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Abstract

This study presents the hydrothermal synthesis, characterization, and
application of reduced graphene oxide quantum dots (rGO-QDs) as functional materials
in supercapacitor electrolytes. The rGO-QDs were synthesized through oxidative cutting
of graphene oxide followed by hydrothermal reduction, with synthesis parameters
systematically optimized across five experimental trials. The optimized rGO-QDs
exhibited blue fluorescence, nanometer-scale dimensions (~4 nm), and distinct

graphitic lattice features, confirming successful quantum dot formation with restored

Tl-conjugated domains.

Comprehensive characterization was performed using UV-Vis absorption,
photoluminescence spectroscopy, XRD, TEM, Raman spectroscopy, and Hall effect
measurements. The results demonstrated that the rGO-QDs possess tunable optical
and electronic properties, which are highly sensitive to synthesis conditions such as
ultrasonication time, pH adjustment, and purification steps.

For application, the rGO-QDs were dispersed in a 3 M KOH solution and utilized
as a hybrid electrolyte in symmetric coin-cell supercapacitors. The rGO-QD-enhanced
electrolyte significantly improved the specific capacitance to 55 F/¢ compared to the
pure KOH system. This enhancement is attributed to increased ionic conductivity,
improved ion mobility, and additional pseudocapacitive contributions from the

functional groups on the rGO-QD surfaces.



The findings highlight the multifunctionality of rGO-QDs, combining high
dispersibility, tunable bandgap, and surface activity for both optical and
electrochemical applications. This work provides a scalable synthesis route and
establishes rGO-QDs as promising candidates for next-generation energy storage

systems.

Keywords: Reduced Graphene Oxide Quantum Dots, Hydrothermal Synthesis, Optical

Properties, Supercapacitor
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Chapter 1

Introduction

1.1 Background and motivation

In the pursuit of high-efficiency and sustainable energy technologies, the
development of novel nanomaterials has become a central focus across various
research disciplines. Among these, graphene-based materials have garnered significant
attention owing to their extraordinary mechanical strength, thermal and electrical
conductivity, and high surface area. Their two-dimensional sp?-hybridized carbon
lattice and modifiable surface chemistry make them highly versatile for use in
applications ranging from energy storage and optoelectronics to sensing and
nanomedicine [1].

One particularly promising member of the graphene family is reduced graphene
oxide quantum dots (rGO-QDs) zero-dimensional (0D) nanostructures that combine the
high conductivity of reduced graphene oxide (rGO) with the unique size-dependent
optical and electronic properties of quantum dots. Due to quantum confinement
effects, rGO-QDs exhibit tunable photoluminescence, strong light absorption, and
modifiable bandgap energies [2,3]. These properties, along with oxygen-containing
functional groups on their surfaces, contribute to high dispersibility, enhanced
electrochemical activity, and effective charge transfer, making them suitable for
advanced optoelectronic, sensing, and energy applications [2,3].

This research was initially conceived with the goal of enhancing the
thermoelectric performance of bismuth telluride (Bi,Tes), a well-known thermoelectric
material used for converting heat into electricity. However, its performance is limited
by intrinsic trade-offs namely, the simultaneous requirement for high electrical
conductivity and low thermal conductivity, a challenge governed by the Wiedemann-
Franz law and the Pisarenko relation. Recent studies have proposed that incorporating
graphene-based quantum dots can overcome these limitations by introducing
additional phonon scattering centers and improving carrier mobility, leading to
enhanced thermoelectric figure of merit (ZT) in Bi,Te; composites [4,5].

Althousgh early synthesis and integration of rGO-QDs into Bi,Tes; were successful,

difficulties in reproducibility and limitations in thermoelectric property analysis



necessitated a shift in research direction. Rather than abandoning the material
altogether, the focus was strategically redirected toward investigating the fundamental
properties of rGO-QDs and their application in energy storage systems, particularly in
electrolyte supercapacitors. In this context, rGO-QDs offer substantial benefits: their
ultrasmall size increases effective surface area for ion transport, while their oxygenated
functional groups enhance electrolyte wettability and interfacial charge transfer [6].
This redirection enables a broader evaluation of rGO-QDs as multifunctional
nanomaterials. Their potential extends beyond thermoelectricity into domains
requiring high power density, rapid charge/discharge rates, and stable ionic conduction,
such as next-generation supercapacitors and hybrid electrochemical devices.
Therefore, even though the application has changed, the core investigation of rGO-QDs

as high-performance functional materials remains intact and scientifically relevant.

1.2 Objectives of the study

1) Synthesize and characterize composite materials made of rGO-QDs and Bi,Tes.

2) Investigate how rGO-QDs affect the key thermoelectric properties of Bi,Tes:
Seebeck coefficient, electrical conductivity, and thermal conductivity.

3) To reduce the thermal conductivity while maintaining its high electrical
conductivity.

4) To synthesize and characterize the optical properties of rGO-QDs using UV-Vis
spectroscopy, photoluminescence (PL), and Raman spectroscopy to confirm
their quantum confinement effect.

5) To evaluate the ionic conduction behavior of r~GO-QDs in KOH-based electrolyte
solutions using electrochemical impedance spectroscopy (EIS).

6) To analyze the electrochemical performance of rGO-QDs as an electrolyte
additive in supercapacitor devices, focusing on capacitance, charge storage, and

internal resistance.

1.3 Scopes of the study
1) Synthesis of rGO-QDs by using a hydrothermal process.
2) Characterization and properties measurements of synthesis rGO-QDs and

rGO-QDs/ Bi,Tes.



Enhanced thermoelectric properties of Bi,Te; by using rGO-QDs composite
nanomaterial.

Structural, optical, and electrochemical characterization of rGO-QDs using
techniques such as TEM, XRD, Raman spectroscopy, UV-Vis, fluorescence
spectroscopy, Hall effect, and EIS.

Investigation of rGO-QDs as an additive in electrolyte systems for

supercapacitors, and evaluation of their effect on device performance metrics.

1.4 Benefits of the study

1)

Develop thermoelectric materials with potentially superior properties
compared to pure Bi,Tes.

Provides a deeper understanding of the mechanisms behind thermoelectric
behavior in composite materials.

Balancing high electrical conductivity for efficient heat-to-electricity conversion
with low thermal conductivity to minimize heat loss.

The study investigates the potential of rGO-QDs in KOH-based electrolytes to
enhance electrolyte performance in supercapacitors by improving ionic
conductivity, reducing internal resistance, and increasing charge storage
efficiency.

The study provides insights into the ionic conduction mechanism of rGO-QDs
by analyzing ion transport behavior in rGO-QD-enhanced electrolytes,
contributing to the development of advanced energy storage materials.

It expands the application of rGO-QDs in energy storage by advancing
nanomaterials for supercapacitor electrolytes, paving the way for future

research in next-generation energy storage technologies.



Chapter 2

Theory and Literature Reviews

2.1 Graphene-Based Materials and Quantum Dots: Structure and

Properties.

Graphene-based materials have gained significant attention due to their unique
structural, electronic, and optical properties, making them highly versatile for various
applications, including energy storage, optoelectronics, and nanomedicine. Among
these materials, graphene, GO, and rGO exhibit distinct characteristics that influence
their performance in different applications. More recently, rGO-QDs, a quantum-
confined nanomaterial derived from rGO, have emerged as a particularly promising
subclass. Their tunable size, high surface-to-volume ratio, and edge-dominated surface
chemistry provide multifunctional behavior that is especially attractive for use in
electrochemical systems and optoelectronic devices [2,6].

GO and rGO are essential materials in nanotechnology and materials science
due to their remarkable physicochemical properties, structural versatility, and
functional tunability. GO is a chemically modified form of graphene synthesized
through the oxidation of graphite. This process introduces oxygen-containing functional
groups, such as hydroxyl (-OH), epoxy (-O-), and carboxyl (-COOH), which significantly
alter its electronic structure, solubility, and reactivity [7,8]. These oxygen functionalities
enhance GO’s dispersion in aqueous and polar solvents, making it suitable for various
applications, including biomedical imaging, composite materials, and catalysis [7].
However, the introduction of oxygen groups also disrupts the sp? hybridization of
carbon atoms, leading to a significant decrease in electrical conductivity [9].

rGO is derived from GO through various reduction processes aimed at removing

oxygen-containing groups while partially restoring the 7T-conjugated system of
graphene. The reduction process enhances the electrical conductivity, mechanical
strength, and chemical stability of the material, making it suitable for applications in
energy storage, optoelectronics, and flexible electronics. The extent of reduction
significantly influences the final properties of rGO, as incomplete reduction leaves

residual oxygen groups that affect conductivity and electrochemical behavior [10,11]



The synthesis and transformation of GO into rGO are crucial steps in tailoring
these materials for specific applications. The level of oxidation and subsequent
reduction dictate their structural and electrical properties, which can be optimized for
energy devices such as supercapacitors and batteries. Building upon this foundation,
this section further explores the structural evolution from GO to rGO and ultimately
to rGO-QDs, along with their implications for electrical conductivity, surface
functionality, and nanoscale behavior relevant to advanced energy and sensing

applications.

2.1.1 Structure and Properties of GO rGO and rGO-QDs

GO and rGO are both derived from pristine graphene, yet their physicochemical
properties diverge substantially due to differences in oxidation level and defect
concentration. In GO, oxygen-containing functional groups—predominantly hydroxyl
and epoxy groups on the basal planes and carboxyl groups at the edges- are
introduced during oxidation. These groups increase the interlayer spacing and disrupt
the continuous sp2-hybridized carbon lattice, converting portions of the conjugated
network into sp*-hybridized areas. As a consequence, GO exhibits considerably lower
electrical conductivity compared to graphene, but it also displays enhanced
hydrophilicity and colloidal stability, making it well-suited for applications that benefit
from surface functionalization, such as nanocomposite matrices, catalyst supports, and
biomedical platforms [12].

The reduction of GO to form rGO is achieved through chemical, thermal, or

electrochemical methods aimed at removing a portion of the oxygen functionalities.

This process partially restores the TT-conjugated framework, thereby enhancing the
electrical conductivity, mechanical strength, and chemical stability of the material.
However, the method of reduction critically influences the defect landscape of the
resulting rGO. Thermal reduction, for example, can lead to rapid gas evolution that
may generate lattice vacancies and folds, while chemical or electrochemical reduction
offers better control over residual functional groups but might leave behind impurities
or unremoved oxygen groups [13]. The resultant rGO thus typically possesses a hybrid
structure that combines reformed sp? domains with residual oxidized regions, allowing
its properties to be fine-tuned for applications such as flexible electronics,

supercapacitor electrodes, and biosensors.



When rGO is further scaled down to form quantum dots (rGO-QDs), additional
phenomena arising from quantum confinement and high edge-to-surface atom ratios
come into play. Although the nanometric dimensions of rGO-QDs lead to an increase
in defect density relative to bulk rGO, these defects-comprising vacancies, edge sites,
and remnant oxyegenated groups-contribute to tunable optical properties and
enhanced electrochemical activity. The synthesis typically involves hydrothermal
treatment of GO to simultaneously reduce the material and fragment it into quantum-
sized domains, resulting in rGO-QDs with relatively narrow size distributions, good water
dispersibility, intrinsic photoluminescence, and adequate electrical conductivity for
supporting rapid electron transfer processes [14]. Therefore, while GO is typically
favored for its high density of surface functional groups and dispersibility, rGO and its
quantum dot derivatives strike an optimal balance between electrical conductivity and
surface reactivity, enabling their use across a range of energy-related and electronic

applications.

2.1.1.1 Fundamental Structure of Graphene-Based Materials
Graphene is a two-dimensional (2D) carbon allotrope, consists of a single layer

of sp?-hybridized carbon atoms arranged in a hexagonal honeycomb lattice. This

unique structure yields an uninterrupted 7TT-conjugated network with delocalized
electrons across its plane, which is central to its exceptional mechanical strength, high
thermal and electrical conductivity, and unusual electronic properties such as massless
Dirac fermion behavior and high charge carrier mobility [15]. The ideal atomic
arrangement of graphene is foundational to its remarkable in-plane electron transport
and extraordinary flexibility.

GO is obtained through the oxidative treatment of graphite. In the oxidation
process, oxygen-containing functional groups such as hydroxyl (-OH) and epoxy (-O-)
groups are predominantly introduced onto the basal planes, while carboxyl (-COOH)
groups tend to localize at the sheet edges. These functional groups disrupt the
continuous sp?-hybridized carbon lattice by converting portions of the aromatic
network into sp3-hybridized regions, thereby increasing interlayer spacing and
generating structural defects. Consequently, the loss of an extended Tt-conjugated
system severely impairs electrical conductivity, effectively transforming graphene into

an insulating material; however, this functionalization simultaneously augments the



hydrophilicity of the material, which facilitates its dispersion in aqueous and other
polar solvents and enables subsequent chemical modifications [1].
The subsequent reduction of GO to form rGO aims to remove a portion of the

oxygen functionalities through chemical, thermal, or electrochemical strategies,

thereby partially restoring the Tt-conjugated network. While such reduction improves
properties such as electrical conductivity, mechanical strength, and chemical stability
compared to GO, it is typically incomplete. Residual oxygen groups and defects (e.g.,
vacancies, wrinkles, edge disruptions) remain, resulting in a hybrid structure where
restored sp? domains coexist with oxidized regions. The precise properties of rGO are
highly sensitive to both the degree of reduction and the method employed; for
instance, thermal reduction can enhance conductivity via effective oxygen removal
but may also introduce additional lattice defects, whereas chemical or electrochemical
routes offer greater control over the surface chemistry [16].

Moreover, rGO-QDs, which are synthesized from rGO, possess lateral sizes
typically below 10 nm. Their nanoscale dimensions result in discrete energy levels,
distinguishing them structurally and electronically from their larger counterparts. When
rGO is further downscaled into quantum dots (rGO-QDs), the material not only
preserves fragments of the sp2-hybridized carbon lattice but also exhibits new
properties attributable to quantum confinement effects and a high edge-to-surface
atom ratio. These rGO-QDs inherit a complex structure: while small sp? domains in
these nanostructures allow for relatively efficient electron transport, the edge-
dominated chemistry and residual oxygenated sites provide opportunities for tunable
optical emission and enhanced electrochemical activity. This combination of features
results in rGO-QDs being highly attractive for applications that span from optoelectronic
devices to energy storage systems, where both their electronic conductivity and
surface reactivity are critical [17]. Overall, the continuum of structural modifications
from pristine graphene through GO and rGO to rGO-QDs illustrates a trade-off between
processability, functionalizability, and electronic performance, and emphasizes the
importance of atomic-level control in tailoring material properties for specific

technological applications.



2.1.1.2 Functional Groups and TT-Conjugation Restoration

GO is produced by the oxidative treatment of graphite, a process that
introduces a wide range of oxygen-containing functional groups into the carbon lattice.
Predominantly, hydroxyl (-OH) and epoxy (-O-) groups are grafted onto the basal
planes, while carboxyl (-COOH) and carbonyl (C=0) groups tend to localize at the
sheet edges. The incorporation of these polar groups disrupts the planar sp?-
hybridization characteristic of pristine graphene, converting regions of the conjugated
aromatic network into sp3-hybridized domains. This structural transformation results in
an increased interlayer spacing and creates a high density of defects that hinder
electron delocalization, thereby diminishing the electrical conductivity of GO. However,
these oxygen functionalities also confer excellent hydrophilicity and chemical
reactivity, promoting robust dispersion in aqueous and other polar solvents, while
facilitating chemical modifications for applications in composites, biomedicine, and
catalysis [18].

The reduction of GO to yield rGO is a pivotal step in partially restoring the TtT-
conjugated network that underpins graphene’s superior electrical and mechanical
properties. Reduction methods, including thermal annealing, chemical reduction (using
agents such as hydrazine, ascorbic acid, or sodium borohydride), and electrochemical
approaches, aim to remove oxygen functionalities. Thermal reduction generally
achieves greater deoxygenation, improving electrical conductivity; however, it may also
induce structural damage due to rapid gas evolution. In contrast, chemical and
electrochemical reductions allow for more selective deoxygenation, thus preserving
some residual oxygen groups that can be beneficial for subsequent functionalization,
albeit at the expense of complete restoration of the sp? network [16]. The resulting
rGO typically exhibits a composite architecture of restored conductive regions
interspersed with defect-rich, oxysenated areas, thereby offering a tunable balance

between electrical performance and chemical activity. In the case of rGO-QDs, the

restoration of Tl-conjugation is localized due to the limited domain size. However, this
partial recovery still significantly enhances the optical and electronic properties of the
quantum dots, particularly their ability to exhibit photoluminescence and support

electron delocalization.



When rGO is further processed into quantum dots, its physicochemical behavior
becomes more complex due to additional size-dependent quantum confinement

effects and an increased edge-to-surface atom ratio. The heterogeneous and

incomplete restoration of TT-conjugation in rGO persists in the rGO-QDs, with residual
oxygen functional groups and structural defects influencing their optoelectronic
properties. These localized electronic states are crucial for defining the
photoluminescence, charge transport, and chemical reactivity of the quantum dots,
which are vital parameters for applications in imaging, sensing, and energy storage [14].
Consequently, understanding the distribution and transformation of oxygen-containing
groups from GO to rGO and subsequently to rGO-QDs is essential for tailoring the

balance between conductivity and functionality to meet specific device requirements.

2.1.1.3 Synthesis and Properties of rGO-QDs

rGO-QDs are a class of carbon-based nanomaterials that combine the
distinctive electronic characteristics of graphene with the quantum confinement effect
of quantum dots. These nanostructures typically possess lateral sizes in the range of
2 to 10 nanometers and exhibit a range of desirable features, such as high surface area,
tunable optical emission, excellent dispersibility, and notable electrical
conductivity [2,6]. The high dispersibility and chemical reactivity of these nanodots are
attributed to their partially restored sp?-hybridized carbon networks and the presence
of residual oxygenated functional groups, which not only ensure stability in polar
media but also serve as reactive sites for further conjugation [6,14].

The synthesis of rGO-QDs typically begins with the preparation of GO, which is
then reduced and fragmented into quantum-sized domains using physical or chemical
methods. A commonly employed method is the hydrothermal technique, where an
aqueous suspension of GO is sealed in a Teflon-lined autoclave and heated at 160-
200 °C for several hours. This process not only reduces oxygen functionalities but also
cleaves the GO sheets into well-dispersed quantum dots with narrow size
distribution [14]. Other methods include oxidative fragmentation followed by chemical
reduction using agents such as hydrazine, sodium borohydride, or ascorbic acid.
Ultrasonic-assisted exfoliation is another strategy that uses shear force to break GO
sheets into nanoscale pieces. Each synthesis method differs in particle uniformity,

yield, surface chemistry, and potential by-products, but all aim to produce nanodots
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with useful optical and electronic features [2,14]. The hydrothermal approach is often
preferred for its one-step simplicity and relatively high yield, making it attractive for
scalable synthesis. Reaction parameters such as pH, precursor concentration,
temperature, and duration significantly influence the size, fluorescence, and surface
properties of the resulting QDs.

The confirmation that the synthesized material is indeed rGO-QDs typically
involves a combination of structural, chemical, morphological, and optical analyses.
Transmission electron microscopy (TEM) plays a pivotal role in analyzing the nanoscale
morphology of rGO-QDs, typically revealing lattice fringes that show an interlayer
spacing of approximately 0.34 nm. This spacing is characteristic of graphitic domains,
confirming the presence of sp? hybridized carbon structures (TEM, HRTEM) which are
essential for the electrical and optical properties of graphene-related materials [19]. X-

ray Diffraction (XRD) is employed to identify the crystallographic structure of rGO-QDs.

The broad peak around 24° to 26° (20) correlates to the (002) plane of reduced
graphene oxide, indicating a restoration of the sp? carbon network, which is crucial for
enhancing conductivity and electronic properties [14].  Furthermore, Raman
spectroscopy significantly contributes to understanding the quality of the synthesized
rGO-QDs. The intensity ratio of the D and G bands (ID/IG) is evaluated; an increase in
the D band intensity suggests the presence of defects that are often found at the edges
of quantum dots, which is pivotal in affirming quantum dot formation [3]. Fourier
Transform Infrared (FTIR) spectroscopy complements these findings by providing
insights into the chemical composition, wherein the reduced peaks associated with
oxygen-containing functional groups like —OH and C=0 indicate effective reduction
relative to graphene oxide [12]. Moreover, X-ray Photoelectron Spectroscopy (XPS)
quantitatively assesses the reduction effectiveness by demonstrating a decline in
oxygen functionalities and an increase in C=C bonds associated with graphitic domains,
providing evidence of the chemical alterations occurring during the reduction

process [12]. Optical properties are also essential for identifying rGO-QDs. UV-Vis

absorption spectroscopy typically showcases a TT-TT* transition peak between 260 to
270 nm, a characteristic feature that reveals the extent of conjugation and the degree
of quantum confinement in the QDs [14]. Photoluminescence (PL) studies are
instrumental in confirming the quantum dot nature, characterized by excitation-

dependent emissions and a blue shift in emission wavelengths compared to bulk rGO,
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which corroborates the size-induced quantum confinement effects that boost the
photoluminescent properties of the material [2]. Additionally, Dynamic Light Scattering
(DLS) and zeta potential measurements may provide quantitative data on the size
distribution and colloidal stability of rGO-QDs, further indicating successful

synthesis [20]. These analytical techniques collectively verify the nanoscale

dimensions, partial reduction, and preserved Tt-conjugation in rGO-QDs, ensuring their
suitability for optoelectronic and electrochemical applications.

In terms of optical properties, rGO-QDs display strong and tunable
photoluminescence, which is influenced by both quantum confinement and
surface/edge state effects. As the particle size decreases, quantum confinement causes
a blue shift in the emission spectrum, while the presence of oxygenated functional
groups at the edges introduces additional defect-related states that modulate emission
intensity and wavelength. The emission profile can be tuned from blue to red by
adjusting the synthesis parameters such as temperature, pH, and reaction duration.

Ultraviolet-visible (UV-Vis) absorption spectra of rGO-QDs typically show a primary
peak around 230 nm, corresponding to TT-TT* transitions in the aromatic C=C bonds,

and a shoulder between 300 and 350 nm, attributed to n—TT* transitions of oxygenated
groups [2,6].
Beyond their optical performance, rGO-QDs exhibit improved electrical

conductivity compared to unreduced GO or insulating carbon quantum dots. This

enhancement is attributed to the partial restoration of the TT-conjugated network,
which allows for more efficient charge carrier transport. When integrated into
electrochemical systems particularly as additives in supercapacitor electrolytes rGO-
QDs improve interfacial charge transfer and facilitate ion diffusion through their high
surface area and enhanced electrolyte wettability [6]. Furthermore, the coexistence of
conductive sp? domains and reactive oxygenated edges makes rGO-QDs highly versatile
for applications across optoelectronics, energy conversion, catalysis, and biosensing.
Importantly, their synthesis scalability, tunable emission, and environmental
compatibility give rGO-QDs a competitive edge over traditional semiconductor QDs in
green nanotechnology development.

Compared to other types of quantum dots, such as traditional semiconductor-

based QDs (e.g., CdSe, PbS) or carbon dots (CDs), rGO-QDs offer the advantage of
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chemical stability, environmental compatibility, and dual functionality in both electron
transport and optical modulation. Their performance can be tailored via synthesis
conditions, enabling integration into next-generation devices that require a synergistic

balance of conductivity, fluorescence, and surface reactivity.

2.1.1.4 Electrical Conductivity and Defect Structure of GO, rGO, and rGO-
QDs
The electrical conductivity of graphene-based is a fundamental property
governing their utility in electronics, energy storage, and electrochemical applications.
Pristine graphene exhibits outstanding conductivity (~10*-10° S/m), attributed to its
extended sp?-hybridized carbon lattice and high charge carrier mobility. However,

oxidation to form GO introduces oxygen-containing functional groups (e.g., hydroxyl,

epoxy, carboxyl), disrupting the TT-conjugated system and converting sp? carbons into
sp> hybridizations. This structural alteration drastically lowers GO’s conductivity,
typically to the range of 107 to 10> S/m [12].

rGO is obtained by partially removing these oxygen groups through chemical,
thermal, or electrochemical reduction, leading to a partial restoration of the
conductive sp? domains. The conductivity of rGO varies widely depending on the

reduction method, often ranging from 10? to 10°> S/m [21,22]. For instance, thermal

reduction can restore more extended Tl-networks but may introduce structural
vacancies, while chemical reduction tends to be milder but may leave residual defects
and functional groups that scatter electrons.

Characterization of these materials is commonly performed using techniques
such as Raman spectroscopy and X-ray Photoelectron Spectroscopy (XPS). Raman
spectra provide insights into structural disorder through the D and G bands. The D
band, associated with lattice defects, increases in intensity relative to the G band when
disorder is present. The Ip/lg ratio serves as a metric for defect density and
graphitization. XPS complements this by quantifying elemental compositions and
bonding states; a high oxygen-to-carbon ratio in GO indicates extensive oxidation, while
a reduced ratio in rGO signifies restoration of graphitic structure [12,21]. In general,
rGO’s electrical conductivity represents a trade-off between restored sp? regions and

defect-induced scattering, which can be strategically tuned for specific applications.
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When GO is further downscaled to reduced graphene oxide quantum dots (rGO-
QDs), their electrical properties are further influenced by size effects, edge chemistry,
and quantum confinement. Although rGO-QDs typically exhibit lower bulk conductivity
than extended rGO sheets due to their limited sp? domain size, they possess significant
advantages in interfacial electron transfer processes. Their conductivity, while modest,
is sufficient for roles in electrochemical devices like sensors and supercapacitors, where
rapid redox activity is more critical than bulk electron transport [14,23]. The localized
electronic states arising from edge defects and oxygen-containing groups can support
hopping conduction and increase electrochemical surface area [24].

Moreover, as rGO-QDs are quantum-confined structures (2-10 nm), their high
surface-to-volume ratios amplify the influence of defects and surface states on
electronic behavior. Optical and electrochemical properties become tunable through
controlled synthesis conditions, which modify the density of defect sites and the
degree of sp? restoration. Raman Ip/l; ratios in rGO-QDs often reflect increased disorder
compared to rGO, indicating their edge-dominated nature. This defect-induced
heterogeneity, while detrimental to bulk conductivity, proves beneficial for
applications requiring high charge transfer kinetics and functional reactivity. Thus,
understanding and manipulating defect structures and edge chemistry are key to

optimizing rGO-QDs for high-performance nanoelectronic and energy-related devices.

2.2 Application-Relevant Properties of rGO-QDs: Thermoelectric and

Electrochemical Perspectives

2.2.1 Thermoelectric Role of rGO-QDs in Bi,Te; Composites
Thermoelectric (TE) materials convert heat differentials into electricity,
quantified by the dimensionless figure of merit ZT. This figure is defined as:
oS%T

- ¢

where o is electrical conductivity, S is the Seebeck coefficient, T is absolute

ZT =

temperature, and xis the thermal conductivity [25]. An equivalent term, the power
factor (PF), is often used and defined as 652, since maximizing PF while minimizing &
is key to high ZT. Bismuth telluride (Bi,Tes) is a well-known TE material near room
temperature with ZT= 1, and research has focused on enhancing its performance

through nanostructuring and composite approaches [26,27]. Incorporating rGO-QDs
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into Bi,Te; matrices has emerged as an effective strategy to boost TE performance via
phonon scattering and carrier energy filtering mechanisms.

At the nanoscale, quantum confinement of carriers and abundant interfaces
can profoundly influence TE transport. Reducing material dimensions increases
boundary phonon scattering (lowering lattice thermal conductivity, ;) and can create
discrete energy levels that affect charge transport [28]. In the case of Bi,Tes/rGO-QD
composites, the rGO-QDs serve as nanoinclusions that disrupt phonon propagation,
significantly reducing x without severely harming electrical transport [29]. Li et al.
(2017) demonstrated that Bi,Te; nanosheets embedded with 20 nm graphene QDs
showed a marked drop in thermal conductivity along with an enhanced power factor,
owing to optimized electron scattering at Bi,Te;—GQD interfaces. The Seebeck
coefficient (S) in such hybrids can also be tuned by energy filtering: low-energy carriers
are selectively scattered at the Bi,Tes/GQD interface, allowing higher-energy (hotter)
carriers to dominate transport, which raises S. As a result of these combined effects,
the Bi, Tes/GQD (20 nm) hybrids achieved a maximum ZT = 0.55 at 425 K, higher than
pristine Bi,Te; under the same conditions. This improvement illustrates how rGO-QDs
can play a thermoelectric role as performance enhancers in a bulk matrix.

Mechanistically, the interface density and size of QDs are critical design
parameters. Smaller and more numerous QDs increase interface area for phonon
scattering, but if too many or too small, they may introduce electron barriers that
reduce o Li et al. noted that varying the GQD size allows tuning of their dispersion
and density, which in turn optimized the TE transport properties. There exists an
optimal QD size/content that maximizes phonon blocking while either preserving or
even improving carrier transport via modulation doping. In addition to thermal effects,
graphene-based inclusions can also enhance mechanical robustness; studies have
found that adding graphene (even in nanoplate form) reduces grain size and can
improve the mechanical stability of Bi,Te; composites [26]. This is advantageous for
device fabrication, as a small fraction of graphene or QDs can not only boost ZT but
also strengthen the composite against thermal stress and deformation. This
improvement can be partially attributed to the quantum confinement effects in rGO-
QDs, which enhance the density of electronic states near the Fermi level, thereby

improving the Seebeck coefficient and overall energy conversion efficiency.



15

It is important to note that quantum and nanoscale effects in rGO-QDs
complement the intrinsic TE properties of Bi,Tes. Graphene QDs in particular have
shown unique TE phenomena such as coherent thermopower. For instance, Zhao et
al. (2019) observed thermopower generation from quasi-bound states in graphene QDs,
highlighting that confined charges can exhibit resonant thermoelectric effects at room
temperature [28]. While such quantum-coherent effects are typically studied in model
systems, they underscore the broader point that rGO-QDs bring quantum confinement
benefits to composites. In practical Bi,Tes/rGO-QD composites, carriers remain largely
diffusive, but the energy filtering due to band offset at Bi,Te; graphene interfaces can
mimic a “mini-bandgap” filter for charge carriers, thus boosting Seebeck coefficient
without enormous conductivity loss. The overall result is an improved PF and reduced
ki, @ win-win for ZT [29].

Finally, rGO-QDs are attractive because they retain high electrical conductivity
(when well-reduced) and can form percolative networks inside the matrix. Unlike
insulating oxide nanoparticles, carbon-based QDs can provide conductive pathways
between Bi,Tes grains, mitigating the drop in o. Therefore, the thermoelectric role of
rGO-QDs in BiyTes is two-fold: (1) thermal conductivity suppression via interface phonon
scattering and (2) power factor enhancement through carrier energy spectrum
modulation. This synergistic effect leads to higher TE efficiency as evidenced by recent
reports [29], making rGO-QDs promising nanoscale inclusions for next-generation high-

performance thermoelectrics.

2.2.2 Electrochemical Properties for Energy Storage Applications

Beyond thermoelectrics, rGO-QDs exhibit noteworthy electrochemical
properties that are advantageous for energy storage devices such as supercapacitors
and batteries. In electrochemical applications, high surface area, electrical conductivity,
and accessible active sites are paramount. Graphene-based quantum dots tick all these
boxes: they are extremely small (few nm) — offering a large surface-to-volume ratio -
and, when derived from GO, come decorated with edge and surface functional groups
(e.g. hydroxyl, carboxyl). Upon reduction, rGO-QDs regain good conductivity while still
retaining defects and functional moieties that can participate in Faradaic reactions. This
combination leads to excellent double-layer capacitive behavior augmented by some

pseudocapacitance from residual functional groups.
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A prime example is the use of graphene QD electrodes in electric double-layer
capacitors (EDLCs). Zhang et al. (2018) prepared uniform GQDs (<5 nm) by a top-down
oxidative cutting of GO, followed by thermal reduction [30]. The resulting rGO-QDs had
abundant edge sites but minimized excess oxygen, preventing them from restacking —
a problem that plagues larger graphene sheets. When tested as electrode material,
these GQDs exhibited nearly ideal EDLC behavior, with a high specific capacitance of
~296.7 F/g and an energy density of 41.2 Wh/kg at 1 A/g. Such performance metrics
are on par with or exceeding conventional activated carbon-based supercapacitors,
demonstrating the effectiveness of nanoscopic graphene in storing charge. The high
capacitance arises from the EDLC mechanism — a nanoscopic charge separation at the
interface between the GQD surface and electrolyte. Because the QDs are so small,
nearly every atom lies at or near a surface; this means a greater fraction of atoms
participate in charge storage (either via non-Faradaic double-layer charging or Faradaic
redox if functional groups are present). Additionally, the curvature and defects of rGO-
QDs can serve as redox-active sites, contributing pseudocapacitance that boosts the
total stored charge beyond a purely physical Helmholtz double layer.

Several intrinsic properties of rGO-QDs benefit ion transport and charge storage
kinetics. First, their nanometer size shortens ion diffusion paths: electrolyte ions only
need to travel a short distance to adsorb/desorb on a QD surface, enabling rapid
charging and discharging (low RC time constants). Second, rGO-QDs, being conductive,
facilitate fast electron transport to all those numerous surface sites, evidenced by the
low internal resistance observed in GQD supercapacitors. Third, the presence of
functional groups (though reduced) can provide additional Faradaic reactions. For
example, quinone-like oxygen or residual hydroxyl groups at QD edges can undergo
redox reactions, effectively increasing capacitance (this is similar to how functionalized
carbon provides pseudocapacitance in acid electrolytes). However, because the QDs
have been “purified” by thermal treatment, they strike a balance: enough defects for
extra capacity, but not so many as to severely impede conductivity.

Comparatively, rGO-QDs vs. bulk rGO sheets offer a trade-off between
accessible surface and conductivity. Bulk graphene or rGO sheets have superb
conductivity but tend to restack, reducing accessible surface area. Quantum-sized
graphene dots resist restacking (they behave almost like pillared spacers when mixed

with larger sheets, keeping them apart) [30]. Moreover, QDs can insert into porous
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structures or composite electrodes more uniformly. For instance, rGO-QDs have been
combined with conducting polymers (like polypyrrole) to form composite electrodes
with significantly improved capacitance, leveraging the QDs’ role as a nanoscopic
conductor and spacer [31]. In batteries, rGO-QDs have also been explored as
conductive additives or even as active materials. Their ability to provide a percolating
conductive network can improve the rate capability of battery electrodes, and their
functional edges can host lithium ions or other charge carriers in high numbers. One
study on a graphene QD/Si anode showed that GQDs helped accommodate Si
expansion and provided conductive channels, enhancing cyclability of the lithium-ion
battery anode [32]. Thus, whether in supercapacitors or battery electrodes, the
electrochemical role of rGO-QDs is to furnish a high-surface-area, highly conductive,
and chemically interactive platform for charge storage.

In summary, rGO-QDs are ideal nanoscale building blocks for energy storage:
they combine the advantages of carbon nanostructures (chemical stability, high
conductivity after reduction, and robust cycling) with the quantum-size effect of
exposing a maximal surface for charge accumulation. The result is electrode materials
with high capacitance, excellent power density (fast charging) and good lifecycle
stability [30]. These properties make rGO-QDs promising for advanced supercapacitors,
micro-power sources, and even as catalyst supports in fuel cells or electrolyzers, where
their high surface area and conductivity improve electrochemical reactions. The
insights from recent studies firmly establish that carefully engineered rGO-QD
electrodes can outperform traditional carbon materials, supporting their integration in

next-generation energy storage devices.

2.2.3 Optical Properties and Bandgap Tuning

One of the most intriguing aspects of graphene-based quantum dots is their
tunable optical properties, particularly the ability to exhibit size-dependent
photoluminescence (PL) and adjustable bandgaps. While pristine graphene is a
semimetal with zero bandgap, it acquires a finite bandgap when confined into
nanometer-scale dots due to quantum confinement and edge effects. In reduced
graphene oxide quantum dots (rGO-QDs), the electrons and holes are confined within
discrete sp? carbon domain, leading to discrete energy levels much like in a

semiconductor quantum dot.
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The bandgap Ej4 of a graphene QDs is inversely related to its size: the square

of their size. Smaller QDs, with fewer conjugated TT-domains, exhibit more widely
spaced energy levels, resulting in larger bandgaps. Conversely, larger QDs have more
delocalized states and thus narrower gaps. This principle is illustrated by experimental
studies and theoretical calculations [33,34,34,35]. In particular, Figure 2.2.1 shows a
linear relationship between the emission energy hv and the inverse square of QD
diameter (1/a), which is consistent with the quantum confinement model. As the QD
size decreases, the photon emission energy increases, confirming the presence of

strong size-dependent bandgap tuning.

Figure 2.2.1 Relationship between emission energy and QD size (1/a) [34].

In practical terms, this size-dependent bandgap manifests as PL emission that
shifts with QD size. Quantum dots tend to emit light at higher energies (bluer colors)
when they are smaller, and emit lower-energy (redder) light when larger. Graphene
QDs follow this trend: for example, a batch of GQDs with average size ~6 nm might
emit blue light, whereas 10 nm GQDs could emit green. Experimental studies have
indeed observed that by controlling the size of graphene QDs (through techniques like
size-selective dialysis or filtration), one can tune the PL peak wavelength [35]. In one
study, four different GQD sizes (~6.5, 8.4, 9.3, and 10.3 nm) were isolated, and the
smallest GQDs showed the strongest and most blue-shifted emission, whereas larger
ones had slightly red-shifted PL peaks. The trend corresponds to calculated gaps: DFT
(Density Functional Theory) calculations confirm that GQD bandgap drops rapidly as
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diameter increases up to ~5-6 nm, then saturates for larger sizes. Thus, there is a
pronounced quantum confinement regime for GQDs below about 5 nm where optical
properties are highly size-tunable, whereas beyond that, adding more carbon atoms
yields diminishing changes in bandgap.

Apart from size, the edge chemistry and functionalization of rGO-QDs also
critically affect their optical behavior. Graphene QDs can have predominantly zigzag or
armchair edge configurations, or be functionalized with oxygen, hydrogen, etc. Zigzag
edges introduce localized states that can even be mid-gap; armchair edges tend to
open a gap. As seen in Figure 2.2.2, zigzag-edged GQDs have a smaller gap than
armchair-edged ones of the same size due to differing T-bond topology. Chemical
doping is another powerful tuning knob: introducing heteroatoms like nitrogen or sulfur
into GODs modulates their electronic structure. Doping can either create new emissive
recombination centers or alter the bandgap by changing the electron density. For
instance, nitrogen-doped GQDs often show shifted PL and higher quantum yield due
to new radiative recombination paths. Researchers have leveraged this by doping GQDs
to achieve multicolor emission or to enhance brightness (quantum vyield). Surface
passivation (e.g., attaching polymer or organic ligands) is yet another method to tune
optical output, often resulting in brighter emission by mitigating nonradiative

recombination at surface defects.
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Figure 2.2.2 DFT-calculated energy gap vs. GQD diameter for zigzag and armchair
edges [35].

Beyond photoluminescence, rGO-QDs exhibit notable absorption properties.
They typically show an absorption band in the UV due to the m — ™ transitions of the
aromatic carbon core. As the size (and conjugation length) of the QD increases, this
absorption edge red-shifts (lower photon energy), consistent with a decreasing
bandgap. In some reports, an optical Tauc analysis is used to estimate the bandgap of
GQDs from UV-Vis absorption. For example, one study found a GQD film had an optical
bandgap of ~4.1 eV [33], aligning with other reports for small (<5 nm) GQDs. When
those GQDs were embedded in a polymer (PVA), the composite’s effective bandgap
slightly increased (to ~4.10 eV from 4.06 eV for pure PVA), indicating that the GQDs’
quantum confinement widens the gap of the host matrix. The authors attributed this
to the quantum confinement effect of the dots, which widen the energy difference
between filled and empty states in the composite. In essence, by introducing quantum
dots, one can tune the optical bandgap of materials in a predictable way: adding
smaller dots raises the effective bandgap and blue-shifts optical transitions, while larger

dots or fewer dots have the opposite effect.
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From an application perspective, the optical tunability of rGO-QDs is valuable
for designing optoelectronic and sensing devices. Their stable photoluminescence and
size-dependent emission make them candidates for multicolor bio-imaging tags, LEDs,
and even solar spectrum tuning. Moreover, the fact that graphene usually lacks a
bandgap but GQDs have one means GQDs could be used in electronics where
graphene falls short — for instance, GQDs in a polymer LED can act as the emissive
semiconductor. The PL is also excitation-dependent in many GQDs (different excitation
wavelengths yield different emission peaks due to distributions of sizes and surface
states), which can be leveraged for white-light emission or ratiometric sensors. In this
work, the size-dependent optical features of rGO-QDs were experimentally confirmed
by UV-Vis absorption and fluorescence spectroscopy, as discussed in Chapter 4. These
tunable optical properties not only validate the quantum-confined structure of the
synthesized rGO-QDs but also support their integration into optoelectronic and

electrochemical systems.

2.2.4 Synergistic Design Considerations for Multifunctional Devices

Harnessing the full potential of reduced graphene oxide quantum dots (rGO-
QDs) within multifunctional devices necessitates a synergistic design approach that
effectively  integrates  multiple  functionalities, including  thermoelectric,
electrochemical, and optical properties. Achieving this integration poses challenges as
the properties beneficial for one functionality may inadvertently affect another. Here
we explore several key design considerations to optimize the utility of rGO-QDs in

various applications.

Optimal Loading and Dispersion: The performance of multifunctional
composites is highly dependent on the optimal loading and uniform dispersion of
nanofillers such as reduced graphene oxide quantum dots (rGO-QDs). Although direct
studies on rGO-QDs remain limited, related research on GQDs and rGO-based systems
provides insight into design strategies that may apply similarly to rGO-QDs.

In thermoelectric composites, a small amount of GQDs (typically 1-5 wt%)
incorporated into Bi,Te; matrices has been shown to reduce lattice thermal
conductivity due to enhanced phonon scattering and interfacial disruption, while
maintaining or slightly improving electrical conductivity [29]. However, excessive

loading can result in charge carrier percolation pathways that short-circuit the
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thermoelectric gradient, ultimately reducing the Seebeck coefficient and power
factor [36]. Although these studies involved GQDs, rGO-QDs possess similar size-
dependent transport behavior due to quantum confinement and surface defect states,
suggesting that a comparable optimal range might exist.

In electrochemical applications, especially in supercapacitor electrodes,
increased loading of rGO or carbon-based QDs generally enhances double-layer
capacitance due to increased surface area. However, beyond a certain threshold,
particle agglomeration becomes prominent, blocking active sites and reducing
electrolyte accessibility [37]. For rGO-QDs, which retain surface functional groups from
their GO origin, proper dispersion also ensures uniform electron pathways and
minimizes interparticle resistance. Achieving this balance often requires surface
modification or hybridization with conductive additives.

Therefore, while optimal loading must be tailored case-by-case, studies on
analogous materials indicate that both thermoelectric and electrochemical
performances follow a non-linear trend with filler content: low loading underutilizes
the potential of rGO-QDs, whereas overloading introduces interfacial saturation and
performance loss. Fine-tuning the weight fraction of rGO-QDs and ensuring nanoscale

dispersion are thus crucial to unlocking their multifunctional potential.

Interface Engineering: Interface engineering plays a critical role in optimizing
the multifunctional performance of nanocomposites, particularly when integrating
carbon-based nanomaterials like reduced graphene oxide quantum dots (rGO-QDs).
Although direct studies on interface phenomena involving rGO-QDs are still emerging,
related findings from graphene, rGO, and GQD systems offer applicable insights.

Well-designed interfaces enhance charge carrier mobility, reduce
recombination losses, and promote mechanical and thermal stability within composite
systems. In photocatalytic and thermoelectric composites, surface-functionalized
GQDs have been shown to establish efficient charge transfer pathways with the host
matrix, significantly improving conductivity and overall performance [38,39]. Similarly,
rGO when hybridized with polymers or semiconductors can reduce interfacial
resistance and form percolated networks that facilitate electron flow [40]. For rGO-
QDs, the presence of residual oxygenated groups inherited from GO precursors allows

for further functionalization, enabling compatibility with a range of host materials. This



23

is particularly important in electrochemical devices, where uniform interfaces help
maximize electrolyte interaction, minimize charge transfer resistance, and ensure
mechanical adhesion to electrodes. Interface engineering strategies may include
surface ligand modification, in-situ synthesis onto host substrates, or incorporation into
polymeric matrices to improve dispersion and bonding.

Thus, while systematic studies on interface behavior of rGO-QDs remain limited,
design strategies borrowed from similar carbon nanomaterials suggest that engineering
strong, stable, and conductive interfaces is essential for achieving synergistic

functionality in optoelectronic, electrochemical, and energy-conversion devices.

Mechanical and Thermal Integration: Integrating mechanical flexibility and
thermal robustness is vital in the development of multifunctional devices using
reduced graphene oxide quantum dots (rGO-QDs), especially for wearable electronics
and energy systems. While rGO-QDs are primarily studied for their optical and
electronic properties, insights from graphene oxide (GO), reduced graphene oxide (rGO),
and graphene quantum dots (GQDs) provide a foundational understanding of how
these carbon nanomaterials contribute to mechanical and thermal enhancement in
composites.

The incorporation of carbon-based nanostructures into thermoelectric
materials such as Bi,Tes; has shown to improve fracture toughness and elasticity of the
matrix, allowing the fabrication of flexible thermoelectric films [41,42]. These
enhancements are largely attributed to the ability of sp2-hybridized carbon domains
to dissipate stress, reinforce the matrix, and prevent crack propagation. Although
specific studies on rGO-QDs are limited, their small size and high surface area suggest
that, when properly dispersed, they could offer similar reinforcement effects by
interacting at the microstructural level.

In addition to mechanical benefits, rGO and related nanomaterials can support
thermal stability and manage heat dissipation. The high thermal conductivity of
graphitic domains helps distribute localized heat, which is crucial in maintaining device
performance under fluctuating temperatures. Moreover, when embedded in polymers
or hybrid films, rGO-based materials assist in controlling thermal gradients and

enhancing thermal fatigue resistance [43].
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For rGO-QDs, the combination of quantum confinement and residual functional
groups may also contribute to interfacial energy dissipation and matrix bonding,
potentially making them suitable candidates for thermally resilient and flexible device
platforms. Nonetheless, further dedicated studies are needed to explicitly confirm

these effects for rGO-QDs.

Self-Powering and Multi-Modal Operation: The development of self-
powering devices systems capable of generating, storing, and utilizing energy
autonomously has gained momentum in recent years, especially for wearable and
remote electronics. Reduced graphene oxide quantum dots (rGO-QDs), owing to their
multifunctional properties, have emerged as promising candidates for realizing such
integrated systems.

In thermoelectric applications, incorporating rGO-QDs into composite materials
can improve the Seebeck coefficient and electrical conductivity, thereby boosting the
overall thermoelectric performance [29]. These properties are essential for harvesting
waste heat and converting it into usable electricity, forming the basis of self-powered
systems.

Moreover, rGO-QDs can also function as efficient electrode materials in micro-
supercapacitors due to their high surface area, tunable conductivity, and
electrochemical stability. This dual role energy harvesting and energy storage opens
the door for integrated devices that combine thermoelectric generators with
supercapacitors into a compact, flexible platform [44,45]. For instance, thermoelectric
thin films based on BixTe3z-rGO-QD composites have been used to power micro-
supercapacitors embedded with carbon nanomaterials, achieving real-time energy
conversion and utilization without the need for external circuits [43].

Such hybrid configurations not only reduce system complexity but also
enhance energy efficiency by enabling simultaneous multi-functional operation such
as sensing, storage, and communication within a single compact device. The small size
and surface functionalization potential of rGO-QDs further allow their integration into
soft electronics, where conformal contact with the body or surface is necessary.

Though direct studies on rGO-QDs for fully integrated self-powered systems

remain limited, extrapolations from research on GQDs, rGO, and related carbon
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nanomaterials suggest that rGO-QDs could serve as key building blocks for next-

generation multi-modal platforms.

Thermal and Optical Synergy: Integrating thermal and optical functionalities
into a single material system is a key design goal for multifunctional devices, especially
in applications such as wearable electronics, optoelectronic sensors, and energy
management platforms. Reduced graphene oxide quantum dots (rGO-QDs) offer a
unique combination of thermal conductivity and photoluminescent properties that
enable such synergistic integration.

Thermally, rGO-QDs benefit from their partial sp? carbon domains, which
facilitate moderate heat conduction. When embedded in thermoelectric composites
like BipTeg, rGO-QDs can contribute to lowering lattice thermal conductivity through
enhanced phonon scattering, while still maintaining reasonable electrical transport—
a balance essential for thermoelectric performance [29]. Optically, rGO-QDs exhibit
strong, stable photoluminescence with excitation-dependent emission. This allows
them to act as optical sensors or active layers in light-emitting devices. The
combination of photoluminescence and thermal responsiveness offers potential for
real-time temperature sensing through spectral shift monitoring, or for dynamic
displays in heat-responsive systems [46].

Moreover, their lightweight nature and minimal addition to composite mass
make them ideal for integration in flexible substrates or textiles where simultaneous
optical signaling and heat dissipation are desired. This is particularly advantageous in
applications such as smart fabrics or optothermal feedback systems in wearable
devices.

Several studies also suggest the feasibility of rGO-QDs in optical-thermal
regulation systems where light absorption can be tuned for controlled heating, while
maintaining visual signaling functions. For instance, materials with embedded rGO-QDs
have demonstrated temperature-dependent changes in optical output, allowing for
adaptive thermal display or early overheating detection in electronics [47].

Though further experimental studies are needed specifically on rGO-QDs,
extrapolations from GQDs and related carbon nanomaterials support the potential of
rGO-QDs as effective thermal-optical dual-function materials in next-generation

adaptive and intelligent systems. Table 2.2.1 summarizes the key multifunctional roles



26

of rGO-QDs across various application domains, along with corresponding design

considerations essential for their effective integration.

Table 2.2.1 Design considerations and multifunctional roles of rGO-QDs in

thermoelectric, electrochemical, optical, and mechanical applications.

Property/Function

Role of rGO-QDs

Design Considerations

Thermoelectric (in

Bi, Tes)

®  Scatter phonons to
reduce lattice thermal
conductivity
®  Introduce energy
filtering to enhance

Seebeck coefficient

QD
(typically ~1-5 wt%) to

®  Optimize loading
avoid percolation issues or
short circuits

®  Surface-functionalize QDs

to improve interfacial

charge storage

B Enable fast electron
transport

" Contribute
pseudocapacitance via

defect-rich edges

B Preserve electrical compatibility with BixTes

pathways for high o matrix
Electrochemical ® Provide high surface | ® Maintain optimal
(Supercap) area for double-layer dispersion to  prevent

agglomeration

® Use porous binders that
do not hinder ionic
pathways

®  Combine with conductive

for

support martrix

structural reinforcement

Optical (PL/Bandgap)

B Offer size-dependent
bandgap and tunable
PL

B Enable  defect-state
emission for sensing

® Serve as transparent
conductors in  thin

films

®  Adjust QD size and doping

for  specific  emission
wavelengths
® Passivate  surfaces  to

enhance quantum yield

and minimize non-
radiative losses
® Integrate into host without

PL quenching
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Mechanical/Flexibility | ® Improve  mechanical | ® Ensure uniform dispersion
strength and prevent to minimize stress
grain growth in host concentration
matrix B Use rGO-sheet-QD hybrids

B Introduce flexibility in for synergistic
otherwise brittle reinforcement and flexible
thermoelectric or percolation networks
polymer composites

2.3 Literature Reviews
2.3.1 Research on Graphene Quantum Dots (GQDs) and rGO-QDs

Graphene quantum dots (GQDs) are nanoscale fragments of graphene (typically
<10 nm in diameter and a few layers thick) that combine the 0D quantum confinement
of carbon dots with the crystallinity and conductivity of graphene [48]. Their discovery
in the early 2010s opened new avenues in nanocarbon research, as GQDs exhibit
unique size-dependent properties absent in bulk graphene. Notably, GQDs possess a
tunable bandgap (whereas pristine graphene is gapless) due to quantum confinement
and edge effects, leading to photoluminescence (PL) that can span from blue to red
depending on size and surface chemistry [1] (Zhu et al., 2014). Multiple synthesis
routes for GQDs have been developed. Top-down methods start from larger carbon
allotropes (graphite, GO, carbon fibers, etc.) and break them down via chemical
oxidation, laser ablation, or electrochemical exfoliation [49]. For example, Pan et al.
(2010) [50] oxidized graphene sheets and then hydrothermally cut them into ~5 nm
fluorescent GQDs, one of the first demonstrations of graphene’s quantum-dot
behavior. These approaches can yield GQDs in bulk, though controlling size and surface
groups can be challenging. In contrast, bottom-up methods build GQDs from molecular
precursors (e.g. polycyclic aromatic hydrocarbons or biomass fragments) through
solvothermal reactions or microwave-assisted carbonization. Bottom-up synthesis
offers fine control over GQD size, doping, and functionalization, at the expense of more
complex chemistry.

Fundamental properties of GQDs have been extensively characterized.

Structurally, GQDs consist of sp2-bonded carbon domains with abundant edge sites
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terminated by functional groups (~COOH, -OH, etc., especially if derived from GO).
They often display a lattice fringe spacing around 0.21-0.24 nm in high-resolution TEM,
corresponding to graphene’s (100) lattice planes [51]. Optical behavior is a hallmark of

GQDs: they show strong TT-TT* absorption in the UV (usually a peak ~270 nm) and
excitation-dependent PL emissions in the visible range. Smaller or highly oxidized GQDs
tend to emit in the blue/green, while larger or heteroatom-doped GQDs can exhibit
red-shifted or even white-light emission [52]. This tunable PL arises from a combination
of quantum confinement (smaller GQDs have larger bandgaps) and surface/edge states.
Bandgap engineering is possible by controlling GQD size, shape, and defects: as one
study showed, adding heteroatoms like N can introduce mid-gap states and modify
both optical and electronic properties [49]. For instance, nitrogen-doped GQDs were
found to exhibit different emission colors and enhanced electron delocalization,
implying potential for tailored optoelectronic behavior [49].

Reduced graphene oxide quantum dots (rGO-QDs) are a closely related class,
typically produced by first synthesizing GO-derived quantum dots and then chemically
reducing them to partially restore conductivity. rGO-QDs share the quantum confined
size of GQDs but with fewer oxygen functional groups (higher C:O ratio). This generally
leads to improved electrical conductivity and more graphitic domains, while still
retaining significant surface functionality. Buatong et al. (2023) demonstrated a
hydrothermal route to obtain rGO-QDs ~4-5 nm in size, confirming by XRD and Raman
that the GO precursor’s interlayer spacing contracts upon reduction and the I/l defect
ratio decreases (to ~0.9) as sp? carbon networks are restored. The rGO-QDs exhibited
tunable photoluminescence similar to GQDs, indicating quantum confinement was
preserved despite reduction. Interestingly, that study also noted the rGO-QDs showed
paramagnetic behavior, attributed to remaining unpaired electron spins at defect sites,
highlighting how adjusting the oxidation level of GQDs can unlock new properties.
Overall, the past decade’s research on GQDs and rGO-QDs has established their
synthesis techniques and fundamental properties — from zero-dimensional quantum-
confined electronic structure to high surface area with abundant active sites which

underpin their applications in various fields.
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2.3.2 Application of rGO-QDs in Thermoelectric Composites

One prominent application of graphene-based quantum dots is in
thermoelectric (TE) composites, where the goal is to improve the material’s
dimensionless figure of merit (ZT) by decoupling electrical conductivity, Seebeck
coefficient, and thermal conductivity. Graphene QDs can be incorporated into TE
matrices (such as bismuth telluride or metal oxides) to introduce nanostructured
interfaces that scatter heat-carrying phonons and potentially energy-filter charge
carriers. Li et al. (2017) [29] provided an early demonstration of this strategy by
embedding 20 nm GQDs into Bi,Te; nanosheets [29]. The Bi, Tes/GQD hybrid showed a
significantly reduced thermal conductivity alongside an enhanced power factor (52 o),
yielding a maximum ZT=0.55 at 425K higher than pristine Bi,Te; [29]. The
improvements were attributed to the GQD-Bi,Te; interfaces, which acted as effective
phonon scattering centers (lowering lattice thermal conductivity) while maintaining
good electrical transport. By tuning the size and dispersion of GQDs, Li et al. were able
to optimize the density of these interfaces, illustrating a key principle: smaller, well-
dispersed quantum dots create more interface area for scattering phonons without
overly disrupting the electron percolation network. This concept of interface
engineering has since been explored with various host materials and carbon
nanostructures.

Recent research by Choi et al. (2024) generalized these findings by incorporating
low-oxidation graphene QDs into a 3D porous ZnO framework. As illustrated in Figure
2.3.1, this configuration achieved enhanced Seebeck coefficient and suppressed

thermal conductivity, resulting in a fourfold improvement in ZT values.
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Figure 2.3.1 Schematic illustration and experimental results from Choi et al. (2024)
showing how GQDs at grain boundaries in a 3D ZnO nanostructure introduce energy
filtering and phonon scattering. (a) 3D porous ZnO framework before and after GQD
decoration; (b) illustration of low-energy electrons being filtered at GQD/Zn0O interfaces
and phonons scattered at interfaces and grain boundaries; (c) TEM image confirming
~5 nm GQDs attached to ZnO (FFT patterns indicate lattice of GQD vs. Zn0O). (d-f)
Temperature-dependent TE properties: GQDs raise the Seebeck coefficient via energy
filtering, markedly reduce thermal conductivity, and thereby boost ZT (~4.4x increase

at 500 K) compared to ZnO alone.

The GQD-decorated ZnO achieved the highest ZT ever reported for ZnO (~0.48
at 580 K, a 4-fold increase) [53]. The mechanism was elucidated as twofold: (1)
Enhanced phonon scattering the GQD/ZnO heterointerfaces and native grain
boundaries reflect phonons, lowering the thermal conductivity; and (2) Electron energy
filtering — band offset at the GOD-ZnO interface preferentially impedes low-energy
(low Seebeck coefficient) electrons, thereby increasing the Seebeck coefficient. This
dual benefit relies on the ability to distribute GQDs uniformly across the host matrix.
Notably, GQDs excel in this role compared to larger carbon additives. As Choi et al.

(2024) pointed out, among carbon nanostructures, graphene QDs offer an interfacing
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advantage over graphene sheets or CNTs due to their high density of active sites that
enable uniform coverage of the host material. Graphene sheets or carbon nanotubes,
while providing conductivity, cannot be dispersed at as fine a length scale and thus
create fewer, larger interfaces. GQDs/rGO-QDs, in contrast, act as ultra-fine
“nanoprecipitates” decorating grains and grain boundaries. This leads to a TE
composite where heat transport is interrupted at countless 0D inclusions, yet electrical
connectivity can be maintained or even enhanced by the percolative network of
conductive dots. Indeed, several studies on Bi,Tes;, PbTe, and oxide TEs report that
introducing nanoscale carbon (including GQDs) yields a net gain in ZT via reduced &
and modestly improved or unchanged o and Seebeck [29,53]. In summary, prior
research on graphene derivatives quantum dots in thermoelectrics has established
them as effective phonon-scattering centers and energy filters. This opens a pathway
to engineer higher-performance TE materials by judiciously adding carbon quantum
dots, provided their size, band alignment, and dispersion are carefully controlled to

maximize interfacial scattering without introducing too many charge-carrier traps.

2.3.3 Electrochemical Energy Storage Applications of rGO-QDs

Beyond thermoelectrics, rGO-QDs have attracted considerable interest in
electrochemical energy storage, including supercapacitors and battery electrodes.
Their small size, high surface-to-volume ratio, and tunable surface chemistry make
them appealing as electrode additives or even as active materials to enhance
capacitance and charge transport. In supercapacitors, two primary charge storage
mechanisms exist: electric double-layer capacitance (EDLC), which is surface ion
adsorption, and pseudocapacitance, which involves fast reversible redox reactions.
Graphene-based materials are known for EDLC, but they typically lack
pseudocapacitance. rGO-QDs can introduce pseudocapacitive functionalities due to
their abundant edge defects and functional groups (e.g. -COOH, —-OH, =0), while also
improving ion transport and electrical connectivity.

Early studies by Liu et al. (2014) [2] and Zhu et al. (2014) [1] demonstrated that
incorporating graphene QDs into carbon electrodes can significantly boost
supercapacitor performance. For example, Zhu et al. (2014) reported that adding GQDs
to activated carbon electrodes simultaneously increased the specific capacitance and

rate capability of the device. They attributed this to two effects: (1) the GQDs introduce
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numerous additional active sites for charge storage (faradaic reactions at functional
groups and enhanced EDLC on their large surface), and (2) the GQDs improve the
wettability of the electrode material in the electrolyte. Enhanced wettability means
electrolyte ions can access the internal surfaces more easily, reducing ion transport
resistance. These findings have been echoed in other works for instance, Zhu et al.
(2014) prepared carbon/GQD composites and observed improved capacitive behavior
owing to the GQDs’ polar oxygenated surfaces increasing ion affinity. Likewise, Liu et
al. (2014) showed that GQDs could serve as solution-processable pseudocapacitive
materials, yielding electrodes with higher capacitance than those using gsraphene alone,
thanks to faradic reactions at the GQD surfaces.

One creative utilization of GQDs is as an electrolyte additive in supercapacitors,
as opposed to an electrode additive. Zhang et al. (2016) [8] pioneered this approach
by using oxygen-rich GQDs dispersed in KOH as a hybrid electrolyte [8]. The GQDs,
having many weakly acidic functional groups, release mobile protons (H;O") when
neutralized by KOH, effectively functioning as a pseudocapacitive proton source in the
electrolyte. The study found that neutralizing GQD solutions with KOH dramatically
increased ionic conductivity and improved the capacitive performance of test
supercapacitors, compared to pure KOH electrolyte. The mechanism is that fully
ionizing the —COOH/-OH groups on GQDs vyields a high concentration of mobile ions
and additionally these functionalized GQDs can shuttle charge or adsorb/desorb ions
themselves, contributing to capacitance. Zhang et al. achieved solid-state devices with
GQD-based electrolyte films that had comparable capacitance (~42 F/g) to liquid
electrolyte cells, and with excellent rate capability at moderate scan rates. This
concept using GQDs as quasi-ion carriers in the electrolyte is novel and inspired further
work. Our thesis builds on a similar idea: leveraging rGO-QDs to enhance ionic
conductivity in the electrolyte (see Chapter 4), though direct studies using rGO-QDs in
this role remain limited.

rGO-QDs have been explored primarily for their structural, optical, and
electrochemical properties relevant to supercapacitor applications. For instance,
Buatong et al. (2023) synthesized rGO-QDs via a hydrothermal process and
characterized their size, photoluminescence, and magnetic properties. Although they
did not directly construct hybrid electrodes, their findings support the potential of rGO-

QDs for electrochemical applications due to their high dispersibility, surface
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functionality, and quantum confinement effects. In previous literature, the
combination of graphene-based quantum dots with pseudocapacitive materials such
as transition-metal oxides has shown promise. For example, some studies
demonstrated that introducing carbon QDs can create conductive pathways and
increase electroactive surface area when combined with metal oxides. These
composite electrodes delivered high specific capacitance and maintained cycle
stability, thanks to enhanced charge transfer and volume-buffering effects. While
Buatong et al. (2023) did not test such a composite directly, the physicochemical
properties they reported such as nanometric size, oxygen-containing surface groups,
and structural defects are relevant to future designs of pseudocapacitor materials.
Beyond supercapacitors, GQDs and potentially rGO-QDs have been investigated
in battery electrodes (e.g. as additives in Li-ion battery anodes to improve capacity and
cyclability) and in ion-storage mechanisms broadly defined as “iontronics” [53]. Their
small size allows them to intercalate or accommodate ions in ways bulk carbons
cannot. For instance, GQDs have been embedded in SnO, and TiO, anodes to improve
Na-ion storage, where they help form conductive networks and prevent large volume
expansion. In all these cases, the recurring benefits of rGO-QDs are: (i) introduction of
pseudocapacitive reactions (due to reversible redox of surface functional groups), (ii)
improvement of ion mobility (by providing more ion-accessible porosity or by
functioning as ion reservoirs in electrolytes), and (iii) enhanced electronic conductivity
(since well-graphitized QDs can form percolating paths among insulating or poorly
percolating matrices). Thus, rGO-QDs are emerging as versatile components in energy
storage design from electrodes to electrolytes enabling higher capacitances, faster
charge—discharge, and in some cases new device architectures (e.g. fully solid-state
proton supercapacitors). The works of Liu (2014), Zhu (2014), Zhang (2016), and
Buatong (2023, in characterization context), among others, collectively highlight these
mechanisms, which form a foundation for the approaches pursued in this thesis.
Notably, our research expands the application scope by adapting rGO-QDs as

electrolyte additives a concept inspired by the GQD studies mentioned above.

2.3.4 Optical and Electronic Behavior in rGO-QDs-Based Systems
Reduced graphene oxide quantum dots have garnered considerable attention

due to their distinctive optical and electronic properties, which arise from their
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quantum-confined structure, tunable surface functionalities, and nanoscale size. These
properties make rGO-QDs attractive candidates for applications in optoelectronic
devices, sensors, and memory systems.

Numerous studies have reported that rGO-QDs exhibit strong absorption in the
ultraviolet region, attributed to TT-TT* transitions in aromatic sp? domains, along with

a visible-range absorption tail corresponding to n-TT* transitions from oxygen-
containing groups [14,54]. Their photoluminescence (PL) is commonly excitation-
dependent, which is indicative of quantum confinement and surface-related emissive
trap states. Specifically, smaller rGO-QDs (approximately 2 nm in diameter) typically
emit in the UV-blue region, while larger dots or those with specific edge
functionalization can shift emission toward the green-red spectrum [3].

This size and edge-dependent tunability of PL has been widely utilized in
sensing applications. For example, edge-enriched rGO-QDs functionalized with carboxyl
or hydroxyl groups have shown enhanced PL quantum yields and selective sensitivity
toward metal ions such as Fe**, primarily due to analyte-induced quenching
effects [2,55]. Electrochemiluminescent behavior has also been observed in rGO-QDs,
with several studies demonstrating stable luminescence under electrochemical
stimulation, a property that enables their use in metal ion detection at nanomolar
levels [56].

In terms of electronic behavior, rGO-QDs occupy an intermediate regime

between molecular systems and bulk graphene. Their discrete energy levels and

moderate conductivity, arising from 7T-conjugated domains, have positioned them as
tunable semiconductors with reported band gaps ranging from approximately 2 to 4
eV depending on size and reduction degree [12]. Applications in optoelectronic devices
have been increasingly reported. Thin films of rGO-QDs have been used in
photodetectors capable of broad-spectrum photoresponse, driven by their strong and
tunable optical absorption properties [21]. In light-emitting diodes (LEDs), rGO-QDs
have functioned as emissive layers or as phosphors for white light emission. Notably,
Tan et al. (2015) [57] demonstrated that defect-rich GQDs could emit balanced red,
green, and blue components, resulting in white electroluminescence, which illustrates

the capability of tailoring emission through edge-state engineering.
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In addition to photodetection and lighting, rGO-QDs have been integrated into
non-volatile memory devices as charge-trapping layers. Their quantum dot nature
enables electron or hole storage, which modulates the threshold voltage of field-effect
transistors. This charge retention has been shown to depend on the oxidation level
and structural integrity of the QDs [23]. Photovoltaic applications have also benefited
from the inclusion of rGO-QDs. Studies report that embedding QDs into photoanodes
such as TiO, in dye-sensitized solar cells (DSSCs) enhances photocurrent output, as
the QDs extend light absorption and improve interfacial electron transfer
efficiency [24].

In summary, the literature strongly supports the multifunctional role of rGO-
QDs in optoelectronic systems. Their excitation-dependent PL, tunable band gaps,
surface-sensitive luminescence, and moderate conductivity have been widely
leveraged in fluorescent sensors, light-emitting devices, memory elements, and solar
cells. These properties, governed by quantum confinement and edge chemistry,

establish rGO-QDs as a promising class of nanomaterials for future device integration.

2.3.5 Comparative Insights: rGO-QDs vs. Other Carbon Nanostructures

The rGO-QDs belong to the broad family of carbon nanomaterials, and it is
instructive to compare them with other members — such as bulk graphene/GO, carbon
dots, and carbon nanotubes (CNTs) - to highlight their distinct advantages. GO itself is
a 2D platelet (typically micrometer-sized) with abundant functional groups. While GO
offers a high surface area and hydrophilicity, its large lateral size means it lacks the
quantum confinement effects of GQDs and can face restacking issues. rGO-QDs, being
nanoscale, do not restack into graphite-like structures; they remain well-dispersed and
stable in colloids [8]. This enables them to more uniformly combine with or coat other
materials. For example, in composites, GO sheets might aggregate or create micron-
scale phase separation, whereas rGO-QDs form homogeneous mixtures down to the
nanometer scale [53]. Moreover, GO is an electrical insulator in its as-made form,
requiring reduction to restore conductivity. rGO-QDs, by definition, are already in a
reduced state to a certain degree, so they provide conductive pathways more readily
than GO sheets. In thermoelectric or electrode composites, GO would primarily act as

a phonon scatterer or insulator unless reduced in situ. In contrast, rGO-QDs can scatter
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phonons (or store charge) and conduct electrons, a dual function that is highly
desirable.

Carbon quantum dots (carbon dots, CDs) are another 0D carbon nanostructure,
typically derived from organic carbonization (such as citric acid pyrolysis). They are
usually amorphous or polycrystalline and often contain a significant fraction of oxygen
and hydrogen. CDs and GQDs share photoluminescence properties, but GQDs (and rGO-
QDs) generally have a more graphitic crystalline core [48]. This difference leads to
higher electrical conductivity and chemical stability in GQDs. Tian et al. (2018) [58]
discussed that GQDs combine the advantageous fluorescence and surface chemical
properties of carbon dots with the excellent carrier mobility associated with graphene
domains, making them highly promising for optoelectronic and energy-related
applications. In supercapacitors, for instance, undoped carbon dots can enhance
capacitance but often at the cost of added series resistance (due to their insulating

nature). GQDs, especially reduced ones, mitigate this by contributing less resistance.
Additionally, rGO-QDs have better-defined graphitic Tt-structure, which can facilitate

TU-TU stacking or coupling with other aromatic systems (useful in composite electrodes
or sensor interfaces) more effectively than largely amorphous carbon dots. In short,
compared to generic carbon dots, rGO-QDs typically offer superior charge transport
and a more controllable structure, albeit with slightly lower quantum yields in
photoluminescence if overly reduced (trade-off between conductivity and
luminescence).

Carbon nanotubes (CNTs) are one-dimensional tubular graphene structures
(with diameters ~1-2 nm for single-walled CNTs and lengths up to microns). CNTs have
excellent electrical conductivity and high mechanical strength, and have been widely
used to enhance composite materials. However, when comparing CNTs to rGO-QDs in
contexts like composite functional materials, there are clear differences. CNTs, due to
their high aspect ratio, tend to form percolating networks at relatively low loadings
and can bridge electrical connections across a matrix. Yet, this same feature means
they do not uniformly decorate a host matrix at the atomic scale; there will be regions
without CNT coverage, and achieving atomic-scale homogeneity is difficult. rGO-QDs,
being zero-dimensional, can uniformly cover a host’s surface in large numbers [53].
Choi et al. (2024) explicitly observed that GQODs had an interfacing advantage over CNTs

in their ZnO system, as the QDs could densely and evenly attach to the 3D surface,
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whereas CNTs or graphene sheets could not. Furthermore, CNTs do not provide any
quantum confinement effect — they behave either as conductors or semiconductors
depending on chirality, but their electronic density of states is not easily tunable by
size like QDs. Nor do CNTs inherently have the rich surface functional chemistry that
rGO-QDs possess. Thus, CNTs contribute mostly EDLC capacitance (if used in
supercapacitors) and phonon scattering (if used in TE composites) but little
pseudocapacitance or bandgap-induced electron filtering. r~GO-QDs, on the other hand,
introduce functional groups and finite bandgaps that can be leveraged for
pseudocapacitive reactions and selective carrier scattering. One could say CNTs are
excellent for providing a highway for electrons, but rGO-QDs provide a network of hubs
where interesting chemistry and quantum effects happen in addition to conducting
electrons. Practically, CNTs also face processing challenges — they bundle together due
to Van der Waals attraction and often require surfactants or functionalization to
disperse, whereas rGO-QDs, owing to their small size and surface groups, disperse

readily in solvents and resin matrices.

Figure 2.3.2 Classification of carbon allotropes by dimensionality (0D, 1D, 2D, 3D).
Graphene quantum dots (GQDs) fall in the 0D category alongside traditional carbon
dots and fullerenes, whereas carbon nanotubes (CNTs) are 1D and graphene is 2D. rGO-
QDs share the zero-dimensional quantum-confined nature with other 0D carbons but

also inherit graphene’s crystalline framework. Source: Kumar et al. (2020) [48].
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A comparison worth noting is between rGO-QDs and graphene nanoplatelets
or graphene nanoribbons (GNRs). GNRs (narrow strips of graphene) do have quantum
confinement in one dimension (width), and have been studied for tuning bandgaps in
graphene. However, GNRs are still extended in one dimension, so their behavior
(particularly in composites) is closer to that of CNTs or graphene sheets than to QDs.
GNRs and graphene nanoplatelets primarily improve electrical conductivity and
mechanical properties when added to composites, but do not provide the same
degree of phonon scattering or surface redox activity as 0D QDs. Meanwhile, fullerenes
(0D carbon cages like Cgp) are another 0D carbon to compare. Fullerenes have a defined
molecular structure and a wide bandgap (~1.5-1.8 eV for C4) and have seen use in
organic electronics (e.g., as electron acceptors in solar cells). Compared to rGO-QDs,
fullerenes are hydrophobic and lack functional groups (unless chemically modified),
making them less directly useful in electrochemical applications that require interface
with electrolytes. rGO-QDs’ rich surface chemistry gives them an edge in aqueous and
electrochemical environments, whereas fullerenes shine in dry electronic contexts.
Additionally, one can disperse rGO-QDs at higher loading without precipitation in
solvents due to their functional groups [8]; fullerenes, by contrast, have limited
solubility in anything but organic solvents and tend to crystallize out.

In summary, rGO-QDs distinguish themselves from other carbon nanostructures
in a few key ways: (i) dimensionality as 0D particles they can be uniformly distributed
and avoid aggregation issues common to 1D/2D materials; (i) quantum confinement
and bandgap unlike graphene or CNTs, they have tunable electronic and optical
properties; (i) abundant edge chemistry they bring functional groups and defects that
enable pseudocapacitance and chemical sensing, unlike the relatively inert surface of
CNTs or fullerenes; (iv) conductivity when suitably reduced, they still provide good
electrical conduction, an advantage over purely amorphous carbon dots. The
consensus in literature is that while no single carbon form is “best” for all purposes,
rGO-QDs offer a multifunctional balance that is particularly advantageous in nanoscale
hybrid materials where interface effects dominate. This justifies the increasing
preference for rGO-QDs in nanocomposite design, particularly when multifunctionality,
dispersibility, and surface activity are prioritized over single-function conductive

additives like CNTs. By using rGO-QDs, we aim to exploit their unique combination of
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high surface area, quantum-tailored energy levels, and compatibility with solution

processing features that set them apart from other carbon allotropes.

2.3.6 Summary of Research Gaps and Opportunities

The above review of literature highlights significant progress in understanding
and utilizing rGO-QDs/GQDs, but also reveals key gaps and opportunities that motivate
the present thesis. In the thermoelectric domain, studies have shown qualitative
benefits of adding GQDs to TE materials (e.g., Bi,Tes, ZnO) in terms of phonon scattering
and energy filtering [29,53]. However, open questions remain on the optimization and
generalization of this approach. For instance, much of the work has focused on
unmodified GQDs; there is limited research specifically on reduced GO-QDs in TE
composites. rGO-QDs might offer better electrical integration with a host (due to fewer
insulating oxides) and could be more effective in modulating carrier concentrations.
Yet, the trade-off between defect density and interfacial energy barrier (as noted by
Choi et al., a well-aligned band structure is needed) is not fully explored. One gap is
the quantitative modeling of how GQD size, loading, and surface chemistry affect TE
parameters — most studies report an empirical boost in ZT, but a predictive framework
(beyond qualitative energy filtering theory) is lacking. Addressing this could allow
rational design of rGO-QD-enhanced TE materials. Additionally, a practical concern is
stability: do these quantum dots stay well-dispersed under thermal stress and over
time, or do they coalesce or segregate? The literature is thin on long-term stability
analysis of GQD-TE composites. While many studies have shifted focus toward energy
storage, thermoelectric considerations remain relevant, particularly regarding the
unifying concept of employing nanodot additives to manipulate transport phenomena
across different domains.

In the supercapacitor and energy storage arena, numerous studies have
incorporated GQDs into electrodes, demonstrating improved capacitance and rate
performance (sections 2.3.3-2.3.4). However, one research gap is the exploration of
rGO-QDs as electrolyte additives an idea only briefly touched by Zhang et al. (2016) [8].
Their work showed promise (GQDs acting as solid or liquid electrolytes), but it raises
further questions: How do different functional groups on the QD (carboxylate vs
sulfonate, etc.) affect ion conduction and electrolyte stability? What is the optimal

size/oxidation level of an rGO-QD for maximizing ionic conductivity without sacrificing
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voltage window or inducing side reactions? And importantly, can this concept be
transferred to other types of electrolytes (e.g., organic or ionic liquid electrolytes) to
extend the voltage range? Addressing these questions requires systematic investigation
of ion conduction behavior in alkaline electrolytes doped with rGO-QDs, such as KOH-
based systems, to fill the existing knowledge gap in quantum-dot-enhanced ion
transport. Another gap in supercapacitor research is understanding the mechanism of
pseudocapacitance in carbon quantum dots. We know functional groups contribute
faradaic capacitance, but distinguishing the contributions of different oxygen/nitrogen
functionalities (and how they can be controlled via the synthesis of rGO-QDs) is not
well documented. This is an opportunity for scientific insight: by comparing capacitance
from differently reduced QDs (with different O contents), one can elucidate which
functional groups are most beneficial. Future studies could aim to correlate the
reduction level of rGO-QDs (e.g., C:O ratio via XPS analysis) with electrochemical
performance, in order to identify the optimal surface chemistry for energy storage an
area not yet fully explored in existing literature.

Moreover, while rGO-QDs have been applied either in TE or in supercapacitors
separately, few if any studies bridge these two fields. A unique opportunity exists in
bridging the thermoelectric and supercapacitor fields by exploring how the same
nanomaterial rGO-QDs can influence both thermal/electrical conduction and
ionic/electrical conduction depending on the application. A broader opportunity
emerges here: the multi-functionality of rGO-QDs suggests they could be key
components in hybrid systems that scavenge waste heat and store the converted
energy. For example, one could envision a device where rGO-QDs enhance a TE
generator and the same or connected QDs aid in storing that generated charge in a
supercapacitor — essentially an integrated energy harvester-storage system. While such
integration is beyond the scope of this thesis, our literature review did not find studies
that explicitly connect the dots (no pun intended) between rGO-QD’s thermoelectric
improvements and their electrochemical benefits. Identifying this gap has sharpened
the vision of our research: by deeply understanding rGO-QDs in both contexts, we lay
groundwork for future exploration of coupled thermal-electrochemical systems.

Finally, there remain practical challenges and research gaps regarding the
scalability and consistency of rGO-QD synthesis. Many lab studies use small batches of

QDs with sometimes bespoke syntheses. For rGO-QDs to be viable in real devices
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(whether TE modules or supercapacitor electrodes), methods to produce them in
larger quantity with consistent size and surface chemistry need development. Liu et
al. (2014) and others have hinted at greener, scalable syntheses (e.g., hydrothermal
cutting of biomass into GQDs), but these often yield carbon dots with mixed structures.
Buatong et al. (2023) achieved a controlled hydrothermal cutting of GO [14], which is
a promising route; however, issues like controlling the polydispersity and thoroughly
removing residual acids/ions are sometimes glossed over in publications. Recent
approaches in synthesis have explored hydrothermal processes combined with
purification steps to achieve rGO-QDs with narrow size distributions (~4 nm) and
defined surface chemistry, helping bridge the gap between proof-of-concept studies
and material reproducibility. By doing so, we hope to provide a reproducible protocol
that future researchers can build on, thereby filling the gap between proof-of-concept
studies and material reproducibility.

In conclusion, the literature suggests that rGO-QDs are a powerful,
multifunctional nanomaterial with demonstrated benefits in thermoelectric and
electrochemical systems. Yet, it also exposes gaps in understanding mechanisms
(especially in ion conduction and pseudocapacitance), in exploring new application
configurations, and in scaling the material. These gaps present promising opportunities
for future research. Optimizing rGO-QDs for use in supercapacitor electrolytes remains
an underexplored area, with potential synergies derived from their behavior in
thermoelectric systems. Advancing the understanding of rGO-QDs in both domains may
pave the way for multifunctional energy platforms that integrate energy harvesting and

storage.
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Chapter 3

Methodology

This chapter details the materials, equipment, and experimental procedures
used to synthesize rGO-QDs and optimize their production. Both successful and failed
synthesis trials are chronicled, culminating in the final. Characterization techniques
used to evaluate the structural, optical, and electrochemical properties of the rGO-
QDs are also described. Throughout, preliminary observations (e.g., solution color
changes, XRD patterns, or photoluminescence responses) are noted to illustrate the

rationale behind each iterative modification in the methodology.

3.1 Materials and Chemicals
The following raw materials and chemicals were used in the synthesis of rGO-

QDs and subsequent experiments:

B Sulfuric acid (H,SO4, 96%) — Concentrated acid used in GO oxidation and GO
fragmentation steps (Carlo Erba)

B Nitric acid (HNOs, 65%) — Concentrated acid used in combination with H,SO, for
oxidative cutting of GO (Supelco)

B Sodium hydroxide (NaOH) Pellets - Used for pH adjustment before
hydrothermal reduction (QRéC)

®  Potassium hydroxide (KOH) - Used in electrolyte preparation for
electrochemical measurements (Merck)

" Deionized water (DI) — Used throughout for dilution, washing, and dialysis.

" Dialysis membrane (MWCO 3,500 Da) - For purification of rGO-QDs after
synthesis.

" Organic solvents: N-Methyl-2-pyrrolidone (NMP) and others for electrode
preparation (including polyvinylidene fluoride (PVDF) binder).

AWl chemicals were of analytical grade and used as received without further
purification. The GO used as the starting material was supplied by the Smart Materials
Research and Innovation Unit Lab. This GO was subjected to oxidative cutting and

hydrothermal treatment to synthesize rGO-QDs.
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3.2 Equipment and Instrumentation

The experimental setup for synthesis and characterization involved the

following equipment:

Ultrasonic Bath (Sonicator): A temperature-controlled ultrasonic bath was used
for prolonged ultrasonication of GO in acid. Sonication promotes the
fragmentation of GO sheets.

Teflon-lined Autoclave: A hydrothermal reactor was used for high-temperature,
high-pressure.

Centrifuge: A high-speed centrifuge with appropriate rotor was used for
separating solid residues from supernatants. Centrifugation steps were crucial
for removing large GO fragments.

Vacuum Filtration Apparatus: A Buchner funnel with a 47 mm membrane filter
(nylon or PTFE) attached to a vacuum flask was used to filter out particulate
matter above the quantum dot size.

Magnetic Stirrer/Hotplate: Used during chemical mixing and for maintaining
temperature.

Muffle Furnace: Used indirectly for drying or any thermal treatment of samples,
set at controlled temperatures as needed.

Analytical Balance: For precise weighing of graphite and reagents (+0.1 mg

accuracy).

Characterization Instruments:

Raman Spectrometer: Thermo Scientific DXR Smart Raman with 532 nm laser
excitation was used for Raman analysis.

X-ray Diffractometer: Rigaku SmartLab XRD system with Cu KQU (A=1.5406 A)
radiation for phase and structure analysis.

Transmission Electron Microscope (TEM): High-resolution TEM (Thermo Fisher
Scientific Talos, 200 kV) for imaging the size and morphology of QDs.

UV-Vis Spectrophotometer: Thermo Scientific GENESYS™ 150 for measuring
optical absorption spectra of GO/rGO/QDs.
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®  Fluorescence Spectrometer: Horiba FluoroMax+ for photoluminescence (PL)
spectroscopy of rGO-QDs.

" Electrochemical Workstation: A potentiostat/impedance analyzer (Wuhan
CorrTest  multichannel instrument) for electrochemical impedance

spectroscopy (EIS) measurements of electrolytes and supercapacitor cells.

AWl measurement equipment was calibrated and operated according to
manufacturer guidelines. The combination of these instruments enabled both the
careful execution of synthesis steps and a comprehensive analysis of the rGO-QDs

produced.
3.3 Experimental Design and Considerations

Rationale for Synthesis Strategy: The hydrothermal reduction process was
selected as the core synthesis strategy for rGO-QDs due to its effectiveness in
simultaneously cutting GO sheets into quantum dots and reducing them to restore
graphitic structure. Among various methods (top-down and bottom-up), the
hydrothermal approach is especially attractive for producing graphene-based quantum
dots because of its relative simplicity and the lack of need for specialized equipment.
Under high-temperature, high-pressure conditions in a sealed autoclave, GO can be
fragmented into nanoscale pieces and partially reduced, yielding fairly uniform rGO-
QDs in one step. This strategy avoids the use of harsh chemical reducing agents (like
hydrazine or NaBH,) that are common in chemical reduction methods, thereby
minimizing toxic reagents and post-synthesis impurities. Additionally, hydrothermal
treatment inherently provides water as a medium, aligning with greener synthesis
principles. Alternative approaches such as purely chemical reduction or ultrasonication
were considered but deemed less optimal alone. Chemical reduction of GO (using
hydrazine or other reducers) can effectively remove oxygen functional groups, but it
does not necessarily shear the GO into quantum dots, often requiring a prior cutting
step and involving toxic chemicals. Ultrasonication alone can break down carbon
materials into nanoscale pieces by cavitation and shear forces, but without a
subsequent reduction step the product remains highly oxidized (GOQDs) with lower
electrical conductivity. By combining controlled oxidative cutting with hydrothermal

reduction, the chosen strategy aims to yield rGO-QDs with well-defined size, good
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dispersion, and restored TT-conjugation domains for optimal optical and electronic

properties.

Reference to Previous Methods: This experimental plan builds on insights
from earlier rGO-QD synthesis methods, each with known advantages and limitations.
Hydrothermal cutting of GO has been reported to yield high-quality rGO-QDs with
controllable size distributions and low defect densities. For instance, Buatong et al.
(2023) demonstrated that increasing the hydrothermal reduction temperature from
90 °C to 180 °C progressively decreases the interlayer spacing and defect density in
rGO-QDs [14]. Such findings support the choice of a high-temperature hydrothermal
approach in our design. By contrast, chemical reduction methods (a non-hydrothermal
route) can effectively restore carbon sp? domains but often require strong reducing
agents (e.g. hydrazine, hydroquinone) and may leave behind toxic residues or create
new defects during oxygen group removal. Previous studies using hydrazine rGO-QDs
noted improved electrical conductivity but also introduced nitrogen functionalities and
vacancy defects that altered photoluminescence. These drawbacks informed our
decision to minimize the use of external reducing agents. Ultrasonication-based
methods (often in tandem with chemical or microwave treatments) have shown the
ability to produce GQDs rapidly with high yields. Zhu et al. (2011) [59] achieved one-
step synthesis of GQDs via ultrasonication with KMnQy, obtaining highly luminescent
GQDs in a simple, acid-free process. However, purely ultrasonic fragmentation may
result in a broad size distribution and predominantly oxidized dots that still require
reduction for certain applications. By referencing these methods, we justified a
combined strategy: first chemically cut GO into smaller pieces (using acid oxidation
and ultrasonication, akin to a strong oxidative “top-down” cut), then apply
hydrothermal treatment to simultaneously reduce and further cleave the material
under controlled conditions. Each parameter modification in our design was grounded
in literature precedents. For example, we chose a strong acid mixture (H,SO4:HNO>) for
pre-oxidation based on its success in “opening up” graphene sheets into smaller
fragments — a process known to introduce linearly arranged epoxy groups that make
the carbon lattice susceptible to rupture upon heating. We introduced a mild alkaline
environment (pH~8) during hydrothermal treatment to facilitate deoxygenation and

cutting, following Pan et al.’s [50] approach for producing bright, blue-emitting GQDs.
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Each adjustment (temperature, time, pH, precursor treatment) was thus chosen with a
theoretical rationale: to optimize the size of QDs (for quantum confinement), maximize
restoration of sp? carbon (for conductivity and fluorescence), and minimize structural
defects or contaminants, leveraging the best practices reported in earlier rGO-QD

syntheses.

Justification for Parameter Modifications: Throughout the experimental
design, modifying each parameter was carefully considered to balance the trade-offs
between cutting efficiency, reduction quality, and product yield. The hydrothermal
temperature was set at 180 °C in the final design because lower temperatures (e.g.
120 °C or 150 °C) in initial trials yielded incomplete reduction (persisting oxygen
content and a brownish product) and larger dot sizes with weak photoluminescence.
Literature suggests that 180 °C is a critical threshold for efficient “hydrothermal
cutting” of GO, as higher temperatures generate reactive oxygen species (from residual
functional groups or added H,0,) that cleave carbon-carbon bonds more effectively.
This is corroborated by the observed trend of shrinking rGO-QD size (from ~22 nm
down to ~8 nm) when the hydrothermal temperature is raised to 180 °C. Reaction

duration was extended to 12 hours after shorter trials (e.g. 4 h or 6 h) produced

insufficient reduction (indicated by residual GO XRD peaks around 20 ~ 10°). A longer
dwell at high temperature allows more complete removal of oxygen functional groups
and healing of graphitic domains, as indicated by a decrease in the Raman D/G intensity
ratio in prolonged treatments. The decision to perform a pre-cutting via acid oxidation
and ultrasonication was justified by the need to create defect sites that seed the
formation of quantum dots. GO pre-treated with a 1:3 H,SO4:HNO5; mixture is heavily
oxygenated and fragmented, which, after ultrasonication, yields small GO pieces
(colloidal GOQDs). Without this step, a hydrothermal treatment might only reduce the
surface of large GO sheets without thoroughly breaking them into QDs. Each cleaning
and purification step (centrifugation to remove unexfoliated debris, dialysis to
eliminate residual ions) was kept consistent to ensure that improvements in product
quality stemmed from the synthesis modifications rather than differences in post-
processing. In summary, the experimental design was iterative and evidence-based,
drawing on theoretical rationales and past research to fine-tune the synthesis of rGO-

QDs. The combination of a controlled pre-oxidation + ultrasonication step followed
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by hydrothermal reduction under optimized conditions was expected to yield rGO-
QDs with superior structural and optical quality, which formed the foundation for

subsequent characterization and application testing.

3.4 Synthesis Trials and Optimization

A series of five synthesis trials (Trial 1 through Trial 5) were conducted to
develop an effective route for producing rGO-QDs. Each trial introduced specific
modifications in ultrasonication time, pH adjustment, hydrothermal treatment, and
purification (centrifugation, dialysis, filtration) to address the shortcomings of the
previous attempt. The evolution of the procedure and the corresponding outcomes
are detailed below, along with theoretical rationale for the observed successes or

failures.

Trial 1: Initial Synthesis with Basic Hydrothermal Reduction

In this initial synthesis trial, graphene oxide (GO) was prepared using the
modified Hummers’ method and oxidized in a mixture of concentrated H,SO, and
HNO; in a volume ratio of 1:3. The resulting solution underwent ultrasonication for 10
hours to promote exfoliation and partial oxidative cutting of GO sheets. Afterward, the
suspension was diluted with deionized (DI) water and thoroughly washed via repeated
centrifugation and decantation until the pH reached neutral (~7). The sediment was
then redispersed in DI water, and the dispersion was transferred into a Teflon-lined
autoclave for hydrothermal treatment at 180°C for 15 hours. After naturally cooling to
room temperature, the product was centrifuged at 8000 rpm for 15 minutes 2 times,
and the supernatant was collected and dialyzed using a 3500 Da molecular weight

cut-off (MWCO) membrane for 12 hours to remove residual acids and small impurities.

Result: The product appeared brown in ambient light in Figure 3.4.1(a) but exhibited
no visible photoluminescence under UV light at 365 nm in Figure 3.4.1(b), indicating
the absence of quantum confinement characteristics typically associated with
quantum dots. Furthermore, X-ray diffraction (XRD) analysis in Figure 3.4.1(c) revealed
dominant peaks at 20 ~ 24° and 20 ~ 43°, corresponding to the (002) and (100) planes
of reduced graphene oxide (rGO), respectively. The lack of peak broadening or shift

toward lower angles suggests that the sample retained stacked multilayer graphitic
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structures and was not successfully fragmented into nanoscale quantum dots. These
results indicate that the synthesis conditions in Trial 1 were insufficient for producing

rGO quantum dots (rGO-QDs), and further optimization was required.

Figure 3.4.1 Visual and structural characterization of the sample synthesized in Trial 1
(a) under ambient light, (b) no photoluminescence is observed under 365 nm UV light,

and (c) XRD pattern reveals broad (002) and (100) peaks.
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Trial 2: Enhanced Ultrasonication-Assisted Cutting

In Trial 2, the synthesis protocol was modified from Trial 1 by extending the
ultrasonication time from 10 hours to 11 hours, aiming to improve the oxidative cutting
efficiency of the GO sheets and promote the formation of smaller fragments. GO was
first synthesized via the modified Hummers’ method and oxidized in a 1:3 mixture of
concentrated H,SO, and HNO;. The mixture was then subjected to ultrasonication for
11 hours to enhance exfoliation and size reduction.

After sonication, the solution was diluted with deionized (DI) water and
repeatedly washed through centrifugation until reaching neutral pH (~7). The resulting
sediment was redispersed in DI water without pH adjustment. The suspension was
hydrothermally treated at 180°C for 15 hours in a Teflon-lined autoclave. After cooling
to room temperature, the sample was centrifuged at 8000 rpm for 15 minutes (twice),
and the supernatant was collected. Dialysis was then performed using a 3500 Da

MWCO membrane for 24 hours to remove residual acids and small molecules.

Result: After increasing the ultrasonication time to 11 hours, the resulting solution
remained dark brown and did not exhibit photoluminescence under UV light at 365
nm, as shown in Figure 3.4.2(b). This indicates that quantum confinement and surface
state-related emissions were still not achieved. The XRD pattern in Figure 3.4.2(c)
continued to show a dominant (002) peak with an additional (100) reflection,
characteristic of partially reduced graphene oxide structures rather than discrete
guantum dots. The persistence of these broad peaks implies incomplete cutting of
the GO sheets and aggregation into stacked domains, suggesting that the applied

treatment was insufficient to produce rGO-QDs.
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Figure 3.4.2 Visual and structural characterization of the sample synthesized in Trial 2
(a) under ambient light, (b) no photoluminescence under UV light, and (c) XRD pattern
reveals broad (002) and (100) peaks.
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Trial 3: Prolonged Ultrasonication and pH Adjustment Prior to Hydrothermal

Treatment

To further promote the exfoliation and oxidative cutting of graphene oxide (GO)
into nanoscale fragments, Trial 3 extended the ultrasonication time to 12 hours,
compared to 11 hours in Trial 2. Additionally, the pH of the GO suspension was
adjusted to approximately 8 using sodium hydroxide (NaOH) prior to hydrothermal
treatment to enhance reduction conditions and support the formation of quantum
dot-like domains. The hydrothermal process was conducted at 180°C for 15 hours,
followed by centrifugation at 8000 rpm (15 minutes, twice). The resulting supernatant

was dialyzed using a 3500 Da MWCO membrane for 24 hours.

Result: The rGO-QD solution obtained in Trial 3 exhibited a light brown color under
ambient light (Figure 3.4.3(a)), with no visible fluorescence under UV illumination
(Figure 3.4.3(b)). This indicated that the synthesized product lacked the characteristic
photoluminescence typically associated with graphene quantum dots. The XRD
pattern (Figure 3.4.3(c)) showed a broad and low-intensity peak centered at
approximately 24.8°, corresponding to the (002) plane of reduced graphene oxide. The
peak was significantly broader than that of graphite or bulk rGO, suggesting the
formation of nanoscale graphene domains. However, the absence of
photoluminescence implied that the quantum confinement and surface defect states
necessary for rGO-QD fluorescence had not yet fully developed under this condition.
Overall, the result suggested partial reduction and fragmentation of GO, but not

sufficient to yield functional rGO-QDs with quantum dot characteristics.
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Figure 3.4.3 Visual and structural characterization of the sample synthesized in Trial 3
(a) under ambient light, (b) no photoluminescence under UV light, and (c) XRD pattern
showing the broad (002) peak.
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Trial 4: Optimization by Vacuum Filtration Instead of Centrifugation

In this trial, the synthesis process was identical to that in Trial 3, except that
the post-hydrothermal purification step was modified. Instead of using centrifugation
at 8000 rpm, the product was purified using vacuum filtration through a 0.22 ym pore
size membrane. The aim was to improve the separation of small-sized quantum dots

from larger particulates or ageregated residues.

Result: The resulting solution appeared yellowish under ambient light (Figure 3.4.4(a),
and exhibited non-prominent fluorescence under UV illumination (Figure 3.4.4(b),
suggesting the formation of luminescent rGO-QDs. The XRD pattern (Figure 3.4.4(c)
displayed a broad (002) peak centered around 24°, characteristic of disordered graphitic
domains. The absence of sharp peaks and the broad nature of the diffraction suggest
a nanoscale, amorphous to semicrystalline structure consistent with reduced graphene

oxide quantum dots.

This was the first trial to successfully achieve fluorescence emission, indicating
that replacing the centrifugation step with fine vacuum filtration may have effectively
removed residual particles while preserving well-dispersed quantum dots in the

filtrate.
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Figure 3.4.4 Visual and structural characterization of the sample synthesized in Trial 4
(a) under ambient light, (b) yellow fluorescence under UV illumination, and (c) XRD

pattern showing the broad (002) peak of rGO-QDs.
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Trial 5: Optimized Synthesis with Enhanced Purification

In this trial, the synthesis protocol was refined to improve both the optical
properties and structural quality of rGO-QDs. GO was oxidized using a 1:3 mixture of
H,SO4 and HNO;, followed by 12 hours of ultrasonication to facilitate sheet cutting.
The mixture was then diluted, washed thoroughly, and centrifuged at 9000 rpm for 15
minutes to remove larger flakes. The sediment was redispersed in 25 mL of distilled
water, and the pH was adjusted to 8 using NaOH. This suspension was subjected to
hydrothermal treatment at 180 °C for 15 hours. After cooling, large aggregates were
removed by vacuum filtration through a 0.22 ym microporous membrane. Finally, the
filtrate was dialyzed for 48 hours using a 3500 Da MWCO membrane. The process for
the synthesis of rGO-QDs is shown in Figure 3.4.5.

Result: The resulting solution exhibited a strong blue photoluminescence under UV
light (365 nm), indicating successful formation of quantum-confined domains. The XRD
pattern revealed a broad 002 peak centered around ~24°, consistent with reduced
graphene oxide nanosheets of nanometer-scale thickness. However, to ensure
accuracy and validate the properties, further structural and electrochemical

characterizations were performed and are detailed in Chapter 4.
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Figure 3.4.5 Synthesis process of rGO-QDs using acid treatment, ultrasonication, and

hydrothermal reduction.
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3.5 Supercapacitor Fabrication

A symmetric coin-cell supercapacitor (CR2032 type) was fabricated using two
identical electrodes. Each electrode was prepared by coating a slurry composed of
activated carbon, acetylene black, rGO, and polyvinylidene fluoride (PVDF) binder in
N-methyl-2-pyrrolidone (NMP) solvent. The mass ratio of the components was
maintained at 80:5:5:10. The slurry was coated onto a stainless steel foil current
collector, dried at 80 °C overnight, pressed, and punched into circular discs with a
diameter of approximately 16 mm.

The electrolyte was prepared by dispersing rGO-QDs in a 3 M potassium
hydroxide (KOH) solution, forming a homogeneous rGO-QD/KOH suspension that
enhances ionic conductivity and electrochemical performance.

The coin-cell assembly followed the standard CR2032 stacking configuration
as follows:

1. Negative case (bottom cap)

2. Spring and spacer (to ensure compression and contact)
3. Anode electrode disc

4. Separator (soaked with rGO-QD/KOH electrolyte)

5. Cathode electrode disc

6. Positive case (top cap)

All components were stacked and sealed using a coin-cell crimping machine
to ensure tight contact and minimize internal resistance. The separator functioned as
both an ionic conductor and an electronic insulator. The assembled coin cells were
further dried at 60 °C under vacuum for 12 h before testing to remove residual

moisture. The internal architecture of the device is illustrated in Figure 3.5.1.
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Figure 3.5.1 Schematic illustration of the internal components and assembly structure

of a symmetric coin cell supercapacitor (CR2032 type).
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Chapter 4

Results and Discussion

4.1 Structural Characterization of rGO-QDs

In order to elucidate the structural modifications induced by reduction and
quantum-dot formation, we characterized GO, rGO, and rGO-QDs using Raman
spectroscopy, X-ray diffraction (XRD), and transmission electron microscopy (TEM).
Raman spectroscopy identifies structural disorder via the D band (~1350 cm™) and
graphitic order via the G band (~1580 cm™) [60]. The intensity ratio (Ip/ls) provides a
quantitative measure of disorder and was used to monitor defect evolution across the
three materials. XRD probes changes in crystalline spacing: for example, high-
temperature hydrothermal reduction of GO is known to decrease the interlayer d-
spacing (shifting the GO (001) peak to the rGO (002) reflection) and thus restore
graphitic order [14]. In our study, the XRD pattern of rGO-QDs exhibited a broad peak
at ~24.9°, corresponding to the (002) plane of graphitic carbon, indicating partial
restoration of the sp? carbon structure (see Figure 4.1.2). TEM provides direct images
of the dot morphology and size distribution. The rGO-QDs exhibited an average particle
size of approximately 4.14 nm, with narrow size distribution and good dispersion,
confirming successful quantum dot formation (see Figure 4.1.3). Additionally, energy-
dispersive X-ray spectroscopy (EDX) results further confirm that the hydrothermal
reduction effectively removed oxygenated functional groups, as reflected by the
significant increase in the carbon.

By comparing these spectroscopic and imaging results across GO, rGO, and rGO-
QDs, we can track the evolution of structural order and defect density induced by the
chemical treatments. Overall, the characterization results validate the synthesis of
nanoscale rGO-QDs with restored graphitic domains, increased defect density from
quantum dot formation, and high structural uniformity, supporting their suitability for

optical and electrochemical applications.

4.1.1 Raman Spectroscopy Analysis
Raman spectroscopy was employed to investigate the structural changes and

defect densities of GO, rGO, and rGO-QDs, as illustrated in Figure 4.1.1. The Raman
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spectra of all samples exhibit two characteristic peaks: the D-band located around
1350 cm™, which corresponds to the breathing modes of sp?2 carbon atoms in rings
and is associated with defects and disorder in the graphene lattice, and the G-band
near 1600 cm™, which represents the in-plane vibrational modes of sp? hybridized
carbon atoms. The intensity ratio between these two peaks (I/lg) serves as a key
indicator of the defect density and degree of graphitic order in the carbon-based
materials.

For GO, the measured Ip/lg ratio was approximately 1.01, reflecting the
substantial presence of structural defects introduced during the oxidation process,
primarily due to the incorporation of oxygen-containing functional groups that disrupt
the sp? network. Upon thermal reduction, the Ip/lg ratio of rGO increased to 1.07,
suggesting that the partial removal of these oxygen functionalities generated new edge
defects, thereby increasing the overall defect density [61].

Interestingly, the rGO-QDs sample showed a significantly lower Ip/I; ratio of 0.91.
This reduction in the defect-related D-band intensity indicates an improvement in
structural order, likely due to the hydrothermal treatment at 180 °C, which facilitates
the restoration of sp? carbon domains and enhances graphitic reorganization. The
formation of quantum dots with nanoscale dimensions further contributes to this
increased ordering through quantum confinement effects [62,63]. These effects are
known to promote rehybridization of carbon atoms and enhance crystallinity, leading
to improved material properties.

This trend is consistent with the findings reported by Buatong et al. (2023) [14],
who observed a similar decrease in Ipy/lg ratio for rGO-QDs synthesized under
hydrothermal conditions. The improved graphitic ordering observed in rGO-QDs is
significant, as it can lead to enhanced electronic conductivity and optical performance,
both of which are crucial for applications in optoelectronics, sensing, and energy

devices.
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Figure 4.1.1 Raman spectra of GO, rGO, and rGO-QDs showing D and G bands with

corresponding lp/lg ratios.

In summary, the Raman analysis confirms that while the reduction of GO to
rGO initially introduces additional defects [64], the subsequent transformation into
rGO-QDs via hydrothermal treatment results in @ more ordered carbon structure with
fewer defects. This structural evolution highlights the critical role of synthesis
conditions and nanoscale morphology in tuning the quality and functionality of

graphene-based quantum dots.

4.1.2 X-ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) was utilized to analyze the crystalline structure,
interlayer spacing, and crystallite size of the GO, rGO, and rGO-QDs samples. The
corresponding XRD patterns are presented in Figure 4.1.2, while the key structural
parameters derived from the diffraction data are summarized in Table 4.1.1.

In the case of graphene oxide (GO), a sharp diffraction peak was observed at
20 ~ 11.5°, corresponding to the (001) reflection plane. The associated interlayer

spacing (d-spacing) was calculated to be approximately 7.69 A, which is indicative of
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the expanded structure resulting from the incorporation of oxygen-containing
functional groups between the graphene layers [65]. This spacing reflects the presence
of oxygen-containing functional groups and intercalated water molecules that expand
the GO layers. This structural expansion is also reflected in the relatively large
crystallite size of 39.71 A, as derived from the Scherrer equation. The presence of a
weaker peak near 28 =~ 42° corresponds to the (100) plane, typically attributed to the
in-plane periodicity of the carbon lattice.

Upon reduction to rGO, the (001) peak disappears, and a new, broader peak
emerges at 20 ~ 24.3°, corresponding to the (002) reflection plane. The shift of this
peak and the reduction in d-spacing to 3.65 A indicate the removal of interlayer oxygen
species and a partial reformation of the graphitic domains. This structural
rearrangement is accompanied by a marked decrease in crystallite size to 9.84 A, and
a narrower full width at half maximum (FWHM) of approximately 0.8253°, suggesting
improved ordering compared to GO, albeit with some residual disorder.

For rGO-QDs, the diffraction pattern features a very broad (002) peak centered
at 20 =~ 24.9°. The d-spacing further decreases to 3.57 A, and the FWHM increases
significantly to 11.97°, signifying a pronounced reduction in crystallite size to 7.10 A,
The broadening of the peak and its low intensity indicate a loss of long-range order,
consistent with the nanoscale size and amorphous nature of the quantum dots. This
broadening effect is characteristic of nanostructured materials such as quantum dots,
where the reduced dimensions limit the long-range crystallographic coherence. The
observed decrease in crystallite size and increase in peak broadness reflect the impact

of quantum confinement and size-induced lattice distortion in rGO-QDs.
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Figure 4.1.2 XRD patterns of GO, rGO, and rGO-QDs showing shifts in diffraction peaks

corresponding to structural evolution and reduction in crystallite size.

Overall, the XRD analysis reveals a clear progression from the well-ordered,
oxygen-rich GO structure to the partially restored graphitic nature of rGO, and finally
to the nanoscale, quantum-confined structure of rGO-QDs. The results confirm the
successful synthesis of graphene-based quantum dots with reduced interlayer spacing
and minimal crystalline domains, aligned with the expected structural transition upon

reduction and size minimization.
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Table 4.1.1 Summary of XRD parameters including 20 values, d-spacing, FWHM, and
crystallite size for GO, rGO, and rGO-QDs.

Sample 20 (©) d-spacing (A) FWHM (°) (hk) Crystallite Size (A)

GO 11.5012 7.68772 2.1000 001 39.71
rGO 24.3404 3.65454 0.8253 002 9.84
rGO-QDs  24.9046 3.57236 11.9687 002 7.10

4.1.3 Transmission Electron Microscopy (TEM) Analysis

Transmission electron microscopy (TEM) was employed to investigate the
morphological and nanostructural characteristics of the synthesized rGO-QDs. Figure
4.1.3 presents a comprehensive set of TEM and HRTEM images, along with particle size
distribution and interlayer spacing analysis, to validate the quantum dot formation and

graphitic structure restoration.

As shown in Figure 4.1.3(a), the low-magnification TEM image reveals nearly
transparent, wrinkled graphene-based sheets, consistent with the morphology of
reduced graphene oxide. These features suggest successful exfoliation and thinning of
GO during the reduction process, yielding few-layered structures with enhanced
transparency an indicator of high-quality rGO formation. The visible folds and overlaps
further support the presence of flexible, ultrathin carbon sheets.

At higher magnification, the high-resolution TEM (HRTEM) image in Figure
4.1.3(b) confirms the crystalline nature of the rGO-QDs through the observation of well-
defined lattice fringes. These fringes are indicative of sp2-hybridized carbon domains
that remain intact after the hydrothermal treatment. The restoration of such domains
is vital for maintaining the desirable electronic and optical properties of the quantum
dots.

Figure 4.1.3(c) illustrates the particle size distribution of the rGO-QDs, showing

a relatively narrow range of sizes from approximately 2.5 to 6.5 nm. The majority of
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particles are centered around 3.5 nm, and the average particle diameter was calculated
to be 4.14 nm [66]. This uniformity in particle size is particularly important for ensuring
consistent quantum confinement effects, which directly influence the optical
absorption, emission behavior, and electronic conductivity of the material [67].

A close-up image of the lattice fringes is shown in Figure 4.1.3(d), where the
measured interlayer spacing is approximately 3.41 A. This value is characteristic of
graphitic materials and indicates the successful partial restoration of the graphitic
stacking order in rGO-QDs. Such tight spacing enhances the electrical pathways within
the structure, contributing to improved conductivity an essential parameter for

applications in supercapacitors and energy-related devices.

Figure 4.1.3 (a) TEM image of rGO-QDs, (b) HRTEM image showing lattice fringes of
crystalline carbon domains, (c) particle size distribution indicating an average size of

4.14 nm, and (d) close-up image showing interlayer spacing of 3.41 A.

Overall, the TEM results confirm that the rGO-QDs possess a nanoscale, highly
crystalline structure with uniform particle size and graphitic features. These structural
attributes are expected to significantly enhance the electrochemical and
optoelectronic performance of the material, making it suitable for integration into

advanced energy storage and sensing platforms.

4.1.4 Energy Dispersive X-ray Spectroscopy (EDX) Analysis

The elemental composition of the GO and rGO-QDs samples was determined

by EDX. The GO precursor was found to contain 64.32 at.% carbon and 34.20 at.%
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oxygen (C:O ~ 1.88), whereas the rGO-QDs contained 80.10 at.% carbon and only
16.01 at.% oxygen (C:O = 5.00). In other words, reduction increased the carbon content
by ~15.8% and markedly decreased the oxygen content by ~18.2%, causing the C/O
atomic ratio to rise from ~1.9 to 5.0. Such a large increase in the C/O ratio signifies
effective deoxygenation of the GO: many oxygenated functional groups have been
removed. Although a small portion of oxygen remains in the rGO-QDs (16.01%), the
significant reduction in oxygen content suggests that most oxygenated groups have
been successfully removed during the reduction process. In practical terms, this high
carbon fraction (=80%) corresponds to a predominantly graphitic composition in the
QDs, consistent with a restoration of extended sp?-bonded carbon networks.

This trend is fully consistent with prior studies of GO reduction. For example,
Chuah et al. report GO with C:O =1.90 (44.9% C, 23.6% O) and rGO with C:0 =2.70
(60.4% C, 22.3% O) after phytoreduction [68]. In that work the higher C/O ratio in rGO
was explicitly attributed to removal of surface oxygen (i.e. deoxygenation) by the
reducing agent. Likewise, Kalil et al. noted that treating GO (C/O 2.15) with a reducing
agent raised the C/O ratio to 2.80, providing direct evidence of reduction [69]. These
examples echo the same behavior seen here: the carbon-to-oxygen ratio of GO
increases dramatically upon reduction. Typical well-oxidized GO materials have C/O
ratios in the range ~2-3 (O/C =0.33-0.5), whereas fully reduced graphene (or GQDs)
often exhibit C/O ratios on the order of 5 or higher (O/C =0.2). In fact, one study reports
rGO with O/C =0.2 (C/O =5) after extensive reduction, compared to ~0.4 (C/O =2.5) for
GO, remarkably similar to our findings. Thus, the substantial rise in C/O from 1.88 to
5.00 here is in line with expectations for highly reduced graphene materials.

The implication of these EDX results is that the reduction process has largely
restored the sp?-hybridized carbon lattice. Oxygen-containing groups in GO (such as
epoxides, hydroxyls, and carboxyls) introduce sp3-like disruptions and defect sites.
Their removal during reduction “cleans” the carbon network, increasing the fraction of
contiguous sp? domains. In other words, a higher C/O ratio corresponds to fewer sp3-
bonded C-O moieties and more purely graphenic (sp2) carbon. This interpretation is
supported by the literature: elevated C/O ratios in reduced samples are consistently
linked with re-formation of graphitic carbon. For instance, Chuah et al. (2020) explicitly

note that the higher C/O in rGO indicates oxygen was “effectively removed by the
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extract” [68], which implies restoration of sp? character. Likewise, studies of GQDs
report EDX carbon contents of ~80-82% after reduction [70], reflecting a
predominantly carbonaceous (sp?) structure. In summary, the marked increase in
carbon fraction and C:O ratio from GO to rGO-QDs indicates a high degree of reduction,

yielding a more ordered, sp?-rich carbon framework in the QDs.

4.2 Optical Properties of rGO-QDs

The optical properties of rGO-QDs were investigated to evaluate their potential
for optoelectronic and energy-related applications. Quantum dots derived from
graphene-based materials exhibit unique size-dependent optical behaviors due to
quantum confinement and edge effects, which distinguish them from their bulk
counterparts. In this study, UV-visible (UV-Vis) absorption spectroscopy and
photoluminescence (PL) spectroscopy were employed to characterize the light
absorption and emission characteristics of the synthesized rGO-QDs. These techniques
provide insight into the electronic structure, energy band transitions, and quantum
efficiency of the material.

UV-Vis spectroscopy reveals information about the optical absorption edge,

TC-TT* transitions in aromatic C=C bonds, and n-TT* transitions associated with residual
oxygen-containing groups. The spectral features and absorption peak positions are
closely related to the conjugated domain size and the degree of reduction in the rGO-
QDs. Photoluminescence spectroscopy, on the other hand, was used to evaluate the
fluorescence properties of the quantum dots. The PL behavior of rGO-QDs is highly
dependent on particle size, surface states, and chemical composition. The quantum
dots synthesized in this work exhibit strong and tunable PL emission, highlighting their
suitability for use in sensing, bioimaging, and optoelectronic devices.

The detailed findings from both spectroscopic techniques are presented and

discussed in the following subsections.

4.2.1 UV-Vis Absorption Spectroscopy

Ultraviolet-visible (UV-Vis) absorption spectroscopy was employed to
investigate the evolution of optical transitions during the structural transformation from
graphite to GO, rGO, and finally rGO-QDs. The corresponding absorption spectra are

shown in Figure 4.2.1.
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Graphite, in its pristine form, displayed minimal absorbance in the UV ~Vis

region, reflecting the absence of significant TT—7T* transitions due to its extended sp?

carbon domains and lack of functionalization. Upon oxidation to form GO, a prominent

absorption peak emerged at approximately 230 nm, corresponding to the TT—TT*

transition of aromatic C=C bonds in the disrupted sp? network. Additionally, a shoulder

near 300 nm was observed, which is attributed to n—TT* transitions of C=0 groups
introduced during oxidation [71].
After chemical reduction, the UV-Vis spectrum of rGO revealed a red shift of

the main absorption peak to around 267 nm. This shift is indicative of partial restoration

of the conjugated Tt-electron system due to the removal of oxygen-containing groups,
suggesting a successful reduction of GO.
The rGO-QDs exhibited two distinct features: a dominant absorption peak at

267 nm and a weaker shoulder around 398 nm. The peak at 267 nm indicates the

preserved Tl-conjugated system within the nanoscale domains, while the shoulder at
398 nm is associated with surface and edge states, consistent with quantum
confinement effects and defect-related transitions in carbon-based quantum dots.
These features confirm the formation of discrete nanostructures with localized energy
states, enhancing light-matter interaction at specific energies.

The inset in Figure 4.2.1 presents visual confirmation of the optical behavior of
rGO-QDs. The solution appears yellowish under ambient light but displays strong blue
fluorescence when exposed to 365 nm UV light, further validating the presence of
guantum-confined structures with excitation-responsive optical emission [72].

Overall, the UV-Vis absorption analysis highligshts the progressive evolution of
electronic structure from bulk graphite to functionalized and size-confined carbon
nanomaterials. The appearance of new absorption features in rGO-QDs and the
spectral red shifts serve as strong indicators of successful reduction, fragmentation, and

quantum dot formation.



69

Figure 4.2.1 UV-Vis absorption spectra of graphite (grey), GO (red), rGO (green), and
rGO-QDs (blue). Inset: Photographs of rGO-QDs solution under ambient light (left) and

UV light at 365 nm (right), showing strong blue fluorescence under UV excitation.

4.2.2 Photoluminescence (PL) Spectroscopy

Figure 4.2.2 illustrates the normalized photoluminescence spectra of rGO-QDs
under excitation wavelengths from 320 to 410 nm. As the excitation is tuned from 320
nm to 410 nm, the emission peak systematically red=shifts from about 505 nm to 553
nm, and the PL intensity varies (with a maximum at ~340 nm excitation). The relatively
broad PL peak suggests a distribution of sp? domains or surface states, which is
common in chemically synthesized QDs. This excitation-dependent emission indicates
a broad distribution of emissive sites or dot sizes, as is commonly observed in carbon-
based QDs [73]. In our samples, higher-energy excitation (shorter wavelength)
preferentially excites smaller sp? clusters, yielding blue-green emission (higher photon
energy), while longer-wavelength excitation accesses larger clusters that emit at lower
energy (longer wavelength). This behavior where the emission maximum can be
“tuned” by the excitation wavelength has been reported by Liu et al. (2021) and

others for graphene-derived QDs [35]. This result not only confirms the size-dependent
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optical properties of rGO-QDs but also reflects their quantum confinement behavior, a
hallmark of zero-dimensional carbon nanostructures. This emission behavior
corresponds to the nanoscale size (~4.14 nm) of the rGO-QDs, which falls well within
the quantum confinement regime responsible for size-dependent photoluminescence.
Overall, the gradual red shift in PL with increasing excitation (and thus effective dot
size) reflects the quantum confinement effect: larger QDs have narrower bandgaps and

emit redder light.

Figure 4.2.2 Normalized PL spectra of rGO-QDs excited at various wavelengths (320-
410 nm).

Figure 4.2.3 presents the Tauc plot ((ahv)? vs. photon energy) derived from
UV-Vis absorption spectra, which allows estimation of the direct optical bandgap
energies of the samples. The rGO-QDs exhibit a significantly widened bandgap of
approximately 3.82 eV, compared to 3.42 eV for GO and 3.10 eV for rGO, as shown in
Figure 4.2.3. The bandgap for graphite was found to be the lowest, at approximately
0.09 eV, indicating that the bandgap widens as the material becomes more nanoscale

and quantum confined. This trend confirms that as the carbon structure transitions
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from bulk to nanoscale dimensions, the electronic transitions shift to higher energies,

in line with established quantum mechanical models.

Figure 4.2.3 Tauc plot used to determine the optical bandgap of graphite, GO, rGO,
and rGO-QDs.

To further quantify the confinement effect, the Brus equation was used to
estimate the radius of the sp? clusters responsible for the observed

photoluminescence (PL):

(2)

E=Ebg+[ h? n h? ]_1.8e2

8mer2  8mpr? 4eyer

where:
e E is the size-dependent bandgap energy (eV),
o Epg is the bandgap of bulk graphite (~0.09 eV),
e hisPlanck’s constant (6.626 x 10°* J-s),

e 1 is the radius of the QD (in meters),
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e m, and my are the effective masses of the electron and hole, respectively.
In this study, values of m, = m; = 0.03m,, (where m, is the free electron
mass) were assumed based on commonly accepted parameters for carbon-

based nanomaterials.

By applying this model, the emission energy values observed from PL spectra
were converted into corresponding quantum dot sizes. As shown in Table 4.2.1, the
PL emission energies decrease from 2.46 eV (505 nm emission at 320 nm excitation) to
2.24 eV (553 nm emission at 410 nm excitation). These energy values correspond to
calculated radii ranging from approximately 1.59 to 1.66 nm (i.e., diameters between
3.18 and 3.32 nm). These estimated particle sizes are in good agreement with the
average size derived from TEM analysis (~4.14 nm), reinforcing the conclusion that
quantum confinement governs the optical response of the rGO-QDs. This agreement
across spectroscopic and microscopic data further strengthens the reliability of the

optical model applied.

This quantitative correlation between particle size and optical bandgap strongly
supports the existence of size-tunable quantum behavior in the synthesized rGO-QDs,

a characteristic also reported in similar graphene quantum dot studies [35,74].

Table 4.2.1 Effect of excitation wavelength on PL emission and corresponding rGO-

QD size estimation.

Excitation Emission
Excitation Emission Radius Diameter
wavelength wavelength

energy (eV) energy (eV) (nm) (nm)
(nm) (nm)
320 3.88 505 2.46 1.59 3.18
330 3.76 509 2.44 1.60 3.20
340 3.65 511 2.43 1.60 3.20
350 3.54 515 2.41 1.60 3.20
360 3.45 521 2.38 1.61 3.22
370 3.35 528 2.35 1.62 3.24
380 3.26 538 2.31 1.63 3.26
390 3.18 549 2.26 1.65 3.30
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400 3.10 553 2.24 1.66 3.32
410 3.03 553 2.24 1.66 3.32

Figure 4.2.4 shows the relationship between the PL bandgap energy (from Table
4.2.1) and 1/(radius *). The data fall on a straight line, confirming the expected E & 1/r

? dependence from quantum confinement. The linear fit (red line) indicates that the
modest change in radius (~0.06 nm) between the samples produces the observed
~0.22 eV shift in bandgap, in agreement with effective-mass theory. In other words, the
larger the dot (smaller 1/r2), the smaller the bandgap and the more red-shifted the
emission, consistent with prior studies [35]. The extracted radii (~1.6 nm) and diameters
(~3.2 nm) agree well with the TEM/HRTEM measurements of a few-nanometer QDs
and are comparable to values reported for graphene/GOQDs in the literature. It should
be noted, however, that emissions beyond ~500 nm may also involve surface or
defect-related states, particularly in oxygen-rich carbon systems. Indeed, in our case
the PL peak saturates near 553 nm (at the longest excitation), suggesting that further
red emission may be partially influenced by surface-trap states, as discussed by Guo
et al. (2017) [73]. Nonetheless, the overall trends excitation tunable emission and a
clear size—energy inverse-square relationship confirm that our rGO-QDs exhibit

pronounced quantum-confinement behavior.
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Figure 4.2.4 Linear correlation between PL emission energy and 1/r? of rGO-QDs,

validating the quantum confinement model.

According to the calculation results in Table 4.2.1, the sizes of rGO-QDs were
estimated to be within the range of 3.18 to 3.32 nm, which aligns with the size
distribution observed in Figure 2.3.1(b) and the TEM image in Figure 2.2.2(d). The
emission peaks spanning 505-553 nm correspond to rGO-QD sizes between 3.18 and
3.32 nm. The strongest fluorescence emission, recorded at 511 nm upon excitation at
340 nm in Figure 2.3.1(b), was associated with an rGO-QD size of approximately 3.20
nm, which closely matches the average size determined from TEM analysis in Figure

2.3.1(b).

4.3 Electrochemical Properties of rGO-QDs
The electrochemical behavior of reduced graphene oxide quantum dots (rGO-
QDs) plays a critical role in determining their performance in energy storage and

electronic applications. Owing to their high surface-to-volume ratio, abundant edge
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sites, and restored sp?-hybridized carbon networks, rGO-QDs exhibit unique charge
transport and ionic conduction characteristics.

In this study, both electronic and ionic transport properties were systematically
investigated. The ionic conductivity and Hall effect measurements provided insights
into charge carrier mobility, concentration, and type, thereby revealing the
fundamental electrical nature of the rGO-QDs. These intrinsic properties are essential
for understanding how rGO-QDs behave under electrochemical stimuli and how
efficiently they can support charge movement.

Furthermore, the electrochemical activity of rGO-QDs was evaluated via cyclic
voltammetry (CV), galvanostatic charge—discharge (GCD), and electrochemical
impedance spectroscopy (EIS). These techniques enabled assessment of their
capacitive behavior, conductivity, and interfacial charge-transfer processes. Key
parameters such as specific capacitance, charge—discharge stability, and internal
resistance were derived to quantify their performance.

The detailed results and analysis of the ionic conductivity and Hall effect,
followed by electrochemical testing of symmetric coin cell supercapacitors

incorporating rGO-QDs, are presented in the following subsections.

4.3.1 lonic conductivity and Hall effect

The ionic conductivity of rGO-QDs in aqueous form was evaluated using
electrochemical impedance spectroscopy (EIS). The measurements were conducted
over a frequency range of 100 kHz to 0.01 Hz, with temperature variations controlled
from room temperature to 80°C. To analyze the impedance data, an equivalent circuit
model was employed, incorporating Rs (solution resistance), Ret (charge transfer
resistance), CPE (constant phase element), and Warburg elements, allowing for a
comprehensive assessment of ionic transport mechanisms. This model highlights the
influence of both bulk and interfacial effects on the overall ionic conductivity of the
material [75,76]. Figure 4.3.1 presents the EIS results of rGO-QDs, including Nyquist
plots and Arrhenius-type plots, which illustrate the temperature dependence of ionic
conductivity.

Figure 4.3.1(a) presents the Nyquist plot analysis of rGO-QDs measured at
various temperatures (25, 30, 40, 50, 60, 70, and 80°C) over a frequency range of 100

kHz to 0.01 Hz, providing valuable insights into their electrochemical behavior. The
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inset in Figure 4.3.1(a) depicts the EIS measurement setup for evaluating the ionic
conductivity of rGO-QDs. The system employed a frequency range of 100 kHz to 0.01
Hz and consisted of a Pt sheet working electrode, a reference electrode, a Pt sheet
counter electrode, and a temperature probe immersed in the rGO-QDs solution. The
intercept on the real impedance axis in the Nyquist plot represents the solution
resistance (Rs), indicating the internal resistance of the rGO-QDs aqueous system.

The Nyquist plot exhibited semicircular arcs, representing both bulk and charge
transfer resistances, which are essential for understanding the ionic transport
mechanisms within rGO-QDs [77]. As the temperature increased, the semicircles
became smaller, indicating a decrease in resistance. This reduction corresponds to
enhanced ion mobility, driven by the greater thermal energy available at higher
temperatures, which facilitates the movement of ions and charge carriers within the
rGO-QDs [78]. The inverse relationship between resistance and temperature aligns with
fundamental electrochemical properties, as higher temperatures promote increased
ionic diffusion, leading to improved ionic conductivity [79].

The equivalent circuit model used to analyze the impedance data incorporates
key components such as series resistance (Rs), charge transfer resistance (Rct), a
constant phase element (CPE), and Warburg elements (W, Ws) to account for ion
resistance, capacitance, and diffusion effects. This model effectively captures the
complex electrochemical interactions occurring within  rGO-QDs at varying
temperatures [80]. These findings have significant implications for the application of
rGO-QDs in electronic and optoelectronic devices. The observed increase in ion
mobility at higher temperatures suggests that rGO-QDs are well-suited for applications
requiring efficient charge transport, such as supercapacitors and batteries [81]. The
ability to model impedance behavior using an equivalent circuit provides a structured
approach for optimizing the electrochemical performance of rGO-QDs in various
applications [82]. The ionic conductivity (@) of rGO-QDs in aqueous form was calculated

using the equation:

o=— (3)

Where L is the distance between electrodes (cm), R is the intercept value on the real

impedance axis from EIS spectra (Q), and A represents the electrode area (cm?). The
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R, values were derived from the Nyquist plot intercept on the real impedance axis,
indicating the internal resistance of the system. Figure 4.3.1(b) provides a magnified
view of the Nyquist plot at higher frequencies, illustrating the variation of R values
with temperature. The Ry values of rGO-QDs aqueous solution were 622.4, 368.2,
336.5, 250.8, 169.6, 114.9, and 60.2 Q at 25, 30, 40, 50, 60, 70, and 80°C, respectively.
The observed decrease in R with increasing temperature aligns with the principle that
higher thermal energy enhances ionic conductivity by facilitating charge carrier

movement [80,83].

Figure 4.3.1 lonic conductivity analysis of rGO-QDs. The inset in (a) shows the
measurement setup for ionic conductivity. (a) Nyquist plot depicting impedance
behavior at different temperatures, (b) magnified Nyquist plot at higher frequencies, (c)
Arrhenius plot of ionic conductivity versus inverse temperature (1,000/T), and (d)

logarithmic Arrhenius plot with activation energy (E, = 0.15 eV).

Based on the Nyquist plot analysis, the decrease in charge transfer resistance
with increasing temperature indicates that higher temperatures enhance ionic transport

within rGO-QDs. This temperature-dependent behavior is critical for maintaining or
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improving electrical conductivity in electronic applications such as supercapacitors and
batteries [77,84]. Figure 4.3.1(c) illustrates the Arrhenius plot, which depicts the
temperature dependence of ionic conductivity in rGO-QDs. The calculated ionic
conductivity (@) values were 0.39, 0.65, 0.71, 0.96, 1.41, 2.09, and 3.99 mS/cm at 25,
30, 40, 50, 60, 70, and 80°C, respectively. As the inverse temperature (1000/T) increases,
the ionic conductivity follows an Arrhenius-type behavior, similar to other ionic
materials, indicating that ionic transport in rGO-QDs is thermally activated [85]. The
temperature dependence of ionic conductivity in rGO-QDs can be described by the

Arrhenius equation:

_Ea
0 = 0pge kT (4)

where:

e 0 is a pre-exponential factor,

e 0y is the activation energy,

e k is the Boltzmann constant,

e T is the absolute temperature.
At higher temperatures, the increased thermal energy enhances ion mobility, leading
to improved ionic conductivity [86]. Conversely, at lower temperatures, the reduction
in thermal energy restricts ion hopping, limiting ionic transport within rGO-QDs [85].
Additionally, the amorphous phase present in rGO-QDs contributes to the increase in
ionic conductivity, as it provides greater free volume for ion migration, further
reinforcing the Arrhenius-type behavior [87]. The Arrhenius plot confirms that the ionic
conductivity of rGO-QDs is thermally activated, emphasizing their potential for
applications that require stable and efficient ionic transport across different
temperatures, such as in batteries and supercapacitors, where maintaining conductivity
is essential for optimal device performance [88].

Figure 4.3.1(d) presents the logarithmic Arrhenius plot, demonstrating a linear
relationship between log ¢ and 1000/T. The calculated activation energy (E,) of 0.15
eV confirms that the ionic conductivity of rGO-QDs is thermally activated, with higher
temperatures facilitating greater ion mobility [83,89]. The strong correlation coefficient
(R2 = 0.95) further validates the consistency and reliability of the data. These findings

confirm that rGO-QDs enhance electrical conductivity at elevated temperatures,
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improving ionic transport efficiency, which is essential for supercapacitor
applications [75,90]. The results are consistent with previous studies that have reported
similar thermally activated ionic conduction mechanisms in polymer electrolytes and
nanocomposites [76,91]. The observed increase in ionic conductivity at higher
temperatures is attributed to enhanced ion mobility, which is crucial for
electrochemical devices such as batteries and supercapacitors, where efficient ionic
transport plays a key role in charge and discharge cycles [77,92].

Figure 4.3.2(a) presents the sheet resistance analysis of GO and rGO-QDs over
the temperature range of 310 K to 400 K. For GO, the sheet resistance shows a sharp
decline between 310 K and approximately 350 K, followed by a plateau, indicating a
thermally activated conduction mechanism in which increasing temperature enhances
carrier mobility, thereby reducing resistance [93,94]. The initially high sheet resistance
of GO at lower temperatures is likely due to the presence of oxygen-containing

functional groups, which impede charge transport by introducing defects and disrupting

the TT-conjugation network within the GO structure, thus limiting its conductivity [95].
As the temperature increases, the thermal energy facilitates charge carrier movement,
leading to a significant improvement in electrical conductivity. This trend aligns with
previous studies that have reported similar thermally activated behavior in GO and rGO
based materials [7,96]. Beyond 350 K, the plateau in sheet resistance suggests that the
material has reached a saturation point in carrier mobility, meaning further increases
in temperature do not significantly enhance conductivity. This behavior is commonly
observed in conductive materials, where factors such as defect density and electronic
structure impose intrinsic limitations on conductivity improvements at higher
temperatures [19,24].

For rGO-QDs, the observed extremely low sheet resistance despite the
presence of a wide bandgap of 3.82 eV (as seen in Figure 4.2.3) can be attributed to

the dominance of hopping conduction mechanisms. The reduction process effectively

restored the TT-conjugation network and removed oxygen-containing functional groups,
thereby creating conductive pathways that enable efficient charge transport [97].
Unlike conventional semiconductors, where a wide bandgap typically correlates with
high resistance, defect-mediated hopping conduction in rGO-QDs facilitates enhanced
electrical conductivity. This behavior is consistent with previous findings [98], which

reported a significant, improvement in conductivity following the removal of oxygen
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functional groups in rGO materials. Furthermore, the ability to tune the bandgap of
rGO by modifying functional group content highlights the interplay between the
quantum confinement effect and restored conductivity in rGO-QDs [11].

The Hall effect was analyzed using the relationship described by Equation (5):

1 plp®—npn?
b Tm (5)

Ry(t) =+
WD) = £ 2

where e is the elementary charge, u, and u, are the mobilities of negative and
positive charge carriers, respectively, and n and p represent the concentrations of
negative and positive charge carriers, respectively. The sign of the Hall coefficient (Ry)
is used to determine the majority charge carrier type in the material: a positive Ry (Ry
> 0) indicates p-type carriers (holes as the dominant charge carriers), while a negative
Ry (Ry < 0) signifies n-type carriers (electrons as the dominant charge carriers). Figure
4.3.2(b) presents the Hall coefficient (Ry) variation for GO and rGO-QDs as a function
of temperature. The results for GO showed n-type conductivity at room temperature,
a transition to p-type conductivity in the range of 320 K to 350 K, and a reversion to
n-type behavior from 360 K to 400 K. The fluctuations between positive and negative
values indicate that both electrons and holes contribute to conduction, resulting in
mixed-type behavior, which underscores the unstable electronic properties of GO. In
contrast, rGO-QDs exhibited a stable p-type conductivity across all measured
temperatures, with positive Ry values persisting up to 400 K, indicating that holes
remain the dominant charge carriers. This consistent p-type behavior suggests that rGO-
QDs offer stable charge transport characteristics, which is essential for ionic conduction
applications where predictable and reliable charge carrier behavior is crucial for device
performance and efficiency.

Figure 4.3.2(c) illustrates the temperature-dependent charge carrier
concentration (CCC) for GO and rGO-QDs. The carrier concentration in GO varied from
6.51 x 10'* to 1.47 x 10" /m?2 over the temperature range of 310 K to 400 K. However,
significant fluctuations were observed, including notable dips and even negative values
around 350 K; indicating unstable carrier dynamics. This instability is likely due to carrier
recombination and transitions between electron and hole conduction
mechanisms [99,100]. The variation in carrier concentration suggests that charge

transport in GO is inconsistent across different temperatures, posing challenges for its
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use in electronic applications. The presence of oxygen-containing functional groups in
GO contributes to complex interactions that negatively impact carrier mobility and
stability, leading to the observed fluctuations [92,101]. Such instability is a critical
drawback for applications that require stable and predictable charge transport, as
performance variability can significantly affect the reliability of electronic
devices [89,101].

Additionally, the charge carrier concentration (CCC) of rGO-QDs ranged from
1.87 x 10 to 5.96 x 10" /m2 over the temperature range of 310 K to 400 K. Unlike
GO, rGO-QDs exhibited improved stability in carrier concentration, which can be
attributed to the reduction process that removes oxygen functional groups, thereby
restoring a more stable electronic structure [7,82]. This enhanced structural stability
results in better conductivity and more consistent charge transport performance,
making rGO-QDs highly suitable for ionic conduction applications that require stable
behavior across varying thermal conditions [3,8,73,102-104].

Figure 4.3.2(d) presents the temperature-dependent charge carrier mobility for
GO and rGO-QDs. In GO, the carrier mobility ranged from -227.29 cm?/V+s to 33.40
cm?/V*s over the temperature range of 310 K to 400 K. As the temperature increased,
the mobility decreased, which is a typical behavior observed in semiconductors, where
phonon scattering at higher temperatures disrupts charge transport, thereby reducing
carrier mobility. This decline in mobility further limits GO’s performance in high-
temperature applications. In contrast, the carrier mobility of rGO-QDs ranged from
82.42 cm?/V*s to 308.58 cm?/V+s over the same temperature range. Unlike GO, rGO-

QDs exhibited significantly higher and more stable mobility, which can be attributed to

their more stable carrier concentration and restored TT-conjugation network after the
reduction process. This enhancement in mobility demonstrates the superior charge
transport properties of rGO-QDs, even at elevated temperatures. The ability of rGO-
QDs to maintain high and stable mobility across a broad temperature range makes
them particularly suitable for high-performance ionic conduction devices, where
efficient and consistent charge transport is essential for reliable operation under varying

thermal conditions.
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Figure 4.3.2 Temperature dependence of (a) sheet resistance, (b) Hall coefficient (RH),

(c) charge carrier concentration (CCC), and (d) mobility for GO and rGO-QDs.

4.3.2 Electrochemical Properties

Figure 4.3.3 presents the electrochemical properties of the supercapacitor
device, comparing the performance of a KOH-based electrolyte with that of a KOH/rGO-
QDs electrolyte. The supercapacitor device was fabricated in a CR2032 coin-cell
configuration, assembled symmetrically using electrodes composed of acetylene
black, activated carbon, rGO, and PVDF in NMP at a weight ratio of 5:80:5:10.

Figure 4.3.3(a) and (b) illustrate the Nyquist plots, showing the impedance
behavior of the supercapacitor device with KOH electrolyte and KOH/rGO-QDs
electrolyte, respectively. The internal resistance (R;) of the supercapacitor with KOH
electrolyte was measured at 1.23 Q, whereas the device using KOH/rGO-QDs
electrolyte exhibited a significantly lower Ry of 0.38 Q. This 3.2-fold reduction in Ry
indicates that the enhanced ionic conductivity of rGO-QDs contributes to reduced

internal resistance. The high surface area of rGO-QDs increases the number of active

ion-transport sites, and their restored TT-conjugated carbon network facilitates rapid
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ion diffusion and charge transfer. These properties collectively enhance specific

capacitance and ion mobility.

From the Nyquist data, the double-layer capacitance (Cy;) was determined using

the equation:

1

= Re)@1) ©

Cdl

where f is the relaxation frequency and Ry is the charge transfer resistance. The R.;
values were 80.3 Q for the KOH device and 0.57 Q for the KOH/rGO-QDs device. The
relaxation frequency increased significantly from 56.70 Hz (KOH) to 5,510 Hz (KOH/rGO-
QDs), suggesting much faster charge transfer kinetics. As a result, the C4 of the
KOH/rGO-QDs device was 50.5 UF, which is 1.44 times greater than that of the KOH
device (35.1 UF), confirming improved capacitive behavior.

Figure 4.3.3(c) and (d) illustrate the Warburg impedance behavior, which appears
as a linear tail in the low-frequency region of the Nyquist plot. The Warburg impedance

(Zy) is described by the equation:

Zy=(1 - Hoya/? (7)

Where Zy, represents the Warburg impedance, oy, is the Warburg coefficient, and wis
the angular frequency, given by @ = 2zf. The slope (ay,) obtained from the plot of
w12 versus Zy, was 0.58 Qs'? for the KOH/rGO-QDs device, whereas the KOH-based

device exhibited a much higher gy, value of 55.51 Qs"/?

. The significantly lower gy, for
the KOH/rGO-QDs device indicates faster ion diffusion and enhanced ionic conductivity,
highlighting the beneficial role of rGO-QDs in facilitating efficient charge transport within

the electrolyte.
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Figure 4.3.3 EIS analysis of KOH and KOH/rGO-QDs electrolytes: (a) Nyquist plot of KOH
electrolyte device, (b) Nyquist plot of KOH/rGO-QDs device, (c) Warburg impedance
plot of KOH electrolyte, and (d) Warburg impedance plot of KOH/rGO-QDs.

Figure 4.3.4(a) and (b) present the cyclic voltammetry (CV) plots for
supercapacitor devices utilizing KOH electrolyte and KOH/rGO-QDs electrolyte,
respectively. The CV curves were recorded by sweeping the potential window from 0
V to 0.1 V, while varying the applied electric voltage at scan rates of 5, 10, 20, and 30
mV/s. The KOH device showed a narrow potential window of about -1.25 mV to 2.0
mV, while the rGO-QDs device expanded this window to -50 mV to 40 mV. The broader
CV area observed for the rGO-QDs system indicates greater capacitive charge storage,
attributed to faster ion transfer and higher accessible surface area.

Figure 4.3.4(c) and (d) show the galvanostatic charge-discharge (GCD) curves at
current densities from 0.5 to 5 A/g. Both devices exhibited symmetric triangular shapes,
indicating good capacitive reversibility. At a current density of 5 A/g, the discharge time
for the KOH/rGO-QDs device (100 s) exceeded that of the KOH-only device (80 s),

confirming higher energy storage capacity.
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Specific capacitance (C,) (F/g) was calculated using:

I xAt
C,, =
P mxAV

(8)

where:

e [is the constant discharge current (A),
e Atis the discharge time (s),
e AVis the voltage change during discharge (V),

e m represents the mass of the active material (g).

Figure 4.3.4(e) presents the specific capacitance (Cg,) vs. current density for
both systems. The KOH/rGO-QDs device exhibited specific capacitances of 25 to 55
F/g, while the KOH-only device yielded 5 to 48 F/g. The highest value (55.0 F/g at 0.5
A/¢g) for the rGO-QDs device demonstrates their superior electrochemical performance.
Figure 4.3.4(f) displays a practical demonstration: two coin cell supercapacitors with
KOH/rGO-QDs electrolyte connected in series successfully powered two red LEDs. This
confirms the practical viability of rGO-QDs-enhanced electrolytes for low-power energy

storage applications.
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Figure 4.3.4 Electrochemical performance of KOH and KOH/rGO-QDs supercapacitors:
cyclic voltammetry (a, b), discharge-charge curves (c, d), specific capacitance vs. current
density (e), and (f) LED demonstration powered by two coin-cell supercapacitors in

series.
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Chapter 5

Conclusions

This research initially set out to enhance the thermoelectric performance of
bismuth telluride (Bi,Tes) through the incorporation of reduced graphene oxide
quantum dots (rGO-QDs) as a nanoscale composite additive. The core motivation was
to address the intrinsic limitations of Bi,Te; such as its relatively high thermal
conductivity by introducing rGO-QDs, which exhibit unique electronic and thermal
transport behavior derived from quantum confinement and high surface activity. It was
anticipated that rGO-QDs would reduce the thermal conductivity of the composite
while maintaining or enhancing electrical conductivity, leading to an improved
thermoelectric figure of merit (ZT).

However, during the experimental phase, several key challenges were
encountered. These included significant difficulties in compacting and sintering Bi,Tes
into high-quality pellets suitable for thermoelectric measurement, as well as limited
access to specialized equipment required for accurately measuring Seebeck
coefficient, electrical conductivity, and thermal conductivity under controlled
conditions. These technical and logistical obstacles ultimately rendered the
continuation of the thermoelectric focus unfeasible within the available research
environment.

Rather than abandoning the study, the direction was revised to concentrate on
the fundamental material of interest rGO-QDs while exploring a new application
domain that shares similar material requirements: electrochemical energy storage. In
particular, the study focused on investigating rGO-QDs as additives in supercapacitor
electrolyte systems. This transition allowed the research to retain its scientific
relevance and rigor, while contributing new knowledge to a related but distinct field.

The synthesis of rGO-QDs was carried out via a hydrothermal process, with
systematic optimization of parameters such as pH, ultrasonication time, and
purification methods. The final optimized synthesis yielded rGO-QDs with an average

size of approximately 3-4 nm, strong blue fluorescence under UV illumination, and

structural features indicative of restored TT-conjugation. Characterization using UV-Vis

spectroscopy, photoluminescence (PL), Raman spectroscopy, X-ray diffraction (XRD),
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transmission electron microscopy (TEM) and and energy-dispersive X-ray spectroscopy
(EDX) confirmed the successful formation of well-dispersed, graphitic carbon-based
quantum dots exhibiting quantum confinement effects. In addition to their optical and
structural features, the electrochemical properties of the synthesized rGO-QDs were
explored by incorporating them into a 3 M potassium hydroxide (KOH) solution to form
a hybrid electrolyte for symmetric coin-cell supercapacitors. Electrochemical
impedance spectroscopy (EIS) revealed that the presence of rGO-QDs significantly
increased the ionic conductivity of the electrolyte and reduced the internal resistance
of the system. These enhancements are attributed to the improved ion transport
pathways enabled by the nanodots’ high surface area, edge-active sites, and surface
functional groups, which facilitate both electrostatic and pseudocapacitive interactions.

Performance tests of the assembled supercapacitors including cyclic
voltammetry, galvanostatic charge-discharge (GCD), and capacitance retention
demonstrated that the rGO-QD-enhanced electrolyte achieved a specific capacitance
of up to 55 F/g, which is markedly higher than that of the pure KOH system.
Furthermore, the device showed improved charge-discharge characteristics, lower
equivalent series resistance (ESR), and greater stability over repeated cycles. These
results not only validate the electrochemical compatibility of rGO-QDs but also
illustrate their multifunctionality as both optical and ionic conductors in energy storage
applications.

In summary, although the original thermoelectric enhancement of Bi,Te;
composites could not be achieved due to technical limitations, this study successfully
refocused on the core innovation rGO-QDs and demonstrated their potential as high-
performance materials for electrochemical energy storage. The research contributes
valuable insights into the synthesis, structure—property relationships, and functional
applications of carbon-based quantum dots. It also underscores the importance of
adaptability in research, showing how scientific value can still be derived even when
the initial experimental path proves impractical.

Looking forward, the results from this study lay a strong foundation for future
work on multifunctional nanomaterials. Further exploration may include developing
hybrid systems that combine rGO-QDs with conductive polymers or metal oxides,
scaling the synthesis process for industrial applications, and integrating these

nanomaterials into full-device systems such as flexible energy storage units or hybrid
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optoelectronic—electrochemical devices. The insights gained from this research thus
represent not only a successful pivot in experimental focus but also a meaningful
contribution to the advancement of sustainable and scalable nanomaterials for energy

conversion and storage.
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