbon quantum dots derived from
cellulose fibers and their fluorescence sensing performance for metal ions
in an extremely strong acid environment,” by G. Yang, X. Wan, Y. Su, X.
Zeng, J. Tang, 2016, Journal of Materials Chemistry A. Copyright 2016 by

Royal society of chemistry.

2.5 Applications of carbon dots

Because of the interesting properties of carbon dots discussed above,

carbon dots have been used in several fields as follows.

2.5.1 Metal ion sensing

Carbon dots were used in many potential applications in metal ion
sensing because their hydrophilic functional groups on the surface of carbon dots such

as hydroxyl, carboxyl, and carbonyl groups are strong binding or chelating sites for
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metal ions [63]. As a consequence, the photophysical properties of carbon dots are
altered upon binding to the metal ions and can be therefore exploited as a sensing
platform for the detection of metal ions in many real environment and biological

samples. The examples were shown in Table 2.1.

Table 2.1

List of carbon dots as metal ions sensor

Carbon dots precursors Metal ions sensing References
Nanofibrillated cellulose cr¥* [64]
Coconut coir Cu?*, Cd? [65]
Mango Fe?* [66]
Corncob residues Fed* [67]
Orange peels Pb?*, Hg?*, Cu?*, [68]

Ni2*, Ag?*, Sn*

Pineapple Fe3* [69]
Murraya koenigii leaves cd?* [70]
Tomato Fe3* [71]
Broccoli Ag* [72]
Scallion cd* [73]

Kelp Co?* [74]

Spider silk Hg?* [75]

Purple perilla leaves Ag* [76]
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Interestingly, in some cases of application of carbon dots as metal ion

sensing, the carbon dots exhibited low selectivity and sensitivity (Figure 2.7) [68]. The

orange peels-derived carbon dot as metals sensor can detect various ions including Pb?*,

Hg?*, Cu?*, Ni?*, Ag®, and Sn?*. Therefore, the development of alternative charming

candidates with excellent sensitivity, selectivity, and ease of use is highly required.
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Figure 2.7 (a) The quenching effect on the carbon nanoparticles in the presence of

different metal ions at various concentrations. (b) Summary of the

analytical characteristics of the carbon nanoparticles with various metal

ions tested in this study. Adapted from <A sustainable alternative to

synthesis optical sensing receptor for the detection of metal ions,” by

AN.L. Tiong, N.K.H. Wong, J.F.Y. Fong, X.W. Tan, S.M. Ng, 2015,

Optical Materials, 40. Copyright 2015 by Elsevier.

2.5.2 Supercapacitors

Supercapacitors, also known as electrochemical capacitors (ECs) or

ultracapacitors (UC), are new types of energy storage devices. They consist of

electrodes, electrolyte, and separator.

Electrolytes are aqueous and non-agqueous

solutions of different types of acids, bases, or salts such as sulfuric acid, potassium

hydroxide, and sodium sulfate. Supercapacitors can store energy at high rates, resulting

in higher power densities compared with batteries [81]. Besides, they provide fast

charge-discharge times and lifetimes of a million cycles as shown in Figure 2.8 [82].
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However, they have lower energy density compared with battery and their applications
are limited by the lack of appropriate electrodes with excellent electrochemical
performance [83, 84]. The electrode materials of supercapacitors are divided into two
types. The first type is carbon materials with a high surface area, such as activated
carbon [85], reduced graphene oxide [86], and carbon aerogel [87]. The second type is
metal oxides and conducting polymers which are pseudocapacitive materials as they
can improve the electrochemical capacity of electrodes via redox reactions or Faradaic
processes [88]. Moreover, a hybrid between carbon-based materials and metal oxides
has been receiving attention for supercapacitors, which are expected to generate faradic

capacitance and other effects to upgrade the performances [89].
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Figure 2.8 (a) Power density against energy density, also called a Ragone plot, for
various energy storage and conversion devices. (b) Capacitance versus

cycle number during cycle lifetime testing at 25°C. Adapted from -A

flexible super-capacitive solid-state power supply for miniature

implantable medical devices,” by C. Meng, O.Z. Gall, P.P. Irazoqui, 2013,
Biomedical microdevices, 15(6). Copyright 2013 by Springer.

2.6 Enhanced the electrochemical performance of energy storage applications

2.6.1 Carbon dots
In recent years, many studies applied carbon dots in supercapacitors
applications. Haipeng Lv and co-workers synthesized carbon dot-induced MnO:

nanowire and utilized as a supercapacitor electrode materials to enhance supercapacitor
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performance [90]. The MnO> membrane is a hydrophilic character, resulting in the
sufficient and abundant contact probability between electrode and electrolyte. In the
same way, carbon dots can improve the wettability between this interface region.
Therefore, the charge-transfer and ion migration kinetics were improved, facilitating
electrolyte ion transport and storage in the porous electrode (Figure 2.9a). Xiang Zhang
and co-workers synthesized graphene oxide/carbon dots/polypyrrole composite,
exhibiting a high specific capacitance of 576 F gt at 0.5 A g™ [91]. Also, Tingkai Zhao
and co-workers reported that carbon dots can act as pseudo-capacitive materials. They
promoted the redox reaction (Figure 2.9b), resulting in enhancing the electrochemical

performance of the electrode [92].
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Figure 2.9 (a) Photographs of the composite membrane and the water droplet shape on
the membrane at 0, 5, 10 and 20 s. (b) Cyclic voltammograms of graphene
quantum dots and carbon quantum dots compared against bare basal-plane
pyrolytic graphite (BPPG) in 10 mM potassium ferro/ferricyanide.
Adapted from -Carbon Quantum Dot-Induced MnO2 Nanowire Formation
and Construction of a Binder-Free Flexible Membrane with Excellent
Superhydrophilicity and Enhanced Supercapacitor Performance, - by H. Lv,
X. Gao, Q. Xu, H. Liu, Y.-G. Wang, Y. Xia, 2017, ACS Applied Materials
& Interfaces. Copyright 2017 by ACS publications.

2.6.2 Zinc oxide nanoparticles
Various metal oxides, such as ruthenium oxide (RuO.), nickel oxide
(NiO2), and manganese oxide (MnO3), have been widely used as composite electrode

materials for supercapacitors. For example, M. Ramani and co-workers fabricated the
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RuO--carbon composite electrode showing a maximum capacitance of 260 F g [93].
Even though these metal oxide-based electrodes provide high specific capacitance and
good electrochemical properties, their cost and toxicity are too high when compared to
other inexpensive and less toxic metal oxides; thus, limiting their commercial
applications. On the other hand, a low-cost, environmental-friendly zinc oxide (ZnQO)
is widely utilized as catalyst [94], UV absorber [95], in solar cells [96] and batteries
[97], etc. This is due to its excellent properties such as wide bandgap, high stability,
good electrical properties, and ease of synthesis of ZnO [98]. Moreover, ZnO could be
a promising candidate for supercapacitors due to its large surface area and pseudo-
capacitance via Faradaic redox reaction for charge/discharge process. For example,
Faheem Ahmed and co-workers fabricated ZnO nanorods directly grown on aluminum
substrate for high performance supercapacitors [99]. It was fabricated via two steps.
First, a seed layer was deposited on aluminium substrate with spin coating technique
using ZnO solution. Then, ZnO nanorods grew on the substrate via wet chemical
method in the next step (Figure 2.10a). The fabricated electrode provided a high specific
capacitance of 394 F g measured with scan rate of 20 mV s? (Figure 2.10b) and
showed excellent stability more than 98% capacitance retention for 1000 cycles. In
addition, there are many techniques, such as sol-gel method [100], hydrothermal
treatment [101], and microwave-assisted synthesis [102], can be used to prepare ZnO
in various morphologies, such as nanorods [103], nanocones [104], nanowires [104],
and nanoparticles [103]. Among these techniques, the sol-gel method is interesting
because it is inexpensive and easy to control the formation of ZnO nanoparticles [105].
However, ZnO-based supercapacitors remain limited by their low rate capacitance
because of a slow faradic reaction and low electron transportability at high current [106,
107].
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Figure 2.10 (a) A schematic diagram for the growth of ZnO nanorods on Al substrate.
(b) CV of ZnO nanorods electrode at various scan rates with 2M KOH

electrolyte. Adapted from -Significant increase in current density of
inverted polymer solar cells by induced-crystallization of sol-gel ZnO
embedded with ZnO-NP, - by Jen-Hao Tsai, Ming-Chia Tsai, Cheng-Ying
Sung, Ping-Tsung, 2020, Organic Electronics, 86. Copyright 2020 by

Elsevier.

To improve the electrochemical performance, the fabrication of
composite electrodes between ZnO nanoparticles and other materials can

synergistically offer positive results to supercapacitors.

2.7 Gamma irradiation

Gamma irradiation is a form of electromagnetic radiation which emits
photons from excited nuclei. The emitted photons provide high energy and short
wavelength in the electromagnetic radiation spectrum. Due to its high energy, gamma
irradiation has been used in a variety of applications, such as radiotherapy, sterilization,
microbial decontamination, and material modification[108]. Many phenomena,
including structural modifications, bond breaking, free radical formation, cross-linking,
and chain scission, occur when gamma rays interact with the materials [109]. S.
Jovanovic and co-workers reported that the irradiation dose of gamma rays affected the
structure of graphene quantum dots and one of the interesting results was an improved
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singlet oxygen generation and photostability [110]. Ludovic F. Dumée and co-workers
converted graphene oxide to reduced-graphene oxide by gamma-ray irradiation, they
proposed that electrons from ionization can excited or ionized other atoms and oxygen
functionalities were removed from the surface of graphene oxide upon exposure to
gamma-ray irradiation [111]. In another study, gamma irradiation in the presence of
isopropyl alcohol and EDA was employed for the preparation of nitrogen-doped
graphene quantum dots (Figure 2.11) [112]. It was observed that the percentage of
carbon atoms increased from 63% to more than 79%. Additionally, the zeta potential
of the obtained graphene quantum dots changed from -34.6 to +9.1 mV, owing to the
modification of functional groups localized on the surface, resulting in increased
photoluminescence intensity. Moreover, it was also revealed that the gamma-irradiated
graphene quantum dots emitted mostly blue light, compared to graphene quantum dots
without gamma irradiation which emitted violet to blue and evergreen light. Blue
photoluminescence of gamma-irradiated graphene quantum dots resulted from sp? core,
while green photoluminescence originated from the functional groups [113, 114].
Based on these previous studies, the gamma irradiation can effectively modify the
carbon-based materials that can potentially benefit the supercapacitor performance and

thus needs further investigation.
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Figure 2.11 A schematic diagram for gamma irradiation of graphene quantum dots with
ethylenediamine to enhance their quantum yield. Adapted from “Gamma
irradiation of graphene quantum dots with ethylenediamine: Antioxidant
for ion sensing,” by S. Jovanovié, S. Dorontié, D. Jovanovi¢, G. Ciasca, M.
Budimir, A. Bonasera, M. Scopelliti, O. Markovi¢, B. Todorovi¢
Markovi¢, 2020, Ceramics International. Copyright 2020 by Elsevier.
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Gamma-irradiated CDs have been applied in various applications, such as
photocatalysts [108], sensors [112], medical treatment [115], and biological imaging
[116]. However, they have never been employed for supercapacitors. Therefore, the
goal of this research is to fabricate novel composite electrodes that consist of gamma-
irradiated CDs and ZnO nanoparticles for supercapacitors and to investigate and

improve their supercapacitive properties.
2.8 The raw materials used in thesis research

2.8.1 Polyurethane

Polyurethane is a thermoset polymer composed of urethane links in
their repeat unit (Figure 2.12). It was first synthesized in 1937 by Otto Bayer in
Germany [117]. Because of its availability, excellent mechanical properties, ability to
make foam and eco-friendly nature [118], it is widely used in a range of consumer
products from apparels to furniture, textiles, automotive, and biomedical applications
[119, 120]. Polyurethane is one of the most versatile polymer materials being a part of
daily life, and therefore tons of polyurethane become wastes [121]. Therefore,
converting polyurethane into scientifically useful carbon dots provides interesting
recycling incentives. Since polyurethane is a carbon-based material, it can act as the
precursor for the preparation of activated carbon and carbon dots. Furthermore,
polyurethane consists of nitrogen, the resulting carbon dots will be highly doped with
nitrogen. Nitrogen doping is well known to enhance their quantum efficiency, metal
ion chelating ability, and electronic properties [122]. The resulting activated carbon and

carbon dots will be used in metal ion sensing and energy storage applications.

Ay

Polyurethane

Figure 2.12 Chemical structure of polyurethane.
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2.8.2 Natural rubber

Natural biopolymers (Figure 2.13), such as polysaccharides, proteins,
and nucleic acids, are beneficial for multifaceted applications because they are
renewable, low cost, non-toxic, and highly biodegradable [123]. Natural rubber is one
of natural biopolymer obtained from the H. Brasiliensis tree [124]. It consists of water
(50-70% wi/w), cis-1,4-polyisoprene (25-35% wi/w), protein (1-1.8% wiw),
carbohydrates (1-2% wi/w), etc.[125, 126] Thus, it is a carbon-rich material which is a
suitable precursor for the preparation of carbon dots. Natural rubber is used more than
90% in the rubber industry (tires, belts, joints, etc.) [124]. Thailand is the world’s largest
producer and exporter of natural rubber due to its origination in Thailand during the
early 1900s. In recent years, the price of natural rubber has fallen since the rubber
industry has been shifting toward using synthetic rubber instead. Thus, the demand for
natural rubber was decreased. The transformation of natural rubber to useful carbon
dots is one way to increase the value of this resource. The carbon dots prepared from

natural rubber will be used in metal ions sensing.
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Figure 2.13 Chemical structure of natural rubber.
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CHAPTER 3
RESEARCH METHODOLOGY

3.1 Materials and chemicals

Polyurethane foam was purchased from Uratex, Philippines and natural
rubber was obtained from the Thai local market. All chemicals were purchased from
Sigma-Aldrich unless otherwise noted. Sulfuric acid (96 wt%) and nitric acid (65%)
were obtained from CARLO ERBA Reagents. All reagents were used without further
purification. A high-grade regenerated cellulose dialysis membrane (1,000 MWCO)
was brought from Membrane Filtration Product, Inc. Deionized (DI) water (15 MQ)

was used to prepare solutions in all experiments .
3.2 Methods and preparation
This thesis is divided into three parts based on two different raw materials

and two applications (Figure 3.1). The methods and preparation steps of each part are

shown as follows.

» Polyurethane

Ploymers || Natural rubber

Synthesis

v
Carbon dots (CDs) |

Characterization and applications | Gamma irradiation
<— Zinc oxide

\ 4 \ 4
Metal ion sensing | Supercapacitors l

Figure 3.1 Schematic representation of three parts in this thesis research.
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3.2.1 Synthesis and applications
3.2.1.1 Polyurethane
(1) Preparation of carbon dots for metal ion sensing

Small pieces of polyurethane (5.00 g) were mixed with 2.5 M
sulfuric acid solution (50 mL) in a porcelain crucible and pyrolyzed at 250 °C for 4 h.
After the reaction, a black solid was cooled to room temperature to which DI water (50
mL) was added. The resulting mixture was placed in an ultrasonic bath for 30 min to
ensure the transfer of carbon dots from the surface of the carbonized polyurethane to
the DI water. The mixture was filtered to obtain carbon dots in the resulting solution.
Carbon dots solution was then neutralized with sodium hydroxide and dialysis for 4
days. Finally, it was freeze-dried for 24 h to obtain the carbon dots powder for further
use. The preparation step is shown as follows (Figure 3.2).

I Polyurethane l

Pyrolysis, H,SO,, 250°C, 4 h

) 4
I Dark brown solutionl

Filltration, dialysis, and freeze-drying

\ 4
| Carbon dots (CDs) l

Figure 3.2 The preparation step of carbon dots from polyurethane for metal ion

sensing.

(2) Preparation of the gamma-irradiated, amine-passivated

carbon dots and zinc oxide (ZnO) nanoparticles for supercapacitor application
To prepare the gamma-irradiated, amine-passivated carbon
dots in this application, the obtained carbon dots (0.1 g) were mixed with 4 mL EDA,
3 mL isopropyl alcohol, and 93 mL DI water. Before irradiation, the prepared solution
was ultrasonicated while bubbling with N2 gas to remove oxygen molecules from the

dispersion. The prepared solution was irradiated using an irradiation unit with Co-60 as
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an irradiation source with a dosage of 50 and 200 kGy. After irradiation, the obtained
solution was then added with sodium hydroxide, dialyzed, and freeze-dried for 24 h to
obtain the gamma-irradiated, amine-passivated carbon dots powder. The obtained
powders irradiated with a dose of 50 and 200 kGy in the presence of EDA were labeled
CDs-EDA-50 and CDs-EDA-200, respectively. In case of no EDA adding, carbon dots
(0.1 g) were mixed with 3 mL isopropyl alcohol and 97 mL deionized water. The
remaining experimental procedure was the same as previously mentioned. The gamma-
irradiated powders with a dose of 50 and 200 kGy were denoted as CDs-50 and CDs-
200, respectively.

Polyurethane l

Pyrolysis, H,SO,, 250°C, 4 h

v
I Dark brown solutionl

Filltration, dialysis, and freeze-drying

\4
| Carbon dots (CDs) I

Gamma irradiation Gamma irradiation at 50
at 50 and 200 kGy and 200 kGy with EDA
v \ 4

I Gamma irradiated-CDs l

<4— Zinc oxide |<4— Zinc oxide €4— Zinc oxide

\4 A\ 4

| ZnO-CDs' ZnO-CDs-50 Zn0O-CDs-EDA-50
and ZnO-CDs-200 and ZnO-CDs-EDA-200

Figure 3.3 The preparation of the electrode for supercapacitor application.

Zinc oxide (ZnO) nanoparticles for supercapacitor application
were synthesized using sol-gel method. Zinc acetate dihydrate (Zn(CH3COO)2-2H20)
(20 g) was dissolved in 150 mL DI water and stirred for 20 min at room temperature to
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form a homogeneous zinc acetate solution. Sodium hydroxide (80 g) was dissolved in
80 mL DI water and stirred for 20 min at room temperature. The prepared zinc acetate
and sodium hydroxide solutions were then mixed. After mixing, 100 mL ethanol was
added dropwise into the mixture with vigorous stirring for 90 min to obtain a gel-like
product. After stirring was stopped, a white precipitate formed. The precipitate was
filtered and washed with deionized water and absolute ethanol several times and then
dried at 80°C for 4 h. The obtained powder was calcined at 400 °C for 2 h in a furnace.
Finally, ZnO nanoparticles were obtained. The chemical reactions for the formation of

ZnO nanoparticles are shown in Equation 1 and 2.

Zn(CH3COO0), + 2NaOH —2—» Zn(OH), + 2NaCH3COO (1)
Zn(OH)2 —» Zn0O + H20 2

(2) Selectivity and interference tests for metal ion sensing
Metal ion solutions (100 uM), including K* (KNO3), Mg?*
(MgCly), Sn?* (SnCly), Zn?* (ZnCl,), Ag* (AgNO3), Ca?* (Ca(NOs)2), Co?* (CoCly),
Cd?* (Cd(NO3)2), Cu?* (Cu(NO3)2), Ni** (Ni(NO3)2), Fe** (FeCls), and Cr* (K2Cr,07)
were prepared for selectivity testing. Each of metal ion solution (2 mL) and carbon dot
solution (2 mL, 0.05 g-L™Y) were mixed and transferred to a quartz cuvette. The
fluorescence emission spectra of these mixtures were recorded and the most strongly
quenched of metal ion was further examined to determine limit of detection (LOD).
To further confirm the Ni?* selectivity of the carbon dots in the
presence of other metal ions as interferences, the carbon dot solution (2 ml, 0.05 gL™?)
was mixed with Ni?* solution (1 ml, 100 uM) and interference solution (1 ml, 100 pM).
The fluorescence emission spectra of all samples and carbon dots solution without
adding the interferences were then recorded.
(3) Sensitivity test for metal ion sensing
The sensitivity of the carbon dots was tested using Ni?*
solution mixed with the carbon dot solution in different volume ratios to prepare
mixtures with various concentrations ranging between 0 to 250 pM of Ni?*. The
fluorescence emission intensities of all samples were then recorded. The LOD was

calculated using Equation 3:
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3 X standard deviation
LOD = 3)
slope

(4) Spiking experiment in DI water and drinking water

Three types of drinking water were obtained to determine the
accuracy of carbon dots for Ni%* analysis using fluorescence spectroscopy and the
inductively coupled plasma-optical emission spectrometry (ICP-OES) as a reference
method. The carbon dot solutions (4 mL, 0.05 g-L™!) were prepared using the drinking
water samples and spiked with Ni?* (5 pM). The fluorescence emission intensities of
prepared samples were recorded and compared with the results from the ICP-OES
method. The recovery and relative standard deviation (RSD) as a percentage were
calculated by Equation 4 and 5:

Concentration of Ni2*found (florescence spectrosco
: ( p DY) % 100 4)
Concentration of Mg2+*found (ICP—OES)

()

%Recovery =

SD

(5) Paper-based sensor

Whatman No.1 filter papers were cut into 2x2 cm? as solid-
state fluorescent sensors. The small papers were immersed in the carbon dot solution
(0.05 g-L ™) and dried at 60 °C for 1 h to obtain the paper-based sensors. The solutions
of metal ion (20 pL), K*(KNOs), Mg?*(MgClz), Sn*(SnCly), Zn?*(ZnCl,), Ag"
(AgNO3), Ca?"(Ca(NOs)), Co?>" (CoCly), Cd**(Cd(NOs)), Cu?*(Cu(NOs)),
Ni?*(Ni(NOs)2), Fe**(FeCls), and Cr®* (K,Cr.0y) ions, were dropped onto the obtained
paper-based sensors and dried at 60 °C for 1 h. After drying, they were illuminated
under a UV light and were taken for pictures using an iPhone camera.

To study the sensitivity of the obtained paper-based sensors,
they were dropped with various concentrations of Ni?* ranging from 0 to 250 uM and
were taken for pictures to extract red-green-blue (RGB) values. The sum of RGB values
was calculated using Equation 6:

Sum RGB values = Red + Green + Blue (6)
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(6) Supercapacitor preparation
To fabricate the composite electrode, the obtained ZnO
nanoparticles were mixed with carbon black and poly(vinylidene fluoride) as a binder
in a ratio of 80:15:5% w/w in N-methyl-2-pyrrolidone as a solvent to form a slurry
solution. The slurry solution was coated on carbon paper as a current corrector and then
dried at 80° C in the oven for 2 h to obtain the electrode. To investigate the effects of
gamma-irradiated CDs on the electrochemical performance, CDs-50, CDs-200, CDs-
EDA-50, and CDs-EDA-200 (5% w/w each) were added, which were denoted as ZnO-
CDs-50, ZnO-CDs-200, ZnO-CDs-EDA-50, and ZnO-CDs-EDA-200, respectively.
The addition of unmodified CDs (5% wi/w) in the electrode was used as a control
sample, which was denoted as ZnO-CDs.
3.2.1.2 Natural rubber
(1) Preparation of carbon dots for metal ion sensing
High-ammonia natural rubber latex (60% DRC, 15 mL) was
mixed with DI water (15 mL) in a porcelain crucible. Then, the mixture was placed into
a furnace and pyrolyzed at 350°C for 6 h. After pyrolysis, the resulting black solid was
allowed to cool to room temperature, mixed with 0.5 M nitric acid, transferred to Teflon
lined autoclave, and kept in the furnace at 200°C for 6 h. After the termination of the
reaction time, the resulting dark brown solution was cooled to room temperature, mixed
with deionized water (50 mL), and then placed in an ultrasonic bath for 30 min to ensure
the transfer of carbon dots from the surface of the carbonized natural rubber to the
deionized water. The solution was filtered, neutralized, and purified using a dialysis
membrane (1000 Da MWCO) for 4 days. Then, the resulting solution was stored and
freeze-dried for 24 h to obtain carbon dots powder for further use.
(2) Selectivity and interference tests for metal ion sensing
Metal ion solutions (100 uM), including K* (KNQOs), Mg?*
(MgCly), Sn?* (SnCl,), Zn?* (ZnCl,), Ag* (AgNO3), Ca?* (Ca(NOs)2), Cd?* (Cd(NO3)2),
Cu?* (Cu(NOs3)2), Ni?* (Ni(NOs)2), Fe**(FeCls) and Crb* (K2Cr.07) were prepared for
selectivity testing. Each of metal ion solution (2 mL) and carbon dot solution (2 mL,
0.05 g-L't) were mixed and transferred to a quartz cuvette. The fluorescence emission
spectra of these mixtures were recorded and the most strongly quenched of metal ion

was further examined to determine limit of detection (LOD).
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To further confirm the Mg?* selectivity of the carbon dots in
the presence of other metal ions as interferences, the carbon dot solution (3 ml, 0.05 gL~
1y was mixed with Mg?* solution (1 ml, 100 uM) and interference solution (1 ml, 100
H1M). The fluorescence emission spectra of all samples and carbon dots solution without
adding the interferences were then recorded as above.

(3) Sensitivity test for metal ion sensing

The sensitivity of the carbon dots was tested using Mg?
solution mixed with the carbon dot solution in different volume ratios to prepare
mixtures with various concentrations ranging between 0 to 250 uM of Mg?*. The
fluorescence emission intensities of all samples were then recorded. The LOD was
calculated using Equation 3.

(4) Spiking experiment in DI water and drinking water

Three types of drinking water were obtained to determine the
accuracy of carbon dots for Mg?* analysis using fluorescence spectroscopy and the
inductively coupled plasma-optical emission spectrometry (ICP-OES) as a reference
method. The carbon dot solutions (2 mL, 0.05 g-L™!) were prepared using the drinking
water samples and spiked with Mg?* (5 uM). The fluorescence emission intensities of
prepared samples were recorded and compared with the results from the ICP-OES
method. The recovery and relative standard deviation (RSD) as a percentage were
calculated by Equations 4 and 5.

(5) Paper-based sensor

Whatman No.1 filter papers were cut into 2x2 cm? as solid-
state fluorescent sensors. The small papers were immersed in the carbon dot solution
(0.05 g-L ™) and dried at 80 °C for 1 h to obtain the paper-based sensors. The solutions
of metal ion (20 pL), K*(KNOs), Mg?*(MgClz), Sn**(SnCly), Zn?*(ZnCl,), Ag"
(AgNOQ3), Ca?*(Ca(NOs)2), Cd*(Cd(NOs)2), Cu?*(Cu(NOs)2), Ni#*(Ni(NO3)),
Fe3*(FeCls), and Cr®* (K,Cr,07) ions, were dropped onto the obtained paper-based
sensors and dried at 80 °C for 1 h. After drying, they were illuminated under a UV light
and were taken for pictures using an iPhone camera.

To study the sensitivity of the obtained paper-based sensors,

they were dropped with various concentrations of Mg?* ranging from 0 to 200 uM and
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were taken for pictures to extract red-green-blue (RGB) values. The sum of RGB values

was calculated using Equation 6.

3.3 Characterizations

3.3.1 The functional groups on the surface and elemental components

of carbon dots
The functional groups on the surface and elemental components of
carbon dots were characterized using a Perkin Elmer FT-IR spectrometer (Spectrum
2000) and KBr pellets and X-ray photoelectron spectrometer (XPS; AXIS ULTRAPLP,
Kratosanalytical, Manchester UK.).
3.3.2 The morphology and particle sizes
The morphology and particle sizes were determined using a
transmission electron microscope (JEOL JEM-2100) .The accelerating voltage was 200
kV.
3.3.3 The optical properties and quantum yields of carbon dots
The optical properties and quantum yields of carbon dots were
measured using a UV-vis spectrophotometer (Shimadzu, UV-1700 PharmaSpec) and
fluorescence spectrometer (Jasco, FP-6200).
3.3.4 The morphology and structure of ZnO nanopatrticles
The morphology and structure of ZnO nanoparticles were
characterized by a scanning electron microscope (JEOL, JEM-2010) and an X-ray
diffractometer (XRD; Rigaku, SmartLab).

3.3.5 Quantum yield measurement

The relative quantum yield of carbon dots was measured with

quinine sulfate as a reference, using Equation 7:

I Ag

2
n
<i5=<I5R><E><7><—}2a (7)
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where ¢ is the quantum vyield, I is the integrated emission intensity measured using a
fluorescence spectrometer, n is the refractive index, A is the absorbance measured using
a UV-vis spectrometer, and the subscript R relates to the reference, which is quinine
sulfate in 0.1 M sulfuric acid solution (¢r = 54% at 360 nm).
3.3.6 The geometric information

The geometric information about interatomic distances, coordination
numbers of shells surrounding the absorbing atom, and cation site distribution within
the spinel structure was studied using extended X-ray absorption fine structure
(EXAFS). Moreover, X-ray absorption near edge structure (XANES) allows obtaining
information on the oxidation states of the absorbing atoms and on-site symmetry.

3.3.7 Supercapacitor characterization

Electrochemical cells in three- and two-electrode configurations were
employed for electrochemical characterization using a potentiostat/galvanostat
(nAutolab, PGSTAT204). In the three-electrode system, a Pt counter electrode (CE),
an Ag/AgCl reference electrode (RE), and the prepared electrode as a working electrode
(WE) were used for the electrochemical response measurement using cyclic
voltammetry (CV) at the various scan rates for 3 cycles and electrochemical impedance
spectroscopy (EIS) which was conducted in a frequency range between 100 kHz and
100 mHz with an amplitude of 10 mV. The two-electrode configuration containing a
pair of symmetric prepared electrodes was used for galvanic charge-discharge (GCD)
assay at the various current densities. A Swagelok cell was used to measure the
cyclability using carbon paper and Whatman filter paper with a diameter of 1 cm as a
current collector and separator, respectively.

The specific capacitance (Cs, F gt) was derived from the cyclic

voltammogram and calculated by applying the following expression (Equation 8):

Cs (F.gY) = —— ®)

V Xm

where | (A) is the current applied to the device, t (s) is the discharge time, V (V) is the

window voltage, and m (g) is mass of active materials.

Moreover, contact angle analysis of the obtained electrodes were
conducted using a Biolin Scientific contact angle meter and electrolyte droplet (1 pL).
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Highly sensitive Ni%* sensors based on polyurethane-derived, label-free carbon

dots with high adsorption capacity

4.1.1 Characterizations
4.1.1.1 Size and morphology characterization

The particle size and morphology of carbon dots were
characterized using TEM. As shown in Figures 19a and b, the carbon dots were mostly
spherical with an average diameter of approximately 4 nm. The agglomeration was due
to the highly hydrophilic nature of carbon dots. The inset in Figure 4.1a shows the layer
spacing of a representative carbon dot to be 0.3 nm. The zeta potential of carbon dots
was -12.0 mV, which corresponds to the agglomeration of particles of carbon dots,

consistent with the TEM result.
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Figure 4.1 (a) TEM images with inset figure showing the layer spacing of a

representative carbon dot. (b) Size distribution of carbon dots.
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4.1.1.2 Structural characterization

To analyze the structure of the prepared carbon dots, FT-IR
spectroscopy was used. The FT-IR spectra of polyurethane and carbon dots were
obtained (Figure 4.2a). The polyurethane spectrum showed the presence of O-H/N-H,
C-H, C=0, C=C, and C-O stretching vibrations at 3280, 2900, 1720, 1600, and 1120
cm?, respectively[127, 128]. The carbon dots showed a similar O-H/N-H signal and
the appearance of C-S vibration at 619 cm™, but weaker C-H, C=C, and C=0 vibrations
and a much stronger C-O vibration. This change suggests that the carbon dots contained
the dominant O-H/N-H, C-O, and C-S bonds. The carbon dots were sulfur-doped
because of the use of sulfuric acid as a reagent. The presence of these groups suggests
the hydrophilicity of carbon dots as the carbon dots were indeed highly soluble in water.

The carbon dots were then characterized using XPS. The
survey XPS spectrum showed four relevant signals of Ogs, N1s, C1s, and Spp at 532.1,
399.1, 285.1, and 169.1 eV, respectively (Figure 4.2b). The carbon dots were mainly
composed of carbon (57.61%), oxygen (32.44%), nitrogen (7.38%), and sulfur (2.57%).
The high concentration of nitrogen was as expected because polyurethane consists of
two nitrogen atoms per one repeating unit and sulfur came from the use of sulfuric acid.
The high-resolution Cyssignal can be deconvoluted into four peaks, which correspond
to C=C, C-C, C-N, and C-O (Figure 4.2c). The high resolution N1s spectrum showed
the presence of graphitic-N, C-N, and N-H (Figure 4.2d) whereas the high resolution
Oqs spectrum revealed the C=0, O=C-N, C-O-C, and -COOH groups (Figure 4.2e). A
combination of FT-IR and XPS results suggests that the carbon dots consisted of
carboxyl, amide/amine, hydroxyl, and carbonyl groups and were nitrogen- and sulfur-
doped.
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Figure 4.2 (a) FT-IR spectrum of polyurethane and carbon dots. (b) Survey XPS

spectrum of carbon dots, (c) Cus, (d) N1s, and (e) O1s spectra of carbon dots.

4.1.1.3 Optical characterization

Optical properties of carbon dots were investigated using UV-
vis and fluorescence spectroscopy. From the UV-vis spectrum, the carbon dots
exhibited a broad absorption similar to other previously reported carbon dots [129-131]
(Figure 4.3a). A peak at around 250 nm was caused by n-n* transition of the aromatic
sp? carbon in the carbon dots [132]. This peak is attributed to the unsaturated carbon
atoms in the carbon dots, similarly identified from the FT-IR and XPS spectra. Another
peak at about 300 nm is attributed to n-z* transition. The fluorescence emission of
carbon dots was characterized using fluorescence spectroscopy .Maximum
fluorescence emission of carbon dots was observed at 492 nm when using an excitation
wavelength of 380 nm (Figure 4.3b). The inset in Figure 4.3b shows photographs of the
carbon dot solutions under visible light and 365-nm UV light. The carbon dot solution
under UV irradiation exhibited the blue color emission. The quantum yield of the

carbon dots is 24%, which is relatively high compared to the carbon dots synthesized
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from other synthetic polymers (Table 4.1). This is a result of high doping of nitrogen
and sulfur atoms of carbon dots [133, 134]. The position of the emission peak remains
unchanged when the excitation wavelength was increased from 300-400 nm,
demonstrating an excitation-independent emission. This excitation-independent
photoluminescence behavior suggests homogenous surface states of carbon dots due to
the use of pure polyurethane as a pure precursor [135]. Additionally, the excitation-
independent behavior is often observed in highly nitrogen -and sulfur-doped carbon
dots and the use of pure chemical precursors [135-137]. This behavior represented well-
defined carbon dots, demonstrating control over their structures and properties.

It is well known that the optical properties of carbon dots are
governed by the surface states and the environment in which they are in. In this
experiment, the fluorescence emission of carbon dots was investigated in solutions with
pH values ranging from 1.0 to 13.0. It was found that the fluorescence intensity
decreased by about 30-55% in strong acidic and basic conditions in which the acidic
conditions caused a slightly larger reduction than the basic conditions (Figure 4.3c). A
pH of 9 yielded the highest fluorescence emission. This pH dependence is a result of
protonation and deprotonation of the carbon dots, leading to modulation of the emissive
sites as also found in carbon dots prepared from, for example, k-carrageenan and phenyl
boronic acid [138], cherry blossom flowers[139], and water hyacinth leaves [140]. The
photostability of carbon dots for a period of time was next examined. It was found that
the fluorescence emission intensity remained nearly the same for at least 6 weeks
(Figure 4.3d). Based on these results, the carbon dots did not photobleach and are

therefore the proper fluorophores for applications that require long-term photostability.
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Figure 4.3 (a) UV-vis absorption spectrum, (b) fluorescence emission spectra of carbon
dots with inset photographs of carbon dot solutions under visible light (left)
and UV light (365 nm) (right). (c) Fluorescence intensities of carbon dots
in solutions with different pH, and (d) photostability of carbon dots in

aqueous solutions.

Table 4.1

Quantum vyields of synthetic polymer-derived carbon dots

Precursor Quantum vyield (%) Reference
Polyethyleneimine 0.7 [141]
Polyethylene glycol 7.8 [142]
Polystyrene 13.0 [143]
Polyvinylpyrrolidone 23.6 [144]
Crosslinking 44.2 [145]

polyacrylic acid and
ethylenediamine

Polyurethane 24.0 This work
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4.1.2 Ni?* ion sensing
4.1.2.1 Selectivity and interference tests for Ni?* ion sensing

Carbon dots are known as excellent chelating ligands for
complexation with metal ions, making them appropriate for use as metal ion sensors.
Firstly, we characterized the selectivity of the carbon dots by measuring their
fluorescence intensity in the presence of K*, Mg?*, Sn?", Zn?*, Ag*, Ca?*, Co?*, Cd?",
Cu?*, Ni?*, Fe®", and Cr®". These metal ions were chosen because they are abundant
and ubiquitous. Figure 4.4a and b demonstrate that the fluorescence intensities were not
significantly altered by any metal ions except Ni?*. Ni?* could quench the fluorescence
intensity of carbon dots by almost 70% compared to other tested metal ions. This
indicates that the carbon dots were selective to Ni%*.

The selectivity of carbon dots towards Ni?* was further
investigated via interference experiment. This experiment was carried out by measuring
the fluorescence emission of the carbon dots in the presence of Ni?* and other metal
interferences, including Ag*, Ca®*, Cd?*, Cu?*, Mg?*, Sn?*, Zn?*, Co?*, Cr®*, Fe**, and
K*. As shown in Figure 4.4c, it was found that the fluorescence emission of carbon dots
in the presence of Ni?* was nearly unchanged even in the presence of the interferences.
This confirmed that carbon dots remained selective towards Ni%*, even when

interferences were present.
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Figure 4.4 (a) Relative fluorescence emission intensities and (b) fluorescence spectra
of carbon dots upon the addition of metal ions. (c) Fluorescence emission
intensities of carbon dots after the addition of Ni?* and other metals as

interferences.
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4.1.2.2 Sensitivity test for Ni%* ion sensing

The fluorescence quenching dependence on Ni?* concentration
was further investigated using eight concentrations ranging from 0 to 250 uM. We
found that the fluorescence intensity of carbon dots decreased with increasing Ni?*
concentration. The limit of detection (LOD) calculated using 3c/slope method was 3.14
MM, which was calculated using the standard deviation of 10 measurements (Figure
4.5). This is about 300 times better than the LOD of the carbon dots reported by Y.
Gong et al.[146] (Table 4.2). Although some other sensors produced better LODs
and/or linear ranges. Our carbon dots are much simpler to prepare via a one-step
pyrolysis than the previously reported materials, e.g. hydrazone derivative [147],
pyrimidine ligand[148], imprinted polymers [149], and functionalized silver
nanoparticles [150-152]. It is noteworthy to point out that in our previous work the
carbon dots were prepared from polyurethane, which were found to be selective to Ag*
[132]. The differences between our previous work and this present work are in the
amount of polyurethane and reaction conditions used in the synthesis. The amount of
polyurethane per acid volume and temperature were higher, but the H2SOs
concentration was lower in this work as compared to the previous study. Indeed, the
carbon dots in this work contained higher nitrogen and less sulfur contents than the
carbon dots in the previous study as consistent with the less polyurethane amount,
H2>SO4 concentration, and temperature. Despite the same precursor, this indicates that
the properties and compositions of carbon dots are highly controlled by synthesis

conditions, which in turn governs the selectivity of carbon dots towards metal ions.
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Figure 4.5 Plot of fluorescence emission intensities with inset figure showing a plot

between fluorescence emission intensities and Ni%* concentrations in the

linear range.

Table 4.2

Summary of Ni%* sensors

Materials Linear range (UM) LOD (uM) Ref
Hydrazone derivative immobilized 5x10%-20.4 1x10* [153]
on the triacetyl cellulose
membrane
Pyrimidine ligand-coated graphite 0.02-100,000 8x1073 [154]
electrode
Ni2* ion-imprinted polymer 10-100,000 5 [156]
Glutathione-stabilized silver 1-100 75 [157]
nanoparticles
Citrate-stabilized silver 700-1,600 750 [158]
nanoparticles
Imidazole-functionalized carbon 6,000-100,000 930 [159]
dots
Carbon dots from polyurethane 0-150 3.14 This work
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4.1.2.3 The response time for Ni?* ion sensing

To evaluate the response time of the carbon dots, the
fluorescence emission intensity of carbon dots with metal ions was measured as a
function of time. The measurement was recorded every 50 seconds, the minimum time
required for each spectrum scan. Again, only Ni%* caused the fluorescence quenching
immediately after the first measurement. The fluorescence intensity showed no
decrease after 50 seconds for all other metal ions (Figure 4.6a). More importantly, the
fluorescence intensity of carbon dots in the presence of Ni?* remained constant,
indicating the fluorescence quenching was complete within 50 seconds. This
experiment thus confirmed rapid and selective detection of Ni?* by the carbon dots.
The fluorescence emission intensities of the carbon dots with five concentrations of
Ni?* ranging from 100 to 500 pM were further investigated. Similarly, all five
concentrations of Ni?* could quench the fluorescence emission intensities of carbon
dots within 50 seconds before levelling (Figure 4.6b). This indicates a rapid detection
of Ni?* by carbon dots that can be obtained within 50 seconds or faster if a faster
spectrometer is used.
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Figure 4.6 (a) Time profiles of fluorescence emission of the carbon dots in the presence
of metal ions. (b) Time profiles of fluorescence emission of the carbon

dots with different concentrations of NiZ*.
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4.1.2.4 The quenching mechanism

To further determine the quenching mechanism, the UV-vis
absorbance of Ni?" solution and Ni?*/carbon dot solution were measured at 380 nm.
The linear relationship was obtained for both solutions, following the Beer-Lambert
law (Figure 4.7a). However, the slope of Ni?*-carbon dot solution, equivalent to an
absorption coefficient, differed from that of Ni?* solution, indicating that the formation
of static complexes between Ni?* and carbon dots took place [160]. The formation of
static complexes also indicates Ni?* was adsorbed on the surface of the carbon dots.
The adsorbent properties of the carbon dots can be then further investigated. The
fluorescence emission of carbon dots was decreased with increasing the concentration
of Ni?* and remained constant when the concentration exceeded 200 pM (Figure 4.5).
This result indicated that the saturation of fluorescence quenching of carbon dots by
Ni2* was at 200 uM. We used this saturation concentration to calculate the maximum
adsorption capacity of the carbon dots. The diameter of the carbon dots was
approximately 4 nm, the Ni%* surface coverage of carbon dots was calculated to be 3.63
ions/nm? (calculation in appendix A) [161], meaning that one carbon dot can adsorb
and accommodate upto 182 Ni?* ions, equivalent to 234.8 mg-g*, which is the highest
to date (Table 4.3). The high adsorption capacity is due to their small size, large surface
area, and ability to strongly bind Ni?* through hydrophilic functional groups and
heteroatoms.

To further examine the fluorescence quenching mechanism,
the UV-vis absorption of Ni?* and fluorescence emission of the carbon dots were
investigated. It was found that the UV-vis absorption spectrum of Ni?* slightly
overlapped with the fluorescence emission spectrum of carbon dots (pink area) (Figure
4.7b). Furthermore, the fluorescence excitation spectrum of the carbon dots largely
overlapped with the UV-vis absorption spectrum of Ni?* (green area), which confirms
that the sensing mechanism proceeded via inner filter effect. The UV-vis absorption of
other metal ions did not overlap with the fluorescence emission of the carbon dots
(Figure Al). This suggests that the inner filter effect also contributed to the fluorescence
quenching of carbon dots by Ni?*. It can be briefly concluded that the synergetic effects
of non-fluorescence complex formation and inner filter effect contributed to the

selective and sensitive quenching of the carbon dots towards Ni2*. To further investigate
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the inner filter effect, the optical band gaps (Eg) of carbon dots and Ni?* were estimated
from Tauc plot (Figure 4.7c and d) [162]. The Tauc plot showed that the optical band
gaps of carbon dots and Ni?* are 5.3 and 3.8 eV, respectively, which are close the
literature values [163, 164]. The larger optical band gap of carbon dots confirmed that
the emission energy after energy absorption was sufficient to be absorbed by Ni?*
(Figure 4.7e), which is in consistency with the overlapped carbon dot emission and Ni%*
absorption in Figure 4.7b. Moreover, we believed that the functional groups of carbon
dots, such as carbonyl, hydroxyl, and carboxylate groups, induced Ni?* via electrostatic

attraction leading to effective inner filter effect.
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Figure 4.7 (a) UV-vis absorption spectra of Ni?* and Ni?*-carbon dot solutions at 380
nm. (b) UV-vis absorption of Ni%* solution, fluorescence emission
spectrum of carbon dots excited at 380 nm, and fluorescence excitation
spectrum of carbon dots at 492 nm emission. Tauc plots of (c) carbon dots
and (d) Ni%*. (e) Scheme of energy level diagram describing energy transfer
processes and inner filter effect (IFE) between carbon dots and Ni?*.
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Table 4.3

Adsorption capacities of different adsorbents for Ni?* ions

Adsorbent Adsorption capacity (mg-g™?) Ref.
Palm shell activated carbon 0.130 [165]
Brewed tea waste 1.163 [166]
Activated carbon prepared from 69.49 [167]

Lapsi seed stone

Lignocellulose/montmorillonite 94.86 [168]
nanocomposite

Chitosan 159.058 [169]
Carbon dots 234.8 This work

To manifest the interaction between Ni?* and the carbon dots,
XAS was used to examine the local electronic structure of Ni?*. In particular, the
XANES spectrum can provide the valency information of the absorbing atom[170,
171]. In order to analyze the edge region, a background was carefully subtracted from
the raw data, followed by a normalization of the spectra. The resulting spectra are
shown in Figure 4.8. Comparing these two spectra immediately reveals the same fine
structure, indicating that the local structure of Ni?* was not noticeably changed.
However, the edge energy (Eo) of Ni%* solution with carbon dots is 8346.2 eV while
that of Ni(NO3), is 8347.5 eV. A decrease in Eo upon the addition of carbon dots
indicates the charge transfer to Ni?*. This indicates that the carbon dots caused a change
in electron density and electronic environment of Ni?*. Such changes justified their
interaction that led them to a close proximity and enhance the inner filter effect, and
consequently the fluorescence quenching of the carbon dots.
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Figure 4.8 Ni K-edge XANES spectra of Ni(NOs), and carbon dots/Ni?*. The inset

show a magnification at the near edge region of the spectra.

4.1.2.5 Analysis of Ni?* in real water samples

The Ni?* sensing of carbon dots in water samples was further
examined and compared with the ICP-OES method. The Ni?* solution (5 uM) was
spiked in the three types of bottled drinking water samples. The recovery was calculated
and found in a range of 95.64 to 99.22%, which is within the acceptable range (95-
105%) (Table 4.4) [172]. The relative standard deviation values ranging from 0.06 to
0.46% were regarded as excellent because they are less than 2%. [172] These results
indicate that the obtained carbon dots have a high efficiency for accurate Ni?* detection

in real samples.

Table 4.4

Percentage recovery of spiked Ni?* ions using carbon dots in water samples

Sample  Added (uM)  Found (uM)*  Found (uM)® Recovery (%) RSD (%)

DI water 5 5.00+0.24 5.04+0.16 99.21 0.09
Drinking 5 4.78+0.35 4.99+0.23 95.79 0.06
water 1
Drinking 5 4.83+0.41 5.05+0.29 95.64 0.20
water 2
Drinking 5 5.09+0.19 5.13+0.14 99.22 0.46
water 3

[a] from carbon dots/fluorescence spectroscopy. [b] from ICP.
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4.1.2.6 Paper-based sensor

A paper-based sensor was fabricated as an easy-to-use and
portable test equipment convenient for on-site testing. The carbon dots were coated on
the filter papers and various types of metal ion solutions were dropped onto the carbon
dot-loaded papers as solid-state sensors. The images show that the paper-based sensor
with Ni?* exhibited the darkest blue color whereas other metal ions gave lighter blue
color (Figure 4.9a). This suggests that the fluorescence of the paper-based sensor was
significantly quenched by Ni?*, consistent with the above results. To investigate the
sensitivity of the paper-based sensor, various Ni?* concentrations ranging from 0 to 250
UM were dropped onto the prepared paper-based sensor and the images were then taken
under UV lamp for red-green-blue (RGB) value extraction (Figure 4.9b). It was found
that the sum of RGB values decreased with increasing Ni?* concentrations. The limit of

detection was 43.3 uM, obtained from the RGB curve in the linear range (Figure 4.9c).
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Figure 4.9 Images of paper-based sensor with (a) various metal ion solutions and (b)
various concentrations of Ni?*, and (c) plot of sum of RGB values and

concentration of Ni?*.
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4.2 High-performance Mg?* sensors based on natural rubber-derived, label-free

carbon dots

4.2.1 Characterizations
4.2.1.1 Size and morphology characterization
The morphology and the particle size of the carbon dots were
characterized by transmission electron microscopy (TEM). The spherical shapes of the
carbon dots were well dispersed with diameters in the range from 1 to 4 nm and an

average size of 2.4 nm and a lattice spacing of 0.3 nm (Figure 4.10a and b).
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Figure 4.10 (a) TEM image and (b) size distribution of carbon dots.

4.2.1.2 Structural characterization

Chemical functionalities of the prepared carbon dots were first
identified via FT-IR spectroscopy and compared with those of natural rubber (Figure
4.11a). The FT-IR spectrum of natural rubber showed the signature signals of C-H
stretching, C=C stretching, CH> bending, CHs bending, =CH out-of-plane bending at
2851-2960, 1631, 1446, 1375, and 830 cm™, respectively. Other signals, O-H, C=0, O-
P-O, and C-O at 3367, 1775, 1240, and 1055 cm™, belong to other components in
natural rubber, such as moisture, proteins, phospholipids, etc [173-176]. The signals of
the prepared carbon dots located at 2969, 1587, and 1365 cm™ refer to C-H stretching,
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C=C stretching, and C-H bending, respectively. These signals demonstrated sp® and sp?

hybridization carbon in the structure. The signal at 3390, 1100 cm™, and a shoulder
peak at 1730 cm™ are assigned to O-H, C-O, and C=0 stretching. Compared to the
natural rubber, the FT-IR signals of the carbon dots are much broader and several
signals of natural rubber disappeared, indicated the successful transformation of natural
rubber to carbon dots. The presence of the O-H and C=0 stretching vibrations indicates
that the carbon dots consisted of oxygen-containing functional groups, making them
water soluble.

The elemental composition of carbon dots was next
characterized via X-ray photoelectron spectroscopy (XPS). The survey XPS spectrum
showed two relevant signals at 532.1 and 285 eV of Oys and Cys at atomic concentrations
of 70.87% and 29.13%, respectively, (Figure 4.11b). Therefore, the carbon dots were
solely composed of carbon and oxygen. The high-resolution Cis spectrum was divided
into four peaks, which refer to the signals of O-C=0, C=0, C-0O, and C-C at 289.1,
288.1, 286.5, and 285 eV, respectively (Figure 4.11c). The high-resolution O1sspectrum
exhibited the signals of O-C=0, C-O-C, C-O-H, and C=0 at 535.1, 533.7, 532.7, and
531.7 eV, respectively (Figure 4.11d). Peaks at 103.1 and 154.1 eV belonged to Sizp
and Sizs due to the use of Si substrate for the XPS sample preparation. Both FT-IR and
XPS results are in a good agreement that the carbon dots are dominated by carbon and
oxygen and consisted of O-H and C=0 groups. These polar functional groups were
believed to form during the hydrothermal step and via the use of nitric acid, which can

hydrolyze the carbon core [177].
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Figure 4.11 (a) FT-IR spectra of natural rubber and carbon dots. (b) Survey XPS
spectrum of carbon dots. (c) High resolution of Cis peaks and (d) high

resolution of O1s peaks of carbon dots.

4.2.1.3 Optical characterization

Optical properties including absorption and fluorescence
emission of carbon dots were characterized using UV-vis and fluorescence
spectroscopy. According to the UV-vis spectrum of the obtained carbon dots, it showed
a strong optical absorption peak in the UV region while the tail expanded in the visible
zone up to 400 nm. The absorption peak was observed at around 240 nm due to the 7-
m* transition of C=C conjugate hybridization in their structure. Another peak located at
about 280 nm refers to the n-z* transition of C=0 units (Figure 4.12a). In addition, the
fluorescence spectrum of the carbon dots exhibited the maximum emission peak at 414
nm for the excitation at 340 nm with a broad range between 320-600 nm. The emission
spectrum gives an evidence that the carbon dots dominantly emitted blue light (the inset
in Figure 4.12b). The position of the emission peak shifted when the excitation
wavelength was changed to longer wavelengths, demonstrating an excitation-

dependent emission (Figure 4.12b). This behavior results from different emissive sites
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on the surface of carbon dots. Because carbon dots are sensitive to pH variations in
solutions as reported in previous reports [178-180], the pH-dependent fluorescence
emission of carbon dots was studied (Figure 4.12c). The result showed that a pH of 11
yielded the highest fluorescence emission intensity while the fluorescence emission
intensity significantly decreased in strong acid and basic conditions. To investigate the
stability of the carbon dots for practical applications, the carbon dot solution was stored
under ambient conditions for 6 weeks and the emission intensity of this solution was
recorded every week. The result showed that the emission intensity did not significantly
change for 6 weeks (Figure 4.12d). This suggested that the obtained carbon dots are
suitable fluorophores for applications that require long-term photostability because they

did not photobleach for at least 6 weeks.
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Figure 4.12 (a) UV-vis absorption spectrum of carbon dots. (b) Fluorescence emission
spectra of carbon dots at various wavelengths of excitation with inset
figures of carbon dot solutions under visible light (left) and UV light
(right). (c) Fluorescence emission intensities of carbon dots with various

pH. (d) Photostability of carbon dots in solutions.
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4.2.2 Mg?* ion sensing
4.2.2.1 Selectivity and interference tests for Mg?* ion sensing

Due to the unique properties of carbon dots, especially their
selective interaction with metal ions, they can be used as metal ion sensors. To study
the potential of the carbon dots as sensors, various metal ions, including K*, Mg?*, Sn?*,
Zn?*, Ag", Ca®", Cd?", Cu?*, Ni?*, Fe**, and Cr®", were chosen to examine the selectivity
of carbon dots. The result showed that only Mg** could significantly quench the
fluorescence intensity of carbon dots by more than 80% compared to other tested metal
ions, indicating that carbon dots were highly selective to Mg?* (Figure 4.13a).

To confirm the selectivity of carbon dots, interference
experiment was then studied by measuring the fluorescence emission intensity of the
carbon dots in the presence of Mg?* and coexisting metal ions, including Fe®*, Cr®*,
Ca?", Ni?*, Cu?", Sn?*, Zn?", Ag", K*, and Cd?", as interferences. The result showed that
the fluorescence emission intensity of carbon dots still selective to Mg?* even in the
presence of the metal interferences (Figure 4.13b and c). This demonstrated high anti-
interference of carbon dots to other metal ions and confirmed the effective sensing

potential of carbon dots.
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Figure 4.13 (a) Relative fluorescence emission intensities of carbon dots with the
addition of various metal ions. (b) Fluorescence emission spectra of carbon
dots mixed with Mg?* and interferences. (c) Fluorescence emission
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4.2.2.2 Sensitivity test for Mg?* ion sensing

Their sensitivity was further studied with various
concentrations of Mg?* solution ranging from 0 to 250 uM. The result demonstrated
that the fluorescence intensity of carbon dots decreased with increasing concentration
of Mg?*. The quenching rate of carbon dots had a good linear relationship to the
concentration of Mg?" (R? = 0.9908) with a limit of detection (LOD) of 4.3 uM (Figure
4.14). The selectivity of the carbon dots towards Mg?* is believed to arise from ion-
dipole interactions between Mg?* and surface functional groups. Phenolic and oxygen
of the carbonyl groups were reported to interact strongly to Mg?* [181]. This is possible
because our carbon dots contained aromatic units and carbonyl groups as proved by the
FT-IR, XPS, and UV-vis results. Furthermore, Mg?* has a suitable size that possibly
fits the cavity between functional groups in carbon dots as the size-controlled ion
detection of the carbon dots has been observed in previous studies [182, 183].

The linear range and LOD of various Mg?* ion sensors are
summarized in Table 4.5. Our LOD is better than those from carbon paste electrode
[184] and ion-channel mimetic sensors [185]. Although the LODs from tryptophan
functionalized gold nanoparticles [186] and PVC membrane trapped chlorophyll[187]
are better than ours, our carbon dots were much cheaper and simpler to prepare and
required less fabrication steps. A report by Sadhanala et al. is the first to describe the
Mg?* sensor using carbon dots with a detection limit of 39 pM [188]. Although our
work is the second on using the carbon dots, our carbon dots are much greener because
theirs were prepared from more toxic and more expensive naphthalene-1-boronic acid
and catechol. Furthermore, our LOD is almost ten-fold better than their LOD.
Interestingly, we also fabricated the paper-based sensors as discussed later to

demonstrate the practicality.
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Summary of Mg?* ion sensors
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Materials Linear range LOD Ref.
(M) (HM)
Carbon paste electrode 1x103-10,000 5x10™ [184]
Tryptophan functionalized gold 0.1-0.45 0.2 [189]
nanoparticles
PVC membrane trapped chlorophyll 10-100,000 3.2 [187]
lon-channel mimetic sensors 100-100,000 50.12 [185]
Boron-doped carbon dots 0-300 39 [190]
Natural rubber-derived carbon dots 0-40 4.3 This
work
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Figure 4.14 Fluorescence emission intensities with inset figure showing fluorescence

intensities at various Mg?* concentrations in the linear range.

4.2.2.3 The response time for Mg?* ion sensing

The time response of the carbon dots for Mg?* detection with

various metal ions was studied. Their fluorescence emission intensities were recorded

every 50 seconds, a minimum time of each spectrum scan. The result shows that only
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the fluorescence intensity of carbon dots in the presence of Mg?* was immediately
decreased at the first scan and remained constant, showing the high response for Mg?*
detection (Figure 4.15a). This suggests that the obtained carbon dots showed the fast
and selective detection of Mg?*. Furthermore, the fluorescence emission intensities of
the carbon dots with various Mg?* concentrations ranging from 100 to 500 uM were
recorded at the same rate. As shown in Figure 4.15b, all concentrations of Mg?* could
quench the fluorescence intensities of carbon dots within 50 seconds as we have
described earlier. These results confirmed a high response of the carbon dots for the

detection of Mg?* within 50 seconds.
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Figure 4.15 (a) Time profiles of fluorescence emission of the carbon dots in the
presence of tested metal ions. (b) Time profiles of fluorescence emission

of the carbon dots with different concentrations of Mg?*.

4.2.2.4 The quenching mechanism
To determine the fluorescence quenching phenomena of
carbon dots by Mg?*, the quenching mechanism was further studied. Mg?* with and
without carbon dot solutions were recorded at 280 nm using UV-vis spectrophotometry
and exhibited the linear relationship, following the Beer-Lambert law (Figure 4.16a and
b). The slopes of both solutions, equivalent to an absorption coefficient, are similar,

indicating no formation of the complex between Mg?* and carbon dots took place [160].
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This suggests a dynamic interaction instead of a static complex formation between the

carbon dots and Mg?*.
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Figure 4.16 UV-vis absorption spectra of (a) Mg?* and (b) Mg?*-carbon dot solutions
at 280 nm.

XANES was next used for the investigation on the interaction
between carbon dots and Mg?* (Figure 4.17). The absorption edge energy (Eo) of
Mg?*/carbon dots was measured and compared with those of MgCl, and MgCOgz as the
standard samples. It was found that the Eo of Mg?*/carbon dots (1310.3 eV) is different
from that of MgCl, (1308.7 eV), indicating the difference in electron density and
electronic environment of Mg?* ions in the presence of carbon dots. Since the
Mg?*/carbon dot mixture was purified by dialysis, there were virtually no free Mg?*
ions in the solution. This confirms that the Mg?* ions in the carbon dot solution
interacted with the carbon dots, leading to a change in Eo value with respect to that of
MgClz. Furthermore, the Eo of Mg?*/carbon dots is close to that of MgCO3 (1310.3 eV),
suggesting the Mg?* ions in the presence of carbon dots might be in the oxygen-rich
environment. This finding agrees well with the FT-IR and XPS results that the carbon
dots were oxygen-rich and their oxygen-rich groups might be in a close proximity to
Mg?* ions and caused a change of electronic environment around Mg?* ions. In addition,
the absorption features of Mg?*/carbon dots around 1306 to 1354 eV is different from
those of MgCl,, implying different local environment around Mg?* ions in the presence

of carbon dots, as compared to MgCl,. These results, which also agree with the above
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UV-vis results, suggest that the carbon dots and Mg?* ions interacted dynamically and
had sufficient interactions possibly through ion-induced dipole interactions, causing a
change of emissive states and leading to the fluorescence quenching. Although there is
no enough information at this stage to specifically determine the type of interactions
between carbon dots and Mg?* ions, we can conclude that the carbon dots and Mg?*
ions possess unique interactions that can be utilized for sensing applications. Further
studies must be carried out requiring other specialized techniques, such as extended X-
ray absorption fine structure, which can give us the detailed information of the local

environment of Mg?* ions.

3.0

— Mg?*/carbon dots
—MgCO,
— MgCl,

2.5 1

2.0 1

15 4

1.0 1

0.5 1

Normalized absorption (edge fraction)

0.0 v T T T T
1280.00  1300.00  1320.00 1340.00 1360.00  1380.00

Energy (eV)

Figure 4.17 Mg K-edge XANES spectra of Mg?*/carbon dots, MgCOs, and MgCl..

4.2.2.5 Analysis of Mg?* in real water samples

The practical use of carbon dots in real water samples was next
evaluated using three types of bottled drinking water. Three types of drinking water
were used to prepare the carbon dot solution. The Mg?* solution (5 pM) was then spiked
in all samples because there was only a trace amount of Mg?* in the drinking water
samples, which is below the detection limit, and their fluorescence intensities were
recorded using fluorescence spectroscopy. The result from this method was compared
with the ICP-OES method as a reference method to calculate the percentage recovery
and the relative standard deviation values. As shown in Table 4.6, we found that the

percentage recovery was in the range of 97.21 to 99.21%, which is within the acceptable
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range (95-105%) [172]. The relative standard deviation values were excellently found
in a range between 0.26 to 0.61, which are less than 2% [172]. These results indicated
that the prepared carbon dots have high efficiency for Mg?* detection in drinking water

samples with a high accuracy.

Table 4.6

Percentage recovery and the relative standard deviation values of spiked Mg?* solution

using carbon dots in drinking water samples

Sample Added Found Found Recovery RSD
(LM) (UM)* (uM)° (%) (%)

DI water 5 5.00+£0.37  5.04+0.21 99.21 0.61
Drinking water 1 5 4.89+0.16  4.98+0.16 98.19 0.26
Drinking water 2 5 4.90+0.49 4.99+0.28 98.19 0.83
Drinking water 3 5 4.87+0.35 5.01+0.21 97.21 0.61

[a] from fluorescence spectroscopy. [b] from ICP.

4.2.2.6 Paper-based sensor

Because filter paper is cheap and easy for reagent
immobilization and on-site testing, it has been attracting attention for use as a substrate
for fluorescence-based sensing. Thus, we fabricated paper-based metal ion sensors from
the carbon dot-loaded filter papers by dropping carbon dot solution on the papers. Metal
ion solutions, including Ag*, Ca?*, Cd?*, Cu?*, Mg?", Sn?*, Zn?*, Ni?*, Cr%", Fe3*, and
K™, were dropped on the fabricated papers and they were taken under UV light using
an iPhone camera. The results show that the paper-based sensors produced light blue
images except Mg?*, showing the darkest blue (Figure 4.18a). This indicates that paper-
based sensors were significantly quenched by Mg?* which is consistent with the above
results. Moreover, the sensitivity of the paper-based sensor was also investigated by
dropping various Mg?* concentrations ranging from 0 to 200 uM and the images were
next taken under UV light for red-green-blue (RGB) extraction (Figure 4.18b). The
result shows that the sum RGB values decreased with increasing the concentration of
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Mg?* and the detection limit of Mg?* was calculated as 8.01 uM from the sum RGB

curve in the linear range (Figure 4.18c).
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Figure 4.18 Images of paper-based sensor with (a) various metal ions and (b) various

Mg?* concentrations. (c) Plots of RGB values extracted from paper-based

sensor. Inset shows RGB values with various Mg?* concentrations ranging

between 0 and 50 UM as a linear plot.
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4.3 Enhancing the specific capacitance and cycling stability of zinc oxide-based

supercapacitors using gamma irradiated, amine-passivated carbon dots

4.3.1 Characterizations
4.3.1.1 Size and morphology characterization

(1) Carbon dots

The morphology and particle size of all CDs were
characterized by TEM (Figure 4.19a-e). The images showed that all CDs were mostly
spherical with an average diameter of approximately 4, 4, 3.6, 24.8, and 29.8 nm,
respectively (Figure 4.19f-j). The surface passivation of EDA led to larger nanoparticle
size. Obviously, the nanoparticles in CDs-EDA-50 and CDs-EDA-200 showed darker
carbon core and lighter outer layer, which is the EDA passivated layer. The thicknesses
of the outer layers of CDs-EDA-50 and CDs-EDA-200 are 8 and 12.7 nm. The zeta
potentials of CDs, CDs-50, CDs-200, CDs-EDA-50, and CDs-EDA-200 were -12, 6.8,
8.1, 14.7,and 3.2 mV, respectively. The positive zeta potential values after modification
of CDs resulted from the re-polymerization of functional groups on surfaced pristine

CDs and the passivation of EDA also provided positively charged ammonium groups.
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Figure 4.19 TEM images with inset figures showing the interlayer distance of
representative (a) CDs, (b) CDs-50, (¢) CDs-200, (d) CDs-EDA-50, and (e)
CDs-EDA-200. Size distribution of (f) CDs, (g) CDs-50, (h) CDs-200, (i)
CDs-EDA-50, and (f) CDs-EDA-200.
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(2) Zinc oxide (ZnO) nanoparticles

ZnO nanoparticles were synthesized from zinc acetate
dihydrate and sodium hydroxide via the sol-gel method (Figure 4.20a). The SEM image
of the synthesized ZnO nanoparticles is shown in Figure 4.20b. The image shows the
agglomeration of ZnO nanoparticles, which is similar to the previous report [191].
Furthermore, the crystalline structure and purity of the synthesized ZnO nanoparticles
were confirmed by the XRD pattern. The XRD pattern of the synthesized ZnO
nanoparticles was shown in Figure 4.20c and compared with that of zincite (COD ID:
2300112) as a benchmark [192]. All the peaks from the synthesized ZnO nanoparticles
matched well with those of zincite. Moreover, the XRD result from ZnO nanoparticles
reveals no impurity peak, confirming the successful synthesis of ZnO nanoparticles
with no detectable impurity by this process. To evaluate the average crystallite size of
the synthesized ZnO nanoparticles, the maximum intense (101) peak is utilized using

the Debye-Scherrer formula [193], as shown in Equation 9:

kA
e B cosB (9)

where d is the average crystallite diameter of ZnO nanoparticles, k is the Scherrer
constant, which is 0.9 for spherical particles, A is the wavelength of X-ray (1.5418 Z\),
B is the full width at half maximum (FWHM), which is determined from the 26 value
of maximum intensity peak, and 6 is the Bragg’s diffraction angle. The average

crystallite size of the synthesized ZnO nanoparticles was calculated to be 22.45 nm.
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Figure 4.20 (a) Schematic of ZnO nanoparticle synthesis. (b) SEM image of the
synthesized ZnO nanoparticles. (c) XRD patterns of the synthesized ZnO
nanoparticles and zincite (COD ID: 2300112).

4.3.1.2 Structural characterization

Due to the high energy of gamma irradiation, it has been
applied in various ways, including material structural modifications. In this work, we
chose this technique to modify CDs in the presence of EDA prepared from polyurethane
and applied the modified CDs in the ZnO-based supercapacitors. Interestingly, the
gamma-irradiated CDs have never been employed for this application. Several
phenomena, including structural modifications, bond breaking, free radical formation,
cross-linking, and chain scission, occur when gamma rays interact with the CDs,
resulting in the re-polymerization and modification of CDs. Moreover, the modified
CDs were highly nitrogen-doped because of the passivation of EDA. Due to the use of
polyurethane and EDA containing nitrogen as a precursor and a doping agent,
respectively, and sulfuric acid containing sulfur as a reagent for the synthesis of CDs,
the obtained CDs were expected to show nitrogen and sulfur in the framework and

surface functional groups.
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The functional groups on the surface of all prepared CDs
including CDs, CDs-50, CDs-200, CDs-EDA-50, and CDs-EDA-200 were investigated
using FT-IR spectroscopy. Figure 2a revealed the bands at 1610 cm™ (C=0/C=N) and
1050 cm™ (C-O/C-N) in CDs, CDs-50, CDs-200, CD-s-EDA-50, and CDs-EDA-200.
The obvious bands at 3200-2900 cm™ (O-H/N-H/C-H), 1530 c¢cm™ (C=C), and
825 cm™ (N-H wagging) were only detected in the spectra of CDs-EDA-50 and CDs-
EDA-200, which were not observed in those of CDs, CDs-50, and CDs-200, confirming
that EDA was incorporated in the CDs upon gamma irradiation. The increase in sp?
hybridized carbon after gamma irradiation and amine passivation was also in an
agreement with previous reports [113, 114]. Furthermore, a signal at 1610 cm™ was
more apparent in CDs-EDA-50 and CDs-EDA-200, which is an indicative of the imine
formation after gamma irradiation/amine passivation [112]. Gamma irradiation in the
absence of EDA, on the other hand, did not yield a noticeable change to the FT-IR
signals of the CDs-50 and CDs-200 with respect to the CDs. The amine passivation
without the assistance of gamma irradiation did not effectively take place. All prepared
CDs showed C-S bond at 602 cm™ because of the use of sulfuric acid as a reagent for
the synthesis of CDs. The presence of nitrogen-containing groups suggests the
successful gamma irradiation and amine passivation of CDs and the presence of polar
functional groups on the surface of CDs, such as carbonyl and hydroxyl groups, are
responsible for their high solubility in water and polar organic solvents.

To gain more information of the gamma irradiation/amine
passivation effects, XPS was also used to characterize all CDs. Figure 1b represented
the survey XPS spectra showing four relevant signals of Oss, N1s, C1s, and Szp at 531,
400, 285, and 168 eV, respectively. The nitrogen atomic concentrations of only CDs-
EDA-50 and CDs-EDA-200 were above 17%, indicating that EDA was effectively
incorporated in the CDs. The high-resolution Oss spectra of all samples showed the
presence of C=0, O=C-N, and C-O-C (Figure 2c) whereas the high-resolution Nis
spectra revealed the graphitic-N, aliphatic N-C, and N-H groups (Figure 2d). The high-
resolution Cys signal of all samples can be deconvoluted into four Gaussian peaks,
which are C=C/C-C, C-N, C=0, and C-O (Figure 2e). The C-N and C=0 peaks at 286.5
and 288 eV were noticeably more pronounced in the CDs-EDA-50 and CDs-EDA-200,

indicating the successful amine passivation under gamma irradiation.
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Figure 4.21 (a) FT-IR spectra, (b) survey XPS spectra, (c) Cis, (d) Oss, and (e) Nis
spectra of CDs, CDs-50, CDs-200, CDs-EDA-50, and CDs-EDA-200.

4.3.1.3 Optical characterization

Optical absorption of all prepared CDs was investigated using
UV-vis spectroscopy. The UV-Vis spectra of CDs, CDs-50, CDs-200, CDs-EDA-50,
and CDs-EDA-200 are shown in Figure 4.22a-e. The shoulder absorption peak at 250
nm was assigned to -m* transition of the aromatic sp? carbon while the absorption peak
at around 300 nm was caused by the n-* transition. The n-* transition was apparent
only in CDs-50 and CDs-200 whereas the m-n* transition was dominant in CDs-EDA-
50 and CDs-EDA-200. However, both n-n* and n-n* transitions were observed in the
CDs. These results revealed that gamma irradiation and amine passivation caused some
structural changes in the CDs, leading to a change to UV-vis absorption. The
fluorescence emission of all CDs was investigated using fluorescence spectroscopy.
The highest fluorescence intensity of CDs, CD-50, CDs-200, CDs-EDA-50, and CDs-
EDA-200 was observed at 494, 489, 485, 483, and 477 nm, respectively, when using
an excitation wavelength of 380 nm (Figure 4.22f-j). The gamma-irradiated, amine-
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passivated CDs showed the blue-shifted fluorescence emission as compared to the
unmodified CDs, which has been well known that the amine-passivated CDs
dominantly contained blue emissive sites [194, 195]. From the FT-IR, XPS, UV-vis,
and fluorescence results, we concluded that the gamma irradiation and amine
passivation increased an aromaticity and a change in emissive states in the CDs

structure and these would consequently attribute to a change in physical and electrical

properties.
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Figure 4.22 UV-vis absorption spectra of (a) CDs, (b) CDs-50, (c) CDs-200, (d) CDs-
EDA-50, and (e) CDs-EDA-200. Fluorescence emission spectra of (f) CDs,
(9) CDs-50, (h) CDs-200, (i) CDs-EDA-50, and (j) CDs-EDA-200.

4.3.2 Electrochemical measurements

4.3.2.1 Electrochemical measurements of the prepared electrodes

The electrochemical measurements of the prepared electrodes

were performed using CV in a potential window ranging from -0.3 to 0.3 V. The CDs,
CDs-50, CDs-200, CDs-EDA-50, and CDs-EDA-200 were mixed with ZnO
nanoparticles to obtain ZnO-CDs, ZnO-CDs-50, ZnO-CDs-200, ZnO-CDs-EDA-50,
and ZnO-CDs-EDA-200 electrodes. The ZnO alone was used as a control electrode.
The CV curves of ZnO, ZnO-CDs, ZnO-CDs-50, ZnO-CDs-200, ZnO-CDs-EDA-50,
and ZnO-CDs-EDA-200 electrodes are shown in Figure 4.23a, providing the specific
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capacitances of 17.89, 25.44, 26.27, 25.42, 34.76, and 55.78 F g, respectively, at a
scan rate of 5 mV s™. Therefore, this verified that the gamma-irradiated, amine-
passivated CDs significantly improved the supercapacitor performance. Compared to
the pristine ZnO electrode, the specific capacitances of ZnO-CDs-EDA-50, and ZnO-
CDs-EDA-200 were elevated by 194% and 312%, emphasizing the importance of
irradiation dose and amine passivation. However, the gamma irradiation alone without
EDA vyielded the CDs that were not significantly beneficial to the supercapacitor as
compared to a combination of both gamma irradiation and amine passivation. Since the
ZnO-CDs-EDA-200 electrode was the best, it was further tested in three different
concentrations of KOH solutions as electrolytes, including 1 M, 3 M, and 6 M. The
results showed that the 6 M KOH system provided the highest specific capacitance of
55.78 F g%, while 1 M and 3 M KOH solutions provided the specific capacitances of
34.22 and 34.49 F g%, respectively (Figure 4.23b). This resulted from the fact that an
increase in the concentration of KOH led to an enhancement in ionic conductivity of
the electrolyte [196].
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Figure 4.23 CV profiles of (a) ZnO, ZnO-CDs, ZnO-CDs-50, ZnO-CDs-200, ZnO-
CDs-EDA-50, and ZnO-CDs-EDA-200 electrodes in 6 M KOH at
5mV s, (b) ZnO-CDs-EDA-200 electrode in 1 M, 3 M, and 6 M KOH at
5mV st
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4.3.2.2 The effects of scan rate and current density on the specific

capacitance of the prepared electrodes
To study the effects of scan rate on the specific capacitance of
ZnO-CDs-EDA-200 electrode, it was tested using CV at 5, 10, 30, 50, 70, and
100 mV s (Figure 4.24a). We found that the specific capacitance decreased with the
increasing scan rate. This is because of the limited ion adsorption/desorption and charge
transfer processes between electrode and electrolyte at high scan rates. To obtain more
electrochemical information, the GCD curves of ZnO-CDs-EDA-200 were measured
at different current densities of 0.3, 0.4, 0.5, 0.8, 1, 1.2, and 2 A g* (Figure 4.24b). As
the current density was increased, the charging/discharging time became decreasing for
the same reason described above. A small IR drop of about 0.07 V was observed,
indicating a low series resistance in the supercapacitors. The charging time is longer
than the discharging time, which is an indication of slow faradaic reaction from the

ZnO nanoparticles, compared to the EDLC mechanism.
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Figure 4.24 (a) CV profiles of ZnO-CDs-EDA-200 electrode in 6 M KOH at 100, 70,
50, 30, 10, and 5 mV s%. (b) GCD curves of ZnO-CDs-EDA-200 electrode
in6 MKOH at0.3,0.4,0.5,0.8,1,1.2,and 2 A g™.

4.3.2.3 The series resistance of the prepared electrodes
To evaluate the series resistance of all electrodes, the EIS
technique was used. The Nyquist plots of ZnO, ZnO-CDs, ZnO-CDs-50, ZnO-CDs-
200, ZnO-CDs-EDA-50, and ZnO-CDs-EDA-200 were shown in Figure 4.25. The

intersection point on the x-axis corresponds to the intrinsic ohmic resistance of the
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internal resistance or equivalent series resistance (ESR) that originates from the
resistance of various sources, such as electrolyte, internal resistance of electrode
material, and contact resistance between electrode and electrolyte [197]. The ZnO-CDs-
EDA-200 electrode showed the lowest ESR value of 4.21 Q, providing the lowest
internal resistance, while ZnO, ZnO-CDs, ZnO-CDs-50, ZnO-CDs-200, ZnO-CDs-
EDA-50 showed the ESR values of 6.77, 6.52, 5.07, 5.98, and 4.80 Q, respectively.
This ranking also agreed well with that of the specific capacitance. These results
indicated that the addition of CDs which were modified by gamma irradiation and
amine passivation reduced the resistance of the electrodes and suggested some
favorable effects offered by the gamma-irradiated, amine-passivated CDs, which will

be further verified through several electrochemical analyses below.
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Figure 4.25 Nyquist plot of ZnO, ZnO-CDs, ZnO-CDs-50, ZnO-CDs-200, ZnO-CDs-
EDA-50, and ZnO-CDs-EDA-200 electrode in 6 M KOH.

4.3.2.4 The cycling stability of the prepared electrodes
A long cycle life is one of the main factors for supercapacitor
operation. The cycling stability was then investigated by GCD at 1 A g* (Figure 43).
It can be seen that the ZnO-CDs-EDA-200 electrode retained 99.87% of the initial
capacitance even it was repeated for 8500 cycles, which is considered an excellent
cycling stability, while the ZnO, ZnO-CDs, ZnO-CDs-50, ZnO-CDs-200, and ZnO-
CDs-EDA-50 electrodes retained 87.41, 90.04, 97.30, 93.78, and 99.71% of their initial
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capacitances, respectively. It is clear that the incorporation of gamma-irradiated, amine-
passivated CDs improved not only the specific capacitance but also the cycling stability
of the supercapacitor. Moreover, this also confirmed a long period of use from our
supercapacitors for practical applications.
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Figure 4.26 Cycling stability of ZnO, ZnO-CDs, ZnO-CDs-50, ZnO-CDs-200, ZnO-
CDs-EDA-50, and ZnO-CDs-EDA-200 electrode in 6 M KOH.

4.3.3 Electrochemical analysis of the prepared electrodes
4.3.3.1 Charge storage mechanisms

To deeply gain information on the ion transport and charge
storage mechanisms of the electrodes and the effects of gamma-irradiated, amine-
passivated CDs, electrochemical analysis was performed using CV profiles with
varying scan rate. The ion transport and charge storage can occur via (a) surface-
reaction contribution (electric double-layer and near-surface redox reactions) and (b)
diffusion-controlled process (ion insertion/extrusion in electrode materials). The
relationship between current response (i) and scan rate (v) was studied according to the
Cottrell equation (Equation 10) [198].

nFAC,/D,
Vit

i = (10)
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where n is the number of mole electron, F is the Faraday’s constant, A is the electrode
area (cm?), Do is the diffusion coefficient of the electroactive species (cm? s 1), C° is
the bulk concentration of the electroactive species (mol cm™), and t is the time (s).
Equation 10 can be shortened as i = at Y2 where a is a collection of constants. The term
t™2 can be replaced by v'?, providing i = av2. A general case can be written as
Equation 11, which can be used to investigate the contribution of diffusion and surface

capacitive processes.
i =avP (11)

where a and b are variable parameters. The b-values can be obtained from the slopes
of the plot of log i vs log v (Figure 4.27a). The ideal exponent b will have a value of
0.5 for the diffusion-controlled process and 1 for the surface reaction [199]. Clearly,
the ZnO-CDs-EDA-200 electrode provided the highest b-value (0.8403), followed by
ZnO-CDs-EDA-50 (0.8279), ZnO-CDs (0.8237), ZnO-CDs-50 (0.8111), ZnO-CDs-
200 (0.8107), and ZnO (0.7765), respectively. This analysis indicates that the both
surface- and diffusion-controlled processes contributed to the ion transport and charge
storage mechanisms and the gamma-irradiated, amine-passivated CDs further enhanced
the surface process as the b-values of ZnO-CDs-EDA-50 and ZnO-CDs-EDA-200 were
among the highest ones. To further confirm this statement, the peak currents (ip) and
the square root of scan rate (v*/?) were plotted based on the Randles-Sevcik diffusion
equation (Equation 12) (Figure 4.27b) [200].

1
2

(12)

nkF vDo)

i, = 0.436nFAC°( RT

where R is the gas constant and T is temperature. For an adsorption-controlled
process, linear plots of the peak current (i,,) and scan rate (v) were constructed based
on Equation 13 [201].

iy, = VAT (13)
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where I refers to the surface coverage of the adsorbed species (mol cm™),

Both Figures 4.27b and c show high coefficients of
determination (R?), indicating that both surface- and diffusion-controlled processes
contributed to the ion transport and charge storage mechanisms, consistent with the
Cottrell analysis. Although it is inconclusive to verify the more dominant process using
this method, we can still ensure that the ZnO-based supercapacitors with the addition
of CDs are neither purely EDLC nor Faradaic process, but a combination of both, which
is a unique characteristic of the composite electrodes combining electric double-layer

and pseudocapacitve materials.
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Figure 4.27 Plots of (a) log i vs log v, (b) i vs v*?, and (c) i vs v of ZnO, ZnO-CDs,
Zn0-CDs-50, Zn0O-CDs-200, ZnO-CDs-EDA-50, and ZnO-CDs-EDA-
200 electrodes in 6 M KOH.

To further quantitatively determine the ratio of the capacitive
contributions and the effects of CDs on the capacitive performance, the Dunn’s method
was implemented. The ratio between surface and diffusion contributions can be
determined from the relationship between current at a fixed potential, i (V) and a square

root of scan rate as shown in the following equations (Equations 14 and 15) [202, 203]:

i (V) == klv + kzvl/z (14)
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i(V)

1/2

15
= klvl/z + kz ( )

where k;and k, are the surface-controlled and diffusion-controlled coefficients, which

are obtained from the slope and intercept from the plot of i(Y) vs. v1/2, This analysis

V2

demonstrated that the surface-controlled capacitance played a larger role than the

diffusion-controlled capacitance after the addition of CDs in the electrodes (Figure
4.28a), which was consistent with the results obtained from the Cottrell method. The
use of CDs-EDA-200 in the electrode provided the highest surface-controlled
coefficient value, which increased from 35.86% to 57.29%, compared to pristine ZnO.
Moreover, Figure 4.28b shows that the higher specific capacitances can be observed at
lower scan rates. This is attributed to excellent interactions between electrode and
electrolyte at low scan rates. The CV curves in Figure 4.28c and d show the comparison
between the surface-controlled and diffusion-controlled contribution areas of pristine
ZnO and ZnO-CDs-EDA-200 electrodes. The ZnO electrode is diffusion-dominant
whereas the ZnO-CDs-EDA-200 electrode is surface-dominant. This is indicative that
the gamma-irradiated, amine-terminated CDs assisted some favorable surface effects
to ion transport and charge storage that brought about better supercapacitor

performance.
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Figure 4.28 Plots of (a) percentage of contribution ratio vs. all samples at 5 mV s, (b)
percentage of capacitance contribution vs. scan rate, and percentage
contribution of surface-controlled and diffusion-controlled processes in CV
curves of (c) pristine ZnO and (d) ZnO-CDs-EDA-200 electrodes at
5mV st

4.3.3.2 The electrochemical performance and the electrochemical

surface area (ECSA)
To further investigate the electrochemical performance of the
electrodes, the Warburg impedance equation was used as shown in Equation 16 [204].

1
Z, = ow Z(1 —)) (16)
__RT (L 17
0= 2rava (\/Bc*) (17)
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where Z,, is the Warburg impedance, o is the Warburg coefficient, w is the angular
frequency, j is the imaginary unit, and C*is the concentration of electrolyte. It was
found that the ZnO-CDs-EDA-200 electrode provided a higher Warburg coefficient of
3.22 Q s, compared to the ZnO electrode (2.98 Q s*) (Figure 4.29c¢). According to
Equation 17, the Warburg coefficient is inversely proportional to the diffusion
coefficient. This demonstrated that the use of CDs-EDA-200 reduced the ion diffusion
coefficient, which is attributed to the increasing of surface-reaction capacitive
contribution in the ZnO-CDs-EDA-200 electrode.

Next, the electrochemical surface area (ECSA) of ZnO-CDs-
EDA-200 and ZnO electrodes was evaluated [205]. Figure 4.29d depicts that the ZnO-
CDs-EDA-200 electrode has a higher ECSA of 168.1 mF cm than the ZnO electrode
(154 mF cm). This clearly confirmed that the use of CDs-EDA-200 increased the
electrochemically active sites for charge storage, which led to the enhancement of the
specific capacitance of the ZnO-CDs-EDA-200 electrode. From all these analyses, it is
conclusive that the gamma-irradiated, amine-passivated CDs promoted
surface/interface phenomena that are favorable to the ion transport and charge storage
processes and possibly also the electrode mechanical integrity, leading to better specific

capacitance and cycling stability.
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Figure 429 CV curves of (a) ZnO and (b) ZnO-CDs-EDA-200 electrodes,
(c) and (d) electrochemical surface areas of ZnO and ZnO-CDs-EDA-200

electrodes.

4.3.4 Contact angle measurement

To study the hydrophilic/hydrophobic effects of the prepared
electrodes, the contact angles of ZnO, ZnO-CDs, ZnO-CDs-50, ZnO-CDs-200, ZnO-
CDs-EDA-50, and ZnO-CDs-EDA-200 electrodes were measured using the electrolyte
solution as droplet (Figure 4.30). The ZnO-CDs-EDA-200 electrode showed the
smallest contact angle of 29° while the ZnO, ZnO-CDs, ZnO-CDs-50, ZnO-CDs-200,
and ZnO-CDs-EDA-50 electrodes showed the contact angles of 115°, 112°, 108°, 110°,
and 71°, respectively. Thus, the ZnO-CDs-EDA-200 electrode is the most hydrophilic
due to the highest number of ammonium groups on the passivated CDs surface. After
2 seconds, the electrolyte droplet was completely absorbed in the ZnO-CDs-EDA-200
electrode while those still remained on the ZnO, ZnO-CDs, ZnO-CDs-50, ZnO-CDs-
200, ZnO-CDs-EDA-50, and ZnO-CDs-EDA-200 electrodes, showing the same trend
of contact angles at 45°, 26°, 20°, 24°, and 11°, respectively. These results demonstrated

that CDs after modified with EDA and gamma irradiation at 200 kGy significantly
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increased the hydrophilicity of CDs, improving the wettability of the electrode and
electrode/electrolyte interactions. The contact angle measurement also directly
supported the specific capacitance and electrochemical analyses above. Based on the
results, we can conclude as follows: (1) the gamma-irradiated, amine-passivated CDs
provided higher amount of pi electrons and aromaticity in the structure that raised the
number of transferred electron and electron mobility for charge transport, (2) they
facilitated the surface-controlled process for charge storage and improved the surface-
controlled capacitance, and (3) the alteration of surface chemistry by gamma irradiation
and amine passivation resulted in better surface wettability and mechanical adhesion of
the electrode materials. All of these synergistically gave rise to the favorable interfaces
between electrode and electrolyte, giving more electrochemically available sites to
enhance the specific capacitance and cycling stability and reduce the resistance of the

supercapacitors.
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Figure 4.30 (a) Contact angles of ZnO, ZnO-CDs, ZnO-CDs-50, ZnO-CDs-200, ZnO-
CDs-EDA-50, and ZnO-CDs-EDA-200 electrodes at 0 and 2 seconds and
(b) schematic representation of ion/charge transfer process of the ZnO-CDs
and ZnO-CDs-EDA-200 electrodes in 6 M KOH.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Carbon dots are a new class of carbon nanomaterials which are composed
of sp? and sp® hybridizations as well as hydrophilic functional groups, such as hydroxyl,
carbonyl, and carboxyl groups on their surface. They have been widely used in various
applications, such as bio-imaging, drug delivery, and photocatalysis. Because the
contamination of heavy metal ions in the environment is extremely harmful to the
environment and human health and the depletion of fossil fuels and the occurrence of
global warming have already caused the economic and environmental crisis, it is
important to develop a simple, fast, sensitive, and low-cost methodology that could
dissolve these problems. Therefore, in this thesis, we applied carbon dots in metal ion
sensing and supercapacitor application.

Carbon dots in this thesis were synthesized from polymers, including
polyurethane and natural rubber via one-step and two-step, respectively. Their
recycling has been of great interest because polyurethane and natural rubber are ones
of the most important polymers used in daily life. The carbon dot-derived from
polyurethane were successfully prepared via pyrolysis with the addition of sulfuric acid.
The resulting carbon dots exhibited green-blue emission under UV illumination with a
24% quantum yield. The carbon dots showed excellent selectivity towards Ni?* ion with
a detection limit of 3.14 uM and they also showed excellent recovery rates in a range
of 95.64 to 99.22% when detecting in drinking water samples. Moreover, the carbon
dots were loaded on filter papers as paper-based sensors for Ni?* detection and shown
a limit of detection of 43.3 puM. The results demonstrated that the fluorescence
guenching was synergistically due to the formation of non-fluorescent complexes and
inner filter effect between Ni?* and carbon dots. The unique interaction between carbon
dots and Ni?* was also revealed by the XAS analysis. The carbon dots were proved to
be also potent Ni?* adsorbents. One carbon dot can hold up to 182 Ni?* ions, equivalent

to 234.8 mg-gl. In addition, the obtained carbon dots were also applied in
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supercapacitor application. The carbon dots were successfully modified by gamma
irradiation and the addition of EDA. We demonstrated that not only the carbon dots but
also a combination of gamma irradiation and amine passivation helped significantly
improve the supercapacitor performance. Signifying the impact of irradiation dose, the
CDs-EDA-200 gave the best specific capacitance and cycling stability by improving
various key factors, including the surface-controlled capacitance, series resistance, ion
diffusion coefficient, electrochemical active surface area, wettability, and mechanical
adhesion of the electrode. Compared to the pure ZnO electrode, the ZnO-CDs-EDA-
200 electrode boosted the specific capacitance by 312% and cycling stability from
87.41 to 99.87% after 8,500 cycles.

The carbon dot-derived from natural rubber was successfully prepared via
two-step pyrolysis and hydrothermal method. The prepared carbon dots were formed
in the spherical shape in the size range of 1-4 nm and gave blue emission under UV
illumination, with a quantum yield of 0.6%. The carbon dots showed effective sensing
potential toward Mg?* ions with a detection limit of 4.3 pM. The carbon dots were also
tested for their efficiency for Mg?* detection in drinking water samples. The results
showed the percentage recovery rates in a range between 97.21 to 99.21%, which is
within the excellent range. Moreover, we fabricated paper-based sensors by loading
carbon dots on the surface of filter papers and used them as fluorescent substrates for
Mg?* sensing, showing a limit of detection of 8.01 uM.

Overall, the synthesis of the carbon dots in this thesis is facile, efficient,
low cost, and environmentally friendly, providing a methodology to increase the value
of these resources. The obtained carbon dots are useful as effective sensors for metal

ion detection and supercapacitor application.

5.2 Recommendations

5.2.1 Carbon dot-derived from polyurethane provided simple Ni?* sensors
with high sensitivity, selectivity, accuracy, practicality, and adsorption capacity. The
carbon dots should be then applied as a portable tool with high reproducibility for Ni?*
detection in a real application.
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5.2.2 The information to determine the type of interactions between carbon
dot-derived from natural rubber and Mg?* ions are not enough. Therefore, other
specialized techniques should be used to characterize to provide more detailed
information about the sensing mechanism.

5.2.3 The used polyurethane and natural rubber should be used to
synthesize the carbon dots to transform waste materials into useful materials and

increase the value of these resources.
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APPENDIX A
POLYURETHANE-DERIVED CARBON DOTS AS Ni?* SENSOR

Calculation of adsorbent capacity

Diameter of carbon dots = 4 nm .. Radius of carbon dots = 2 nm
~ Area = 4mR? = 4m(2?%) = 50.27 nm? /carbon dot
From experiment: 2 mL of Ni?* and 2 mL of carbon dots (0.05 mg-mL™)
The saturation concentration of Ni?* on carbon dots in 200 uM

ns
Number of Ni**ions = (200 x 107°M)(2 x 1073 L) (6 03 x 10%3 mol)

= 2.41 x 107 ions

: mg
Weight of carbon dots = (0.05 E) (2mL) = 0.1 mg

Assuming
Density of carbon dots = Density of graphite = 2.26 rgn3
0.1 x1073
2.26 g3 = =
cm

(number of carbon dots) X %1‘[(2 X 1077 cm)3

Number of carbon dots = 1.32 x 10*° particles

Surt (ionS) L 2.41 x 107 jons
uriace coverage \\mz) = (1.32 x 10> particles)(50.27 nm?)

Weight of Ni?*
Weight of carbon dots

= 3.63 ions/nm?

. . (Mg
Adsorption capacity <E> =

(200 x 1075M)(2 x 1073 L) (58693 —
01x103g

)
mol’ _ 53, gM&
g
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Figure Al. UV-vis absorption of metal ions and fluorescence emission spectrum of

carbon dots.
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