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Abstract

Energy crisis, environmental deterioration and dwindling fossil resources are the rising global
concerns. As a result, utilising biomass waste as a green and renewable resource into value-
added materials is highly appealing for the sustainable world. Among various materials
explored, carbon and its derivatives attract much more attention due to their intriguing

properties and broad range of applications.

This work focused on the conversion of biomass into activated carbon (AC) and its further
development into fluorescent carbon nanomaterials for the energy and sensing applications.
‘Spent tea’ was selected as a food waste feedstock. A systematic study was carried out to
produce char by pyrolysis and activate it using chemical activation. Consequently, a series of
ACs with varying levels of porosity and surface areas (10 to >2000 m?g™) were produced. These
ACs were employed as an alternate electrode material to study the effect of porosity on the

charge transfer in vanadium redox flow battery.

A thorough investigation on the further transformation of char into fluorescent nanomaterials
lead to the production of graphene quantum dots (GQDs). An upgraded approach was adopted
for the purification of these GQDs. The results showed that GQDs possessed 3-5 layered
graphene structure with a size range of 2-20 nm and band gap varying from 2.67 to 2.95 eV.
Under the premise of acquiring high yield, the activation and synthesis steps were combined
into a single-step microwave treatment and GQDs were synthesised with a high yield of ~84%.
Finally, the intensified and green synthesis of GQDs was accomplished under the direct
hydrothermal carbonisation of biomass waste. The as-prepared GQDs were applied to design a
selective and sensitive sensor for Fe3* ions with a detection limit of as low as 2.5 x 10° M. The
present work highlights the significance of preparing high-value nanomaterials from little value

biomass waste.
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Chapter 1 Introduction

1.1 Background

Global anxieties about energy crisis, environmental deterioration and dwindling fossil resources
are intensifying. The depleting non-renewable global resources coupled with rapid deterioration
of the natural environment means the economic feasibility and long-term supply of fossil-fuel
derived valuable products are at substantial risk. In addition, the conversion of petroleum into
value-added products is frequently driven by supplementary materials (e.g. platinum and rare-
earth metals) having their own sustainability issues, therefore, the ability of material industry
for stable supply of fossil-fuel derived products will soon come under ever-increasing threat.
Moreover, the utilisation of fossil-fuels is inevitably combined with extreme CO, emissions.
Consequently, the atmospheric CO. levels are dramatically increasing, causing acute climate
changes. These challenges of global warming, environmental pollution and diminishing fossil-
fuels have driven research into clean, sustainable, renewable, and environmentally friendly
resources to produce valuable materials (Hu et al., 2010). Among various functional materials
investigated, substantial attention has been paid toward the carbon-based nanomaterials in
numerous potential fields due to their intriguing properties, such as tunable structure, good
conductivity, enlarged surface area, low toxicity, low cost, and long life (Shen et al., 2012a; Ye
etal., 2013; Deng et al., 2016). Production and utilisation of carbon-based materials has a very
long history, e.g. carbon has been utilised in inks and dyes for over 3000 years (Suh et al.,
2009). With the innovation of fullerenes in the 1980s (Kroto et al., 1985) and carbon nanotubes
(CNTSs) inthe 1990s (lijima, 1991), the material science and engineering associated with carbon
materials has become an area of high interest. These carbon based materials find promising
applications in the fields of carbon fixation, gas storage, adsorbents, catalyst support, carbon
fuel cells, electrodes, cell biology and cosmetics (Yu et al., 2004; Titirici et al., 2007; Balcke
etal., 2017). Many preparation approaches, such as laser ablation, carbonisation, hydrothermal
carbonisation (HTC), or pyrolysis have been reported for the synthesis of crystalline,
amorphous, porous, or other carbonaceous materials with diverse shape, size, and chemistry
(lijima and Ichihashi, 1993; Su et al., 2009; Hu et al., 2010; Yao and Zhao, 2017).

Biomass waste (agricultural residues, food waste, municipal solid waste etc.) is an
environmentally friendly renewable resource for preparation of carbon materials due to its high
carbon content (40-55%wt) (Williams and Onwudili, 2006; Motghare et al., 2016) and
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abundance. Carbon materials derived from biomass waste have revealed potential applications
in hydrogen storage, biomedicine, sorption materials, and so on (Tilman et al., 2006; Schmidt
and Dauenhauer, 2007). However, less attention has been paid to their further conversion into
advanced nanomaterials for engineering applications. In order to fulfil this gap, the aim of this
project is to produce carbon materials from biomass waste and investigate their further

development into luminescent nanomaterials for energy and sensing applications.

After water, tea is the second most consumed beverage globally and every year several billion
tons of tea are produced for intake (Hayat et al., 2015). Interestingly, 78% of the tea produced
worldwide is black tea (Hayat et al., 2015). Particularly, most of the tea brewed in the United
Kingdom is prepared from tea bags (Nelson and Poulter, 2004). Usually, after consumption,
these tea bags are discarded as useless materials and need disposal. These environmentally
undesirable materials can be utilised as potential precursors for the sustainable production of
carbon materials. Moreover, the tea is a hydrocarbon-rich substance containing over 100
compounds and its major components are polyphenols (Yashin et al., 2015). Consequently, the
optimised thermal carbonisation can lead to ~80 at% of carbon in its char. Therefore, ‘spent
tea’ as a representative of the food waste, rich in carbon and renewable resource was selected

as a promising precursor to produce carbon-based nanomaterials for engineering applications.

A number of techniques, such as pyrolysis, HTC, liquefaction and gasification, have been
implemented for the thermochemical conversion of biomass into desirable products
(Shafizadeh, 1982; Jain et al., 2016). Pyrolysis (thermochemical decomposition of matter in
absence of oxygen) is a well-known process and has considerably flexibility in terms of
adjusting operating conditions (temperature, residence time, heating rate, etc.) to get desirable
products i.e. gas, liquids and solids (known as charcoal (Shafizadeh, 1982). Slow pyrolysis
(heating rate 1-30 °C/min (Ronsse et al., 2013)) is used for charcoal production whereas fast
pyrolysis (heating rate >100 °C/min) is primarily utilised for production of liquid or biofuels
(Lin et al., 2009). Hydrothermal processing is commonly performed in water at a temperature
range of 180-300 °C (Tekin et al., 2014; Jain et al., 2016), to retain the important functional
groups from the biomass. Thus, different techniques result in carbon materials with diverse

properties.

During the last several years, continuous research has been conducted to further convert
carbonaceous materials into graphene and its derivatives (Girit et al., 2009; Ye et al., 2013;
Zheng et al., 2015; Nirala et al., 2017) and elaborate their fluorescence properties. Fluorescence
has a wide range of applications ranging from minerology, sensing, medicine, bioimaging,

fluorescent labelling, cosmic-ray detection and biological detectors to our daily life fluorescent
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lamps and light emitting diodes. However, graphene is zero-band gap material which makes the
observation of its optical luminescence almost impossible. Thankfully, the bandgap has been
manipulated in graphene nanoribbons (GNRs) and graphene quantum dots (GQDSs) due to their
qguantum confinement and edge effects (Ritter and Lyding, 2009; Shen et al., 2012a). Quantum
confinement is the phenomenon observed when the diameter of a material decreases and
reaches the magnitude of the de Broglie wavelength of the electron wave function (1.23 nm),
the energy spectrum becomes discrete and the bandgap of the material becomes size dependent.
Whereas, the small changes at the edges of GQDs result in pronounced effects on their
properties and are known as edge effects. The fluorescence properties of GQDs can be regulated

by adjusting the size.

When the particle size reaches an optimum value, the quantum confinement effect occurs
leading to the collapse of continuous energy band of the bulk material into discrete energy levels
like in an atom. Owing to the generation of discrete energy levels in a quantum dot, the gap
between highest occupied electron levels and lowest unoccupied levels increases in comparison
with the bulk material. As a result, the material’s optical properties turn out to be size dependent,

as shown in Figure 1.1.
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Figure 1.1. Transition from continuous to discrete energy levels with decrease of the size of
particle from bulk to a quantum dot (Lappetito, 2015).

The minimum amount of energy necessitated to generate an exciton is decided by the bandgap
of the material. When a quantum dot absorbs a photon of energy equal to or greater than the

band gap, the electrons in the quantum dots are excited to the conduction band. This excited



state is not stable, and the electron relaxes back to the valence band through the emission of a

photon. This phenomenon is known as fluorescence.

1.2 Significance

GQDs, as a new type of zero-dimensional fluorescent nanomaterials, have gained substantial
interest due to their exceptional size-dependent optical properties. The GQDs exhibit
extraordinary properties such as strong fluorescence, good biocompatible, dispersibility in
numerous solvents, and low toxicity, demonstrating substantial significance in medicine,
bioimaging, photovoltaic devices, light-emitting diodes, solar cells, fuel cells, batteries,
supercapacitors and sensors (Zhang et al., 2012b; Zheng et al., 2015; Abbas et al., 2018; Liu et
al., 2020b). A number of synthesis approaches have been adopted to produce GQDs from
various precursors. However, most of the synthesis techniques require expensive starting
materials, toxic chemicals, harsh reaction conditions, complex processes, prolonged duration,
and have low yields (Wang et al., 2015a; Wang et al., 2016a). Therefore, advanced synthesis
approaches are highly desirable for getting a precise control over property-application
relationship. Nonetheless, often this aim has to be well-adjusted by the demands for low cost
and large-scale productions. Thus, searching for a cheap and green precursor from regular food
along with simple and effective synthesis approach may overcome the above-mentioned
limitations. Moreover, despite several efforts, a systematic study on the investigation of suitable
biomass derived precursor for GQDs synthesis is still lacking. Thus, in this work, a systematic
study is carried out to search the optimum biomass precursor for the synthesis of GQDs with

high purity, high product yield and in considerable quantities for practical applications.

1.3 Aim and objectives

This project aims to convert biomass waste into superior carbon materials and discover their
applications in energy and sensing. In a broader context, it seeks to solve the future materials
demands and biowaste recycle problems as a part of sustainable future.

The following objectives are carried out to achieve the above aim:

I.  The conversion of biomass waste feedstock into char and studying the char activation

techniques to prepare AC materials with varying degree of porosity.

Il. A systematic study of suitable biomass-derived precursors for the development of
highly pure GQDs.

I1l.  Asingle step preparation over a short timespan for achieving high yield of GQDs.
4



IV.  The intensified and green preparation of GQDs for practical applications.

V. To evaluate the properties and performance of superior carbon-based materials on

energy storage (i.e. battery) and sensing (e.g. photoluminescence sensor) applications.

1.4  Thesis layout

The thesis consists of eight chapters briefly described as follows.

Chapter 1 presents a brief background, research gap, research motivation, aim and objectives

and structure of the thesis.

Chapter 2 describes the literature review related to the different approaches for the conversion
of biomass into carbon-based materials and their further conversion into GQDs for various

applications.

Chapter 3 provides materials and methods used in the experiments carried out in this study.

Chapter 4 illustrates the synthesis of AC from biomass waste, its characterisation and use a
superior electrode material for vanadium redox flow battery application. Moreover, the effect
of electrode porosity on the performance of battery is systematically investigated.

Chapter 5 demonstrates the further conversion of activated carbons into luminescent
nanomaterials such as GQDs and their characterisation. In addition, an improved approach has

been described for the purification of biomass derived GQDs.

Chapter 6 explains the strategy to combine activation and synthesis steps into a single step
synthesis of GQDs. The single step microwave approach results in a record high yield (>80%)
of GQDs. Moreover, the development of sensitive sensor for the detection of Fe®* ion is

presented.



Chapter 7 reveals the intensification of GQDs synthesis and introduces a green approach for

the preparation of high quality GQDs on gram scale.

Chapter 8 summarizes the main findings of this work and presents some recommendations for

the further process intensification and applications of GQDs.



Chapter 2 Literature review

Energy crisis, diminishing fossil resources, environmental deterioration and increasing
customer needs have compelled scientists to search low cost, green and renewable resources
for the sustainable production of advanced materials. Among various materials explored,
carbon-based nanomaterials, especially graphene and graphene quantum dots (GQDs), have
attracted extensive attention recently owing to their intriguing properties, such as high
conductivity, extensive surface area, good biocompatibility, low toxicity, and long life. This
chapter investigates the possibility of converting the biomass waste into superior carbonaceous
materials. The possible routes for converting biowaste into activated carbon (AC) and its further
conversion into luminescent nanomaterials such as GQDs, are discussed. Factors affecting the
physical and chemical properties of GQDs for numerous promising applications have also been
discussed. The recent engineering applications of GQDs have been reviewed here. Finally, the
remaining challenges, future perspectives and possible research directions in the field are

presented.

2.1 Background

Energy shortage, limited availability, and overconsumption of non-renewable resources
coupled with rapid deterioration of the natural environment are the major problems of the
modern world (Goldemberg et al., 1988; Alam and Ramakrishna, 2013; Franco et al., 2017).
Although numerous efforts have been made to search the renewable resources, the fossil fuels
still remain as main sources of energy, transportation fuel and precursor for many valuable
products, and are anticipated to continue so for next 20-40 years. The global demand for these
products is continuously increasing due to high population growth and industrialisation.
Consequently, these fossil resources are depleting fast and are going to diminish at increasing
rates. Moreover, the generation of CO, from burning fossil-fuels has been severely increased
in recent years, imposing drastic challenges of global warming and environmental pollution. In
this perspective, there is great need to search clean, sustainable, renewable, and environmentally
friendly resources to produce value-added materials (Hu et al., 2010). Among advanced
functional materials investigated, carbon-based materials have attracted much attention in

numerous potential fields due to their excellent properties, such as large surface area, tunable



structure, high conductivity, low toxicity and long life (Shen et al., 2012a; Ye et al., 2013; Deng
etal., 2016).

Carbon-based materials are traditionally produced from non-renewable sources such as coal
(Chingombe et al., 2005; Ye et al., 2013) and petroleum coke (Kawano et al., 2008). However,
increasing demand and sharp decline of non-renewable resources coupled with environmental
deterioration require the synthesis of carbon-based materials from renewable raw materials for
the sustainable world. On this account, biomass waste (agricultural residues, food waste,
municipal solid waste etc.) stand out as an environmentally friendly renewable resource for the
preparation of high valued carbon materials due to its high carbon content (40-55 wt.%)
(Motghare et al., 2016) and abundance (Xie and Goodell, 2014). Although biomass waste is
high in carbon content (McKendry, 2002), only a small percentage (ca. 20-30%) from human
daily activities and agriculture are recycled, composted or combusted at presented while other
(ca. 70-80%) is disposed into landfill (Themelis and Arsova, 2015). It can be considered as a
potential precursor to produce carbon-based materials with new functionalities and grow a more
sustainable materials industry. Recently, carbon materials, such as activated carbon, derived
from biowaste have revealed potential applications in hydrogen storage, biomedicine, sorption
materials, and so on (Tilman et al., 2006; Schmidt and Dauenhauer, 2007). However, more
work is required for commercialisation of biomass derived carbon materials for sufficient

performance, activity and effectiveness.

Several techniques have been implemented for the thermochemical conversion of biomass into
desirable products (Shafizadeh, 1982; Jain et al., 2016). Among other thermal chemical
processes, pyrolysis and hydrothermal carbonisation (HTC) are the two common processes to
produce biochar from biomass (Libra et al., 2011). Pyrolysis is the thermochemical
decomposition of organic matter at elevated temperature (450-650°C) in inert environment into
solid (char), liquid and gas with their proportion depending upon operating conditions
(Shafizadeh, 1982). Slow pyrolysis (heating rate of 1-30 °C/min (Lua et al., 2004; Ronsse et
al., 2013) and a holding time of 1-5 hours (Ringer et al., 2006; Gani and Naruse, 2007; Montoya
et al., 2015) and a temperature range of 400 °C to 800 °C (Williams and Besler, 1996)) is
applied for char production. The as produced char can be further treated with different chemical
agents to produce activated carbon. On the other hand fast pyrolysis, usually carried out at a
heating rate of ca. >100 °C/min (Kalgo, 2011; Montoya et al., 2015), is primarily conducted for
production of liquid product (Ratner et al., 2004; Lin et al., 2009; Bridgwater, 2012). Figure
2.1 shows the schematic representation of pyrolysis process and its product (char) applications.
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Figure 2.1. Schematic pyrolysis process and market benefits of the biochar derived from biomass waste.

HTC, which is the thermochemical degradation of biomass in the presence of water
(water/biomass ratio may vary from 5:1 to 75:1) (Hoekman et al., 2011; Guo et al., 2016; Toufiq
Reza et al., 2016) at elevated temperature and pressure, is another promising technique to
convert biomass into carbon materials (Funke and Ziegler, 2010; Hu et al., 2010). Depending
upon experimental conditions, HTC can be classified into two major categories (Hu et al.,
2010). A high temperature HTC process is performed at high temperature (400-800 °C) (Hirose
et al., 2002) to produce activated carbon materials, graphite, and carbon nanotubes (Jia et al.,
2007; Salvador et al., 2007; Sevilla and Fuertes, 2009b; Titirici and Antonietti, 2010; Yang et
al., 2012). A low temperature HTC process is conducted at relatively low temperature (200-
300 °C) to synthesise carbonaceous materials with varied morphology, size, shape, and surface
functionalities (Sevilla and Fuertes, 2009a; Titirici and Antonietti, 2010; Tekin et al., 2014;
Jain et al., 2016; Shen et al., 2017). Based on the HTC route employed, the carbonaceous
materials obtained with different size, shape, morphology and properties have been
implemented in the field of energy, catalysis, sensors, biology or environment (Wei et al.,
2011).

2.2 Activated carbon

Activated carbon (AC) also known as activated porous carbon is a processed form of carbon
having low volume small pores that enlarge the available surface area for chemical reactions.
ACs with highly porous structure have been well-known for their utilisation in wide range of
applications such as water purification, air filters, energy storage, industrial purification and
removal of pollutants (Chingombe et al., 2005; Janes et al., 2007; Kawano et al., 2008; Jain et

al., 2016). The porous structure along with high surface area of AC deliver substantial benefits,
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especially as electrode material in energy storage applications. The large surface area offers
abundant active sites to facilitate the electrochemical reaction while carbon skeleton provides
high conductivity required for the charge carriers. However, most of ACs are traditionally
produced from non-renewable fossil fuels which are expensive and depleting fast. Therefore,
there is urgent need to search renewable precursors for the high-performance carbon electrodes.
Herein, biomass stand out as a unique platform to prepare ACs with various desirable properties
and structures. This approach is regarded as more favourable than the production of AC from
conventional non-renewable fossil-fuels based precursors. This is due to the low cost,
abundance, easy availability and green nature of biomass waste and overall environmentally
friendly benign nature of pyrolysis process applied for the production of AC (Singh et al.,
2019a). The activation strategy of biomass waste is widely accepted as prevailing approach to
improve the texture of otherwise nonporous carbon. Herein, different aspects of widely applied
chemical and physical activation techniques for the synthesis of AC with varying degree of

micro- and nano-porosity and large surface area are described.

2.2.1 Physical activation

The physical activation is a two-step process for the synthesis of AC: 1) The pyrolysis
carbonisation of biomass waste to prepare char, 2) The activation of char at elevated
temperature using CO> or steam. The steam or CO> based gasification of char generate porous
network in carbon matrix and enlarge the specific surface area. The reactions taking place

during the activation process can be summarised as follows (Singh et al., 2019a):

C+C0O; — 2CO (2.1)
CO+H,O0O — CO;+H» (2.2)
C+HO — CO+H: (2.3)

The CO: based activation usually proceeds with the (C + CO2 — 2CO) reaction to produce
relatively uniform microporosity with narrow pore size distribution. The surface area obtained
under this strategy is usually in the range of 100 to 1000 m? g'! (Zhang et al., 2004). On the
other hand, the physical activation using steam generates meso and microporosity. These
differences are mainly attributed to the fast reaction of steam resulting in the widening of

micropores into meso and macropores. In addition, more pores are created using steam as it can
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penetrate the interior structure of carbon. The combination of CO2 and steam results in large

surface area (over 2000 m2g-1) with superior levels of porosity (Yang et al., 2010).

2.2.2 Chemical activation

The chemical activation process of biomass waste usually produces highly porous structure
with large number of functional groups attached on the surface. Most importantly, the chemical
activation produces extremely high surface area AC. However, the core mechanism of chemical
activation is still under debate. It is suggested that the decomposition of biopolymers during
pyrolysis accelerates in the presence of a chemical and the rearrangement of intermediate
compounds followed by recombination results in the continuous network porous carbon
structure. Frequently used chemical agents are KOH, K2COs, H3PO4, and ZnClz, among which
KOH is the most popular activating agent (Singh et al., 2019a).

Activation of biomass with KOH is highly effective and widely used approach to produce AC
with enhanced degree of porosity and improved electrochemical performance (Cui et al., 2017).
The products usually have dominant microporous structure and relatively large specific surface
area. The underlying mechanism of KOH activation has been proposed in the literature (Lillo-
Rddenas et al., 2003; Raymundo-Pinero et al., 2005; He et al., 2010; Wang and Kaskel, 2012;
Wang et al., 2020), as follows:

The reaction of KOH with carbon starts at ~400 °C and almost all the KOH is converted into
K2COs by 600 °C as follows:

6 KOH+2C —2K+3Hz+3KxCO3 (2.4)

When the temperature is increased over 700 °C, the following reactions take place:

K,COs3 + C — K»0 + 2CO (2.5)
K2CO3 — K20 + CO; (2.6)
2 K +CO; — K,0 + CO (2.7)

When the temperature is further increased, following reaction may take place at > 800 °C:
11



K20 +C —2K+CO (2.8)

The gaseous species produced during the activation process seek to escape through the carbon
structure, thereby generating pores. Significant weight loss occurs during the activation process
and the yield of as-prepared AC is usually around 30-60 % of the original biochar. Owing to
the considerable weight loss, the generation of abundant nanoscale pores can be expected.

Based on above discussions, there are three main widely accepted activation mechanisms of
carbon by KOH (Otowa et al., 1993; Raymundo-Pifiero et al., 2005), as follows.

1. Etching the carbon matrix by redox reaction between various potassium species as
activating agents and carbon, as indicated in equation 2.5 and 2.6. This results in
formation of porous network and is known as chemical activation.

2. Formation of steam (H20) and carbon dioxide (CO2) in activation systems further
participates in the development of pores through gasification of carbon, as shown in
equation 2.1 to 2.3, which is called physical activation.

3. The metallic K and K>O produced during the activation process efficiently intercalate
into carbon lattice of carbon matrix, as indicated in equation 2.8 and 2.9. These
intercalated K and K compounds are removed by washing and expanded carbon matrix
cannot return to its original nonporous shape and thus a highly microporous network is
generated.

2.2.3 Application in energy storage

Efficient energy storage is key to developing sustainable energy systems. Energy storage
devices such as batteries, supercapacitors and fuel cells are well known electrochemical
technologies for such systems. Among different energy storage technologies, redox flow
batteries have shown great potential for medium to large scale energy storage systems due to
their long life and high cycle efficiency (Ponce de Leon et al., 2006; Yang et al., 2011; Alotto
et al., 2014; Leung et al., 2017; Singh et al., 2019b). Among various redox flow batteries,
vanadium redox flow battery (VRB) has attracted extensive attention due to its multiple key
advantages, such as minimal safety concerns, no detrimental effect of cross-mixing, fast
response and long cycle life (Skyllas-Kazacos et al., 1991; Skyllas-Kazacos et al., 2010;

Ulaganathan et al., 2016; Minke and Turek, 2018). However, the commercial VRB system is
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quite expensive because of high cost of electrolyte, graphite based electrode, ion-exchange
membrane and others (Kear et al., 2012; Leung et al., 2012; Choi et al., 2017). The electrode,
which is key element of the battery, provides active sites for the redox reactions and facilitate
the electrolyte transport. Therefore, the properties of electrode material, especially the
microstructure, play a vital role in the performance of VRB. Unfortunately, the commercially
available graphite electrodes are very expensive and suffer severe drawbacks including low
degree of porosity, low surface area and poor hydrophilicity, resulting in low electrocatalytic
activity and poor performance of VRB (Parasuraman et al., 2013; Kim et al., 2015b). Therefore,
the search for high performance electrode materials and optimization of their microstructure to
improve the reaction kinetics is critically important. Moreover, the development of low-cost
electrode material is current need of the flow battery industry.

The electrochemical performance of the VRB can be monitored and tailored by understanding
its reactions kinetics. The chemistry and operation of VRB are defined by the three vanadium
redox reactions (V2*/V3, V#*/\v3* Vo Iv*) taking place at the electrode electrolyte interface
(Choi et al., 2019). The thermodynamics of VRB under standard conditions consist of VZ*/\/%*
redox reactions at negative electrode and the VO,*/VO?* (V>*/V*") redox couple at the positive
electrode, as shown in Figure 2.2. During charging of the battery V3" reduces to V?* at the
negative half-cell, while V** oxidizes to V°* at the positive half-cell through the exchange of
protons (Ulaganathan et al., 2016). Thus, when the battery is charged the difference between
oxidation states of the vanadium ions at negative and positive sides changes from +1 to +3. This
is easy to comprehend conceptually in that increased difference between the oxidation states of
vanadium would help store the electricity (Kim, 2019). When battery is discharged, V?*
oxidizes to V3" and V" is reduced to VV#* at the negative and positive sides, respectively. The
redox reactions of VRB are described as follows (Ponce de Ledn et al., 2006; Ulaganathan et
al., 2016):

At the positive half-cell:

VO,* + 2H* + e Discharging . \/OZ* + H,0 E°=1.0V vs SHE (2.9)
Charging

At the negative half-cell:
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e DIScharging gy o °=-0.26 V vs SHE (2.10)

Charging

The overall reaction can be combined as:

VO, + V2 + 2H* D — V3 + VO + H,0 E°=1.26 V vs SHE (2.11)

Since the conventional VRB system utilizes a mixture of V** and V" electrolytes in 1:1 ratio,
the operation of the battery includes an initial precharging step to convert the electrolyte mixture
into anolyte and catholyte forms (Roznyatovskaya et al., 2016), by the following reaction

(Roznyatovskaya et al., 2020):

VO + 9H* + ¢ _Charge (catholyte) V3 + H,0 E°=0.34V vs SHE (2.12)
Charge (anolyte)

The redox reactions of the V4*/V3* couple proceed by electrochemical catalytic mechanism and
are known to have slow kinetics due to high activation energy (Roznyatovskaya et al., 2016).
The rate of V** oxidation is higher at electrode surface with high oxygen functionalisation

(Roznyatovskaya et al., 2016).

For VRB application, most of the carbon materials investigated to date are derived from non-
renewable resources which are expensive and depleting fast. To this end, biomass waste, which
has zero or sometimes even negative value, stand out as an abundant, renewable and
environmentally friendly resource (Abbas et al., 2018) for the production of carbon electrodes
with tunable microstructure for VRB (Baldinelli et al., 2018). A few studies have been reported
on the application of biomass derived carbon electrodes in VRB. For example, coconut shells,
orange peels, corn protein and shaddock peels have been studied to produce carbon electrodes
and demonstrated improved VRB performance (Park et al., 2014; Ulaganathan et al., 2015;
Maharjan et al., 2017). However, none of these studies focused on the systematic investigation
of effect of electrode microstructure on the performance of VRBs. Therefore, it is substantially
important to develop biomass derived electrodes with tunable microstructure to improve the

electrocatalytic activity and performance of VRB system.
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Figure 2.2. Schematic illustration of the VRB operation with carbon electrode facilitating the vanadium
redox reactions.

2.3 Luminescent nanomaterials

During the last several years, there has been a continuous eagerness to further convert
carbonaceous materials into luminescent nanomaterials, such as zero-dimensional GQDs (Girit
etal., 2009; Ye et al., 2013; Zheng et al., 2015; Nirala et al., 2017) and study the phenomenon
of quantum confinement and edge effects (Ritter and Lyding, 2009; Shen et al., 2012a).
Quantum confinement is the phenomenon observed when the diameter of a material decreases
and reaches the magnitude of the de Broglie wavelength of the electron wave function, the

energy spectrum becomes discrete and the bandgap of the material becomes size dependent.
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Whereas, small changes in structure of the edges of GQDs result in pronounced effects on their

properties and are known as edge effects.

2.3.1 Quantum confinement

The confinement of the electrons means limiting their movement in a space with dimensions of
their de Broglie wavelength. The result of this confinement in space is the quantisation of their
energy levels and momentum. When the spatial extent of the electronic wave function is
comparable with the particle size, the electrons feel the presence of particle boundaries and
respond to the changes in the particle size by adjusting their energy. This effect becomes most
significant when the dimensions of the particle reaches near to or below the Bohr exciton radius
of the bulk material and, as a result, the material properties become size dependent. In such a
case, the materials properties are subjected to the principles of quantum mechanics rather than
classical mechanics (Yoffe, 1993; Park et al., 2001). In quantum mechanics, the energy,
momentum and other quantities are restricted to discrete values and objects behave like both

particles and waves.

When the particle size reaches the value of Bohr radius, the quantum confinement effect occurs
leading to the collapse of the continuous energy band of the bulk material into discrete energy
levels like an atom. The discrete assembly of energy states leads to the discrete absorption

spectrum, as shown in Figure 2.3.

Conduction — —
band /
T E (QD)
E o (bulk) g
Valence x\
band

Figure 2.3. Transition from continuous to discrete energy levels with decrease of the size of

particle from bulk to a quantum dot (Lappetito, 2015).
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The conduction band starts from the upper edge of the bandgap and goes higher. The electrons
in the valence band need energy equivalent to or more than the bandgap energy to cross the gap
and reach the conduction band. After the electrons are excited to conduction band, they relax
back to the valence band followed by emission of a photon. This property is called luminescence
(Gullapalli and Barron, 2010).

2.3.2 Luminescence

Luminescence is the phenomenon of emission of light by certain substances after absorbing
different types of energies, without the generation of heat. This is thus a type of cold body
radiation. The term luminescence was first introduced by E. Wiedemann in 1888. When a
substance is subjected to a certain type of energy, its electronic states are excited and upon
returning to the ground state emit a photon. Luminescence is divided into different types based
on the form of excitation energy. For example, photoluminescence caused by photons of light,
chemi-luminescence is induced by chemical energy, and cathodo-luminescence is generated by
electrons or cathode rays (Omary and Patterson, 1999).

Luminescence can also be divided into two groups based on the time frame during which the

emission of light takes place, namely fluorescence and phosphorescence.

1) Fluorescence is the phenomenon of light emission which continues as long as the

excitation persists.

2) Phosphorescence is the luminescence phenomenon which persists after the removal

of excitation source.

The decay time is dependent on temperature. The mean lifetime of the excited states in

phosphorescence is larger than in fluorescence.

The type of fluorescence in which the excitation is caused by the photons of light with shorter
wavelength, usually ultraviolet, is called photoluminescence. In photoluminescence, when a
molecule absorbs a photon of light with wavelength A1, it is excited to higher energy electronic
state, however this state is not stable and it relaxes to lower energy excited state non-
radioactively and then decays to ground state by emitting a photon of light with wavelength A».
Generally, the emission wavelength A2 is higher than the excitation wavelength A1. This is called

Stokes shift. However, in resonance emission A1 = A2.
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Figure 2.4. Energy level diagram of non-radiative and radiative transition during the

luminescence (Omary and Patterson, 1999).

A singlet electronic state consists of paired electrons, while the triplet state comprises unpaired
electrons. The spin multiplicities of any electronic state can either be a singlet or a triplet.
Generally, the ground electronic state denoted as So is a singlet state, while the excited states
can either be singlet or triplet, designated as S1, Sz and Tz, respectively (Figure 2.4). Upon the
absorption of photon an electron is shifted from lower energy ground state to higher energy
excited state of same spin multiplicity. Since the selection rule for the electronic transition states
that the spin state of the electron should be retained upon excitation. Thus, the excitation
mechanism excludes shifting to triplet excited state because of its different spin multiplicity.
The time spent in transition of electron from ground state to excited state is 10** —10° seconds.
A series of radiative and non-radiative processes occur following the absorption of light (Omary
and Patterson, 1999).

There are four types of non-radiative processes possibly taking place prior to luminescence.

1) Usually the molecules are excited to the higher vibrational level of the targeted-excited state
and relax rapidly to the lowest vibrational level in a non-radiative manner in a very short time
of 102 —10%*, This phenomenon is called vibration relaxation and takes place prior to

luminescence.

2) When the molecule is excited to a singlet state of energy higher than Sy, it relaxes rapidly to
lowest energy singlet state such as Sz in a non-radiative manner. This relaxation transition
between the states of same spin multiplicity is called internal conversion. The time scale of

this process is 102 s.

3) If the relaxation takes place between the states of different spin multiplicity in a non-radiative

way, such as Sy to Ty in Fig 1.4, the process is called intersystem crossing.
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4) After the occurrence of the above-mentioned processes, rest of the energy is released
radiatively or non-radiatively. If the decay takes place non-radiatively by the release of energy
in the form of heat, the process is called non-radiative de-excitation. This minute amount of
heat cannot be measured experimentally, however the quenching of luminescence is evidence

of non-radiative excitation.

There are two types of possible radiative processes, fluorescence and phosphorescence.
Fluorescence relates to the emission of light when the decay takes place from excited electronic
state to the ground state while both states have same spin multiplicity. For example, the
radiative transition from S; to So is representing fluorescence. The transition of states in
fluorescence is spin allowed, that is why it takes place very rapidly under the time scale less
than 10 s. The phosphorescence is the emission of light as a result of the radiative electronic
transition between the states of different spin multiplicity. For example, the transition from T;
to So in Figure 2.4. Since the phosphorescence transitions are spin forbidden, they take place
slowly and the average lifetime of the excitation ranges from 107 to several seconds. It is also
called “delayed fluorescence” (Ronda, 2007).

In order to excite the luminescence mechanism, the absorption of energy takes place by the host
lattice or impurity ions/atoms added intentionally. Mostly the emission takes place on impurity
ions that are called activator ions if they produce the required emission. When the activators
show very weak absorption, then a second type of impurity can be added, known as a sensitizer.
These sensitizers absorb the energy and then transfer it to the activator. The transport of energy
in these processes takes place through the luminescent materials. Thus, the emission color can
be adjusted by the selection of suitable impurity ions in the same host lattice. This is true for
rare-earth metals which show emission at fixed spectral positions and their chemical
environment has no influence on the emission. A phenomenon in which the photons of lower
energy are absorbed by a material and re-emitted as a higher energy photos is called up-

conversion and the opposite is known as down conversion (Ronda, 2007; Ronda et al., 2010).

2.3.3 Quantum yield

The quantum yield of a photoluminescent material is defined as the ratio of number of photons
emitted to the total number of photons absorbed. The absorption of a photoluminescent material
is usually measured by passing a beam of light through its aqueous suspension and measuring
the input and output intensities, considering there is no scattering. In order to minimise the
effect of actual scattering, the concentration of the fluorescent material is kept as low as

possible. Different strategies have been developed for the determination of quantum yield.
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Generally, the quantum vyield of a fluorescent material is measured as a relative value with
respect to well-developed standards, such as quinine sulphate. The fluorescence of a standard
with known quantum yield is measured and then the fluorescence of the substance in question
is measured under same experimental conditions followed by comparison with standard to
calculate the quantum yield. To date, advanced instrumental developments have been made to
precisely determine the quantum yield. The following equation is used to calculate the quantum
yield (Dai et al., 2014):

. I(Ar)n?
b=dr o0 (2.13)

where, ¢ and ¢ are the quantum yields of the sample and standard reference, | and I; are the
integrated fluorescence intensities of the sample and reference, Ar and A are the absorbance
values and nr and n are the refractive indexes of the reference and required sample, respectively.

2.3.4 Graphene and carbon dots

Graphene is a single layer of carbon atoms arranged in a hexagonal pattern and is typically with
the length of microns (Novoselov et al., 2004) . If we keep cutting this micrometric sheet until
it reaches less than 20 nm in size, the resulting product is called a quantum dot (Pan et al.,
2010). Thus, GQDs are disks of graphene in the size range of 1-20 nm. The main difference
between graphene and GQDs is the band gap. Graphene is a zero bandgap material while the
GQDs show band gap due to their quantum confinement and edge effects (Ponomarenko et al.,
2008; Peng et al., 2012b). GQDs are composed mainly of sp? hybridised carbon and they are
crystalline (Ponomarenko et al., 2008; Jang et al., 2017). GQDs are fluorescent due to their
quantum confinement, surface defects and zigzag/armchair edges (Ponomarenko et al., 2008).
The tunable bandgap gives GQDs tunable fluorescence properties. The theoretical predictions
and experimental works have indicated that the quantum confinement and edge effects are more

pronounced in GQDs than other semiconductor quantum dots (SQDs).

On the other hand, carbon quantum dots —also called carbon dots (C-dots)— are quasi-spherical
carbon nanoparticles consisting of graphite and a turbostratic carbon mixture in different ratios
and are in the size range of 2-10 nm (Georgakilas et al., 2015; Shamsipur et al., 2017). They
are composed mainly of sp® hybridised carbon and are usually amorphous. Their XRD patterns

show double peak character (18.2° and 23.8°) attributed to amorphous and graphitic
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constituents. C-dots contain larger amount of oxygen with lower content of carbon as compared
to GQDs (Baker and Baker, 2010; Lim et al., 2015). Due to their high oxygen content these
materials are sometimes referred to as carbogenic nanodots (Peng and Travas-Sejdic, 2009).
The fluorescence in C-dots is due to their surface defects and functionalisation, which explains

why they can be quenched in some media (Georgakilas et al., 2015).

To date the difference between GQDs and C-dots is not very clear and sometimes GQDs are
considered as a type of C-dots similarly as graphene is a type of carbon. Therefore, these are

considered as a family of quantum dots made of carbon.

GQDs are strongly luminescent, biocompatible, dispersible in a number of solvents, and usually
nontoxic, demonstrating a great potential for integration onto devices of bio-imaging, batteries,
supercapacitors, photovoltaics and light emitting diodes (Shen et al., 2012a; Zhang et al.,
2012b; Ananthanarayanan et al., 2015; Feng et al., 2017; Li et al., 2017), as summarised in
Figure 2.5.

Figure 2.5. Schematic illustration of the conversion of biowaste into GQDs through various approaches
and their energy applications.
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A number of techniques have been developed for the synthesis of GQDs, such as hydrothermal,
electrochemical, microwave, electron beam lithography or thermal treatment (Wang et al.,
2016c). However, most of these methods comprise expensive non-renewable raw materials,
such as CNTSs, graphene, graphene oxide and its derivatives. These graphene-based precursors
are very expensive and if prepared from bulk graphite, require a series of processes that could
take several days and involve a lot of toxic chemicals. In addition, the strong and well-ordered
structure of graphene requires special high pressure—high temperature equipment and strong
acidic treatment for disintegration into small sized GQDs (Zheng et al., 2015), leading to very
low yields and limiting their scalable production. Some other carbon sources such as C60
molecules, glucose, and starch, etc. have also been used along with relatively green approaches
such as electrochemical treatment, however, the yield is so low that real world application is

far from realisation (Zheng et al., 2015).

As a result, biomass stand out as a green, natural, inexpensive, sustainable and renewable
carbon source for the scalable production of GQDs. Although there is no published literature
with respect to total cost of GQDs materials, it is expected that the cost of a biomass waste
derived precursor should be much lower than any other precursor (graphite, carbon fibre, CNTSs,
citric acid, glucose, etc.) since biomass is abundant and cheap. Despite the multiple advantages
of biomass based raw materials, reports on the production of GQDs from biomass are scarce.
Only a few types of biomass wastes, such as various plant leaves, rice husks, coffee grounds,
and wood charcoal have been used to produce GQDs with properties comparable to graphene
based expensive precursors (Roy et al., 2014; Suryawanshi et al., 2014; Wang et al., 2016a;
Wang et al., 2016d; Nirala et al., 2017). In addition, it has been demonstrated that the pyrolysis
treatment of biomass can produce a very interesting and highly porous form of carbon
consisting of tiny nanometre scale graphene-like entities juxtaposed with each other in a
disordered fashion. This form of carbon is known as turbostratic carbon (Biswal et al., 2013).
The thermal treatment of this disordered carbon can lead to the production of GQDs
(Suryawanshi et al., 2014). In spite of multiple efforts, the research on the biomass derived
GQDs is still at its infancy and several challenges need to be tackled, such as introduction of
inherent impurities, low yield, reduced control over particle size and shape, wide size
distribution and multiple synthesis and purification steps involved. More importantly, biomass
derived GQDs face the challenge of precise control over particle size and usually give a large
particle size of 5-7 nm. Since bandgap is dependent on the size of GQDs due to the quantum
confinement effect, controlling the size is critically important. Thus, more work is required in

terms of controllable production of GQDs from biomass.
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The synthesis techniques and promising applications of GQDs are reviewed in the following
section. The possible routes for converting biowaste into activated carbon (AC) to synthesise

GQDs are also discussed.

2.4 GQDs synthesis

The techniques available for the synthesis of GQDs can be categorised into two major groups

based on the reaction mechanism: bottom-up and top-down (Figure 2.6).
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Figure 2.6. Schematic demonstration of the top-down and bottom up approaches for synthesis of GQDs.
Adapted with permission from (Shen et al., 2012a). Copyright (2012) Royal Society of Chemistry.

The bottom-up technique is associated with the synthesis of sp? carbon domains (the 2-
dimensional arrangement of carbon atoms in a pattern where the angle between two consecutive
bonds is 120°) from organic molecules through intermolecular coupling and carbonation
process, resulting in a controllable size and morphology of the products. However, these
approaches are time consuming and rather complicated. The main reaction mechanism involved
in the top-down methods is the oxidation process (etching or cutting) or mechanical shearing
converting large sp? carbon domains into smaller ones (Pan et al., 2010). These methods are
simple, easy to operate and time saving, but the final yields are very low and precursors are
limited to those with large area of sp? carbon domains, such as graphene, carbon fibre, carbon
black, etc. (Pan et al., 2010; Peng et al., 2012b; Ye et al., 2013).
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2.5 Top-down methods

The 3-dimensional (3D) bulk materials or 2-dimensional (2D) sheets consisting of large sp?
carbon domains can be cracked down in to OD quantum dots (QDs) via oxidation processes or
mechanical shearing. In order to achieve these goals different preparation methods have been
developed. For the oxidation of large sp? carbon domains, electrochemical scissoring, chemical
etching, hydrothermal or solvothermal cutting processes have been developed. The key
mechanism of the oxidation processes can be classified into molecular oxidation (mainly in the
case of H>SO4, HNO3, KCIO3 and KMnQg as oxidants) (Ritter and Lyding, 2009; Yang et al.,
2014b) and free radical oxidation approaches (particularly in H.O, oxidation and
electrochemical scissoring) (Zhou et al., 2012; Zhu et al., 2015b; Yang et al., 2017b). Through
systematic studies, it has been noticed that the precursor material, filling factor, heating rate,
reaction time, and temperature significantly affect the shape, size distribution, morphology and
surface chemistry of GQDs (Wang et al., 2016c). The synthesis of GQDs from biomass-waste

via different reaction mechanisms is discussed in the following section.

2.5.1 Molecular oxidation

Molecular oxidation is a versatile approach implemented for the synthesis of GQDs with
relatively high yields. GQDs have been successfully synthesised by the molecular oxidation of
turbostratic carbon derived from biomass using strong acids (Suryawanshi et al., 2014). An
interesting carbon material is acquired by the controlled pyrolysis of the biomass at a
temperature below 1000 °C. At this temperature, graphitisation process is incomplete which
results in small graphene-like entities combined in an irregular manner. This type of carbon is
recognised as turbostartic carbon (Biswal et al., 2013). GQDs were synthesised by refluxing
the turbostratic carbon mixed with as-received strong acids (H.SO4 & HNOs, 3:1) at 90 °C for
5 hours (Figure 2.7a) (Suryawanshi et al., 2014). This method results in the formation of
oxygenated groups (OH, COOH, etc.) on basal plans, activating them and making them
defective. These activated sp? carbon domains eventually break down into smaller pieces after

long time exposure at elevated temperature (5h, 90 °C), forming GQDs.

Hydrothermal treatment is another molecular oxidation technique widely implemented for the
synthesis of GQDs from various precursors, especially biomass (Wang et al., 2016a; Wang et
al., 2016d). Pan et al. first introduced the hydrothermal route for the synthesis of GQDs with
blue-luminescence (Pan et al., 2010). Biomass derived carbonaceous material consisting of
large sp? domains are reacted with oxidizing reagents (e.g. HNO3) for introducing epoxide

groups on basal planes. Finally, the GQDs are obtained by hydrothermal cutting followed by
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deoxidisation in alkaline media (Figure 2.7b). A milligram scale synthesis of GQDs from rice
husk was reported by Wang et al (Wang et al., 2016d). Rice husks were pyrolysed at 700 °C
for 2 h and reacted with NaOH at 900 °C to produce rice husk carbon. The obtained carbon was
then activated with strong acids and subjected to hydrothermal treatment at 200 °C for 10 h to
produce GQDs with a yield of 15% (Figure 2.7c). The as-prepared GQDs exhibit intense
photoluminescence and high biocompatibility showing a bright promise for the biomedical field
(Wang et al., 2016d). The GQDs have also been prepared from graphene oxide sheets derived
from plant leaf extract (Roy et al., 2014). The acquired graphene oxide sheets were
hydrothermally treated at 300 °C for 8 h to break down into GQDs (Figure 2.7d). As obtained
GQDs were used for preparing white light emitting diodes (Roy et al., 2014). Another report
was presented by Wang et al. for the synthesis of GQDs from coffee grounds (Wang et al.,
2016a). Hydrazine hydrate was used as an activating agent. The coffee grounds were mixed
with hydrazine hydrate and water under mild ultrasonication. The hydrothermal treatment of
the as-prepared mixture at 150-200 °C for 6-10 h resulted in blue luminescent GQDs. They also
prepared poly (ethylene imine) (PEI) functionalised GQDs with high band-edge luminescence

for bio-imaging and sensing applications (Wang et al., 2016a).
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Figure 2.7. Top down approaches for the synthesis of GQDs. (a) Schematic for the fabrication of GQDs
by acidic oxidation of turbostratic carbon obtained from biomass. Reprinted with permission from ref.
(Suryawanshi et al., 2014). Copyright (2014) Royal Society of Chemistry. (b) Mechanism for the
synthesis of GQDs by cutting the mixed epoxy chains of graphene sheets under hydrothermal treatment.
Reprinted with permission from ref. (Pan et al., 2010). Copyright (2010) Wiley Publishing Group. (c)
Top-down approach for the synthesis of GQDs from rice husk. Reprinted with permission from ref.
(Wang et al., 2016d). Copyright (2016) American Chemical Society. (d) Schematic representation of
the synthesis procedure for GQDs from Neem leaf via hydrothermal route. Reprinted with permission
from ref. (Roy et al., 2014). Copyright (2014) Centre National de la Recherche Scientifique and Royal
Society of Chemistry.
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Although, GQDs have been successfully prepared from above techniques, the use of toxic
strong oxidizing media was required imposing additional health and safety issues. Moreover,

lengthy purification processes were required to remove the excess chemicals and impurities.

2.5.2 Free radical based electrochemical oxidation

The electrochemical approach based on free radical oxidation is a relatively clean approach for
the synthesis of GQDs (Zhou et al., 2012; Zhu et al., 2015b). This approach is different from
traditional molecular oxidation approach in reaction mechanism. Molecular oxidizing and
acidic intercalation destroy the perfect sp? structure of the natural graphite resulting in the
introduction of sp® carbon and large amount of oxygen containing groups. These sp® carbon
domains are preferentially oxidised, playing a key role in the morphological trimming of
graphene into GQDs. On the other hand, free radical oxidation involves high reaction activities
of OH* causing the rapid oxidation and cutting of sp? carbon domains into smaller fragments
without any microstructural damage (Zhu et al., 2015b; Yang et al., 2017b). For example, in
the electro-oxidation process free radicals (OH*, O*) produced by the anodic oxidation of water
cut the large sp? carbon domains of graphene into GQDs without changing the original sp?
structure (Nirala et al., 2017). GQDs have been synthesised by the electrochemical scissoring
of different carbon materials such as wood charcoal (Nirala et al., 2017), carbon nanotubes (Li
et al., 2012b), reduced graphene oxide films (Li et al., 2011a), graphite rods (Li et al., 2010),
and 3D graphene (Li et al., 2010; Li et al., 2011a; Li et al., 2012b; Ananthanarayanan et al.,
2014).

When electrical energy more than the binding energy of H and O atoms is applied, water
decomposes into free radicals. Thus, the anodic oxidation of water results in the formation of
hydroxyl and oxygen free-radicals (OH*, O*) which work as electrochemical scissors to
generate GQDs (Figure 2.7d) (Lu et al., 2009). This process starts at the edge sites and is
hastened by the defect sites. Due to high operating costs this cleavage process needs to be
accelerated by combing with other techniques, for example, introduction of defects into the
lattice by surface functionalisation. The functional groups can be introduced by utilizing strong
base or acid based electrolytes (Li et al., 2011b; Ananthanarayanan et al., 2014; Sun et al.,
2015). This electrochemical approach is quite simple and relatively clean (Sun et al., 2015).
Recently, Nirala et al. reported the one step electrochemical route for the synthesis of GQDs
from wood charcoal, a kind of biomass (Nirala et al., 2017). Electrochemical oxidation of
charcoal was performed by using it as a working electrode in ammonium persulfate electrolyte

at 5 V potential. Anodic oxidation of water generated *O and *OH free radicals. These free
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radicals act as ““scissors” to cut the graphene sheets of charcoal into very small particles, called

E-GQDs (Nirala et al., 2017).

This technique was proposed as relatively clean approach for the synthesis of GQDs, however,
the use of persulfate-based toxic oxidants was unavoidable. Moreover, the process was quite
lengthy, and the yield was low due to the reaction taking place only at the electrode surface. In
addition, expensive commercial precursors were used as the working electrode adding cost and
imposing additional sustainability issues. Due to above challenges, this approach needs to

develop further before it can be used significantly in the field.

2.6 Bottom-up methods

The bottom-up processes consist of synthesising GQDs through chemical assembly of small
organic building blocks. The main reaction mechanism involved in these methods is the

intermolecular coupling or carbonation process.

2.6.1 Intermolecular coupling

These methods are beneficial for the synthesis of GQDs with relatively good control over size
and shape. GQDs have been synthesised with high precision through step-by-step organic
synthesis, although low-output and strong n-r interaction causing aggregation was difficult to
prevent (Yan et al., 2010a; Li et al., 2012b). GQDs can be prepared through a hydrothermal
carbonisation reaction of the small organic frameworks (Wang et al., 2014b). Heating the small
organic molecules above their melting point leads to condensation, nucleation, and
subsequently the formation of larger C-Dots or GQDs. Numerous precursors have been utilised
in this technique, such as organic salts (Bourlinos et al., 2008; Deng et al., 2013), citric acid
(Dong et al., 2012b; Wang et al., 2015b), ascorbic acid (Jia et al., 2012), glycerol (Lai et al.,
2012), etc.

The bottom-up approach is highly valuable for preparing GQDs with tuneable size. The growth
is controlled by the heat treatment time as the intermolecular coupling depends on time, leading
to the tunable size distribution of GQDs. For example, honey is used as a carbohydrate
precursor to synthesise GQDs with tuneable size via an emulsion-templated method (Figure
2.8a) (Mahesh et al., 2016). Aqueous solutions of honey were emulsified in 1-butanol and
heated at 80 °C under vigorous stirring for 1 h. As a result, GQDs with an average size of 2.4
nm were produced and found promising application in white light emission applications
(Mahesh et al., 2016). Recently. Kalita et al. reported on the controlled growth of GQDs from
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rice grains (Kalita et al., 2016). When rice powder is heated, the thermal degradation of starch
leads to the formation of glucose oligomers. These oligomers start to nucleate at high
temperature (200 °C), and subsequently grow during pyrolysis to form a GQD (Figure 2.8b).
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Figure 2.8. (a) bottom-up emulsion-templated carbonisation of honey for the synthesis of GQDs.
Reprinted with permission from Ref. (Mahesh et al., 2016). Copyright (2015) Wiley Publishing Group.
(b) Bottom-up method for the synthesis of GQDs from rice grains. Reprinted with permission from ref.
(Kalita et al., 2016). Copyright (2016) Royal Society of Chemistry.

Interestingly, in these bottom-up processes, the doping effects of heteroatoms can be
conveniently achieved from the precursor materials. Nitrogen doped GQDs, for example, have
been produced by hydrothermal techniques using citric acid as a source of carbon and ethyl
amine, diethylene amine, ethylene diamine or urea as a source of nitrogen (Qu et al., 2014b).
The concentration of nitrogen doping and luminescence yield principally depends on nitrogen
precursor selected (Qu et al., 2014b; Sun et al., 2015). Similarly, sulphur doped monodispersed
GQDs have been synthesised through hydrothermal treatment of fructose using sulfuric acid as
the sulphur source (Li et al., 2014). Table 2.1 summarises the various biomass resources for

GQDs synthesis via different techniques.
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Table 2.1. A brief overview of the GQDs synthesis from various types of biomass through different

approaches.
Precursor  Preparation Product Yield Size Height Ref.
approach
(wt.%) (nm) (nm)
Neem Pyrolysis and GQDs, - 5-6 0.4-1.7 (Suryawanshi et
leaves hydrothermal al., 2014)
treatments Am-GQDs
Rice Pyrolysis, GQDs 15 3-6 0.8-1.6 (Wang et al,
Husks hydrothermal 2016d)
treatment
Wood Electrochemical GQDs - 3-6 ~6 (Nirala et al.,
charcoal oxidation 2017)
Coffee Hydrothermal GQDs, 33 1.88-2.67 2.23-3.18 (Wang et al,
grounds treatment PEI-GQDs 2016a)
Neem leaf Pyrolysis, GQDs 25.2 2-8 - (Roy et al., 2014)
extract hydrothermal
treatment
Fenugreek Pyrolysis, GQDs - 3-10 - (Roy et al., 2014)
leaf hydrothermal
extract treatment
Honey Emulsion GQDs - 1.8-2.8 - (Mahesh et al.,
templated 2016)
carbonisation
Rice Pyrolysis GQDs - 2-6.5 1-2 (Kalita et al.,
grains 2016)

2.6.2 Reaction mechanism

Most studies on biomass derived GQDs focused on controlling their properties via different
techniques. However, the detailed reaction mechanism is not well understood. In order to
develop a strong structure-property-application relationship, an in-depth understanding of the
reaction mechanism is necessary. It was reported initially that heating the small organic
molecules above their melting point leads to condensation, nucleation, and subsequently the
formation of larger C-Dots or GQDs. Subsequently, many researchers suggested that the
bottom-up approach involves two major reactions, dehydrogenation and carbonisation. The
dehydrogenation and carbonisation of small molecules under hydrothermal or solvothermal
conditions produce GQDs. However, there are still some challenges associated with this
reaction mechanism. The complex dehydrogenation and carbonisation processes result in the

introduction of heteroatoms on the surface or edges rather than lattice doping.

Recently, Yang’s group reported on the mechanism for the synthesis of sulphur (S) doped

GQDs from biomass (durian) (Wang et al., 2018a). They proposed that the platinum catalyst
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played the main role to fuse the sp? heterocyclic compounds and sulphur together to produce
the sulphur doped GQDs. They demonstrated the source of C and S, its doping in the lattice
structure and controlling the doping concentrations by simply controlling the processing time
and temperature. Low molecular weight saccharides and the mercaptan constituents of durian
are suggested to be the main source of the sp? carbon network and S doping, respectively, in
the preparation of S-GQDs. Elsewhere (Yang et al., 2017a), they demonstrated that, in general,
the mechanism proceeds by the abstraction of H from C-H, N-H, S-H, etc. bonds, resulting in
generation of respective H, C, N, and S atoms with dangling bonds. Subsequently, the formation
of C-C, C-N/C-S bonds take place between the growing monomers, followed by release of
hydrogen. These monomers then combine to form the sp? network of carbon with N or S doping
in the lattice structure (Yang et al., 2017a). High resolution XPS analysis of the S 2p spectrum
showed two peaks (~163.9 eV, ~165.1 eV) corresponding to the thiophene structure (Figure
2.9a), suggesting the S doping to be mainly in the form of thiophene inside the lattice. The
mechanism of S doping was proposed to be substitutional as shown schematically in Figure
2.9b.
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Figure 2.9. (a) High-resolution XPS S 2p spectrum showing the thiophene presence in the skeleton of
S-GQDs. and (b) schematic diagram representing the S doping in lattice substitutional manner in the
structure of S-GQDs. Reprinted with permission from ref. (Wang et al., 2018a). Copyright (2018)
American Chemical Society.

The doping concentration was controlled systematically by heating time and temperature. The
doping concentration decreases linearly with increasing reaction time or temperature due to the
effect of removal of the heteroatom in the sp? carbon structure under high temperature or long
reaction times (Wang et al., 2018a). Further demonstrations indicated that the PL behaviour
and guantum yield changes significantly with doping concentration. PL emission of S-GQDs

was suggested to continuously shift from blue to red with increasing the doping concentration.
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The PL shift is attributed to the change in the total amount of oxygen containing functional
groups due to lattice replacement of S atoms in the sp? C network (Yang et al., 2017a). Variation
in quantum yield is induced by n-m* transition between the lattice doped nitrogen and GQD
conjugate structure, which is the key factor for high quantum yield (Sun et al., 2015).

2.7 Modification approaches

In order to expand the appliance of GQDs, their properties need to be controlled for specific
applications. Numerous synthetic and post-synthetic methodologies have been investigated for
acquiring the defined and desired properties of GQDs. These strategies can be broadly divided
into three major categories: (1) size and shape control, (2) surface modification, and (3)

heteroatom doping.

2.7.1 Size and shape control

It is well understood (Mohanty et al., 2012; Sk et al., 2014) that the photoluminescence of
GQDs is largely dependent on their size due to quantum confinement and somehow on their
shape due to edge effects. The minimum amount of energy necessary to generate an exciton is
defined by the bandgap of the material. In case of a quantum dot the bandgap varies inversely
with the size of particle. It means the energy required for excitation of an electron will vary
with the size of quantum dots, resulting in tunable photoluminescence emission (Park et al.,
2001).

Sk et al. reported on the variation in PL emission with a change in the size of the pristine zig-
zag edged GQDs (Sk et al., 2014), as presented in Figure 2.10a. The fluorescence of as-prepared
GQDs changes from the UV (bandgap 6.81 eV) to the infrared (bandgap 1.64 eV) by tuning the
size from 0.46 to 2.31 nm due to bandgap shrinkage induced by n-electron delocalisation. The
PL emission is dictated by the isolated small sp?> domains of heterogeneously hybridised and
large sized GQDs (Sk et al., 2014; Zheng et al., 2015).

A good control over the shape and size of GQDs might be achieved through step-wise organic
synthesis (Yan et al., 2010b). For example, well defined GQDs have been synthesised by
ruthenium-catalysed cage-opening of Ceo molecules (Lu et al., 2011). The morphology of the
GQDs can be varied from hexagonal, parallelogram, triangular, and trapezoid to mushroom
shaped by alteration in the annealing temperature and the carbon clusters’ density (Zheng et al.,
2015).
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2.7.2 Surface modification

Besides the prominent shape- and size-dependence, the PL properties of GQDs can also be
modified by surface engineering, including surface oxidation (Zheng et al., 2013a), polymer
passivation, and chemical moiety attachment (Sekiya et al., 2016). Introduction of the
oxygenated functional groups on GQDs make them hydrophilic leading to the ease of further
chemical functionalisation. On the other hand, PL efficiency is affected due to the surface
emissive traps induced by these groups. Therefore, a precise control over the degree of
oxidation is necessary for the defined and desired properties. It was suggested that the PL
emission is red shifted with an increase in the amount of GQD oxidation (Figure 2.10b) (Zhu
etal., 2012; Hu et al., 2013b; Sun et al., 2013; Sk et al., 2014).
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Figure 2.10. (a) Calculated emission wavelength of zig-zag edged GQDs as a function of size. (b)
Emission wavelength of oxidised GQDs as function of coverage of -OH and —-COOH groups. Adapted
and modified with permission from ref. (Sk et al., 2014). Copyright (2014) Royal Society of Chemistry.

Alternatively, these oxygen functional groups (-OH, -COOH) usually cause an overall increase
in the surface emissive traps because these groups have high tendency to accept an electron
resulting in non-radiative recombination of excitons. Consequently, the quantum yield is
decreased. To overcome this challenge, several approaches have been developed such as
reduction and surface passivation. For example, reduction of GQDs with NaBH4 blue-shifted
the PL emission and increased the quantum yield by two times (Li et al., 2012a). An attractive
strategy to enhance the quantum yield of GQDs is the polymer passivation of surface emissive
traps. Various polymers have been reported for surface passivation, the most common of which
is polyethylene glycol (PEG) (Shen et al., 2011; Shen et al., 2012b; Wang et al., 2013). With a
thin layer of PEG, the quantum yield of GQDs was doubled (Shen et al., 2012b). Furthermore,
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a number of chemical groups, such as thiol (Montoya et al., 2015), diamine (Sun et al., 2015),
alkylamine (Zhu et al., 2012), hydrazide (Zhang et al., 2012a), etc., have been attached onto
the GQDs. These electron donating groups prevent the non-radiative recombination and usually
cause wavelength shift thereby enhancing the quantum yield (Zhu et al., 2012). For example,
green oxygenated GQDs turned blue when carboxyl groups were replaced with alkylamine (Zhu
et al.,, 2012). Tetsuka et al. demonstrated that precise control over the degree of amine
functionalisation could widely tune the emission wavelength of GQDs (blue to yellow)
(Tetsuka et al., 2012).

Similarly, the properties of biomass-waste derived GQDs have also been modified by the
addition of various functional groups and passivating agents. Similar to the Zhu et al.
modification approach, Suryawanshi et al. modified the Neem leaf-derived GQDs by amine (-
NH) functionalisation to enhance the PL properties (Suryawanshi et al., 2014). They added
ammonia solution to the as-prepared GQDs and hydrothermally treated them at 200 °C for 12
h. The green luminescence of unmodified GQDs changed to blue after amine functionalisation.
This PL shift is attributed to the decrease in agglomeration and change of the oxygenated
functional groups into —-CONH. and —C—NH2 surface groups, which suppress the non-radiative
recombination path, resulting in the improvement of PL intensity and quantum yield by a factor
of two. Similarly, Wang et al. functionalised the coffee ground derived GQDs with
poly(ethylene imine) (PEI) by hydrothermal treatment at 120 °C for 10 h and enhanced the
quantum yield from 8 to 24% (Wang et al., 2016a).

However, surface passivation imposes limitations on the applications due to the complicated
process and increased particle size of passivated GQDs. Moreover, in the aforementioned cases,
the blue emission changed to either cyan or green after surface passivation, totally changing the
properties of GQDs and limiting their use in the desired applications.

2.7.3 Heteroatom doping

Recently, heteroatom doping (most often nitrogen or sulphur doping) has emerged as a
promising technique to fine tune the physicochemical properties (PL, quantum yield, etc.) of
GQDs (Wang et al., 2014c). Heteroatoms can be added through the precursor materials during
synthesis or via post-synthesis techniques. Nitrogen-doping improves the quantum yield and
blue shifts the PL emission (the higher the N-doping, the shorter the emission wavelength) of
GQDs due to the high electronegativity and electron withdrawing properties of nitrogen atoms
(Li et al., 2011b; Hu et al., 2013a; Ju and Chen, 2014; Sk et al., 2014). Some researchers

propose that N-doping can also offer up-conversion PL properties to GQD (Shen et al., 2011).
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The catalytic properties and PL characteristics of GQDs have also been changed by doping with
various other elements such as S (Li et al., 2014), P (Prasad et al., 2013), Si (Qian et al., 2014),
and B (Zhang et al., 2014). For example, a quantum yield of GQDs as high as 71% has been
achieved by S and N co-doping (Qu et al., 2013).

Heteroatom doping via the precursor material has become a popular technique in the synthesis
of biomass derived GQDs (Wang et al., 2014c; Wang et al., 2018a). Sulphur doping red shifts
the PL emission and enhances the quantum yield. Very recently, Wang et al. prepared a series
of GQDs with controllable sulphur (S) doping using durian (biomass) as the precursor material,
as well as the source of sulphur (Wang et al., 2018a). The doping concentration was controlled
via reaction time. With increase in the reaction time, the doping decreases linearly due to the
removal effect of heteroatom in sp? carbon structure under long reaction times. A wide
broadband PL emission (420-620 nm) from S-doped GQDs can be acquired by variation in the
doping concentration (Wang et al., 2018a).

The introduction of surface functional groups and defects causes a red shift in the PL emission
of GQDs while pyrrolic N-doping and armchair edges cause a blue-shift (Li et al., 2011b; Sk
et al., 2014; Wang et al., 2016c). The PL properties of GQDs are governed by a combination
of defect and intrinsic state emission. The former is a result of energy trap states owing to the
dopants, chemical groups, or vacancy defects while quantum confinement, edge effects and the
radiative recombination of electron-hole pairs are the major driving factors for the latter. On
the positive side, these bestow GQDs a broad range of fascinating properties. Nevertheless,
synthesising GQDs with homogeneous properties is challenging because of their high tunability
(Wang et al., 2016c).

2.8 Applications of biomass derived GQDs

Graphene as a noble material, has triggered a gold rush to exploit its potential for energy
storage/conversion applications (Guo and Dong, 2011; Sun et al., 2011; Xu et al., 2013;
Georgakilas et al., 2016; Yao and Zhao, 2017). The main factor behind the attraction and
significance of graphene in energy devices is its large specific surface area and high electrical
conductivity (Mao et al., 2015). Nevertheless, graphene as an electrode material faces a
considerably reduced surface area owing to the irreversible agglomeration or restacking of
graphene sheets by the strong n—m bonding and van der Waals interactions between them,
consequently limiting its practical applications (Hu et al., 2015; Mao et al., 2015). In addition
to graphene, RGO has also been utilised in energy devices but its reduced electrical conductivity

due to its defective nature limits its commercial applications (Rui et al., 2011; Georgakilas et
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al., 2016). To this end, GQDs stand out as a new material combining the exceptional properties
of both graphene and quantum dots (Zhang et al., 2012b). As a result of the intriguing
properties, such as good electrical conductivity, enlarged surface area, high solubility in many
solvents, strong luminescence, high mobility, decreased chemical impedance, and tunable
bandgap (Ritter and Lyding, 2009; Li et al., 2011a; Zhang et al., 2012b; Qu et al., 2013; Wang
et al., 2014b), GQDs exhibit an edge over other graphene based materials and have great
promise for use as fluorescence sensors (Dong et al., 2012a; Wang et al., 2012a; Bai et al.,
2013; Suryawanshi et al., 2014), photovoltaic devices (Li et al., 2011a; Kim et al., 2015a),
light-emitting diodes (Tang et al., 2012; Song et al., 2014), solar cells (Diao et al., 2017;
Marinovic et al., 2017), fuel cells (Li et al., 2011b; Van Tam et al., 2017), batteries (Chao et
al., 2015; Park et al., 2016), and supercapacitors (Liu et al., 2013b; Islam et al., 2017). Herein,

the numerous applications of biomass derived GQDs are summarised.

2.8.1 PL sensors

In the context of strong luminescence properties, GQDs have been used to detect different
analytes (Dong et al., 2012a; Bai et al., 2013; Suryawanshi et al., 2014). Wang et al. (Wang et
al., 2012a) reported on the GQD based PL sensor for the first time and demonstrated that the
luminescence of GQDs can be quenched selectively by Fe3* ion through a charge transfer
mechanism. Chi et al. developed a selective, sensitive and relatively green PL sensor for
detection of chlorine in water (Dong et al., 2012a). This advancement indicates that not only
the cations, but anions can also be detected selectively by GQD-based sensors. Inspired by these
studies, biomass derived GQDs have also been investigated for detection of heavy metal ions
in water based on their strong fluorescence properties (Suryawanshi et al., 2014; Wang et al.,
2016a).

Wau et al. reported on the coffee grounds-derived PEI-functionalised GQDs as a PL sensor for
the detection of Fe** and Cu?* ions for environment analysis (Figure 2.11a) (Wang et al.,
2016a). The PL quenching mechanism was attributed to the strong binding affinity and
chelating effect of Fe3* and Cu?* ions with the N functional groups of the PEI functionalised
GQDs. Recently, Ding et al. reported on the preparation of GQDs from Durian and modified
by sulfhydryl to prepare a PL sensor for the detection of a range of metal ions (Ag™, Hg*, Cd™,
and Zn™) (Figure 2.11b) (Wang et al., 2018a).
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Figure 2.11. (a) Difference among the PL intensity of PEI functionalised GQDs without (blank) and
with the addition of different metal ions, and variation in the PL intensity with change in the
concentration of Fe®* and Cu?* ions. Reprinted with permission from ref. (Wang et al., 2016a). Copyright
2016 Elsevier. (b) Difference in the PL intensity of GQDs between blank and heavy metal ions (Ag™,
Hg?*, Cd?*, Zn?*) added solution. Reprinted with permission from ref. (Wang et al., 2018a). Copyright
(2018) American Chemical Society.

Apart from switch-OFF PL sensors, switch ON-OFF-ON sensors have been developed from
biomass derived GQDs (Suryawanshi et al., 2014; Wang et al., 2016a). Suryawanshi et al.
reported on the synthesis of amine-terminated GQDs from biomass as an efficient and selective
ON-OFF-ON sensor for detection of Ag* ion in water owing to their strong luminescence and
specific functionalisation (Suryawanshi et al., 2014). Fluorescence intensity of amine (-NH)
functionalised GQDs (Am-GQDs) was quenched by the addition of different metal ions such
as Co(Il), Cu(ll), Ni(11), Fe(ll), Fe(111), Hg(ll) and Pb(lI).

On State Off State On State
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% - (L —Cysteine Ag) HN

NH,

Am-GQDs Am-GQDs@Ag Am-GQDs +Ag-Cys

Figure 2.12. Schematic of the suggested mechanism for detection of Ag+ ions by Am-GQDs’ PL ON-
OFF-ON states induced through the addition of AgNOs and L-cysteine. Reprinted with permission from
ref. (Suryawanshi et al., 2014). Copyright (2014) Royal Society of Chemistry.
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Although the fluorescence of Am-GQDs was quenched by the different metal ions but this
system was modified for the selective detection of Ag+ ions. This was accomplished by the use
of an amino acid “L-cysteine” which has strong affinity towards Ag+ ions. By the addition of
L-cysteine into the Am-GQDs-Ag" system, the quenched fluorescence was regenerated due to
removal of Ag® ion from Am-GQDs and attachment with ~SH group of L-cysteine (Figure
2.12). The mechanism for such a selective detection was attributed to the Pearson’s hard-soft
acid base (HSAB) theory.

2.8.2 Light-emitting diodes

In contrast to the significant studies on GQD-based LEDs (Choi, 2017; Shamsipur et al., 2017),
there has been relatively few reports demonstrating the use of biomass derived GQDs in LEDs.
It was first reported that LEDs employing GQDs as dopant exhibit white electroluminescence
having an external quantum efficiency of 0.1% (Kwon et al., 2014). Later on, Roy et al. reported
on the development of white light emitting diode based on the Neem leaf-derived GQDs (Roy
et al., 2014). The as-prepared GQDs emit green light with a high quantum yield of 41.2%. The
white light emitting material was developed by mixing the green light emitting GQDs with blue
light emitting quinine sulphate and red-light emitting chlorophyll solutions in PMMA at an
optimised ratio. The resultant mixed solution was coated onto a laboratory-made PET cap which
was fitted onto a near UV LED and excited to emit white light (Figure 2.13a, b).

Similarly, Mahesh et al. prepared GQDs from Honey for white light emission (Mahesh et al.,
2016). When these purely green light emitting GQDs were mixed with Rhodamine B having an
orange red fluorescence, the resulting solution showed white light emission upon excitation at
340 nm (Figure 2.13c,). The CIE 1931 chromaticity coordinates for GQDs after mixing
suggested the emission of highly pure white light (Figure 2.13d). Thus, these GQDs can be used
for producing white light emitting diodes and other devices.
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Figure 2.13. PL spectra of GQDs, QS and CPY solution coated on PET cap (inset is the photograph of
the solution illuminated by near UV LED, showing white light emission), (b) corresponding color
coordinate, CIE spectrum after excitation with near-UV LED light. Reprinted with permission from ref.
(Roy et al., 2014). Copyright (2014) Centre National de la Recherche Scientifique and Royal Society of
Chemistry. (c) GQDs, RhB, and the mixture showing white light emission, (d) color coordinate for the
mixture of GQDs-RhB solution showing white light emission. Reprinted with permission from ref.
(Mahesh et al., 2016). Copyright (2016) Wiley Publishing Group.

2.8.3 Biomedical applications

Biomass derived GQDs have been widely investigated for biomedical applications, especially
bioimaging. Among a number of different types, GQDs derived from natural food precursors
such as rice grains (Kalita et al., 2016), rice husks (Wang et al., 2016d), coffee beans (Wang et
al., 2016a) and so on, are suggested to be the most promising candidates for biomedical
applications. Wang et al. reported on the biomedical applications of GQDs derived from rice
husk biomass (Wang et al., 2016d). Rice husks (RH) were reported to be an abundant source
for the controllable preparation of high-quality RH-GQDs suitable for bioimaging of Hela cells.
The biocompatibility of the RH-GQDs was investigated by analysing the toxicity and cell
viability of Hela cells after treatment with various concentrations of RH-GQDs. At low
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concentrations of RH-GQDs (20-50 pg/ml) almost no toxicity was observed even after 48 h
and over 90% cell viability was observed up to 100 pug/ml concentration (Figure 2.14a). No
obvious damage to the cell morphology was observed which indicates the high biocompatibility
of RH-GQDs for bioimaging applications. Furthermore, in vitro bioimaging of Hela cells with
RH-GQDs (50 pg/ml) was investigated and the cells combined with the RH-GQDs showed blue
fluorescence with cell morphology and cytoplasm clearly presented (Figure 2.14b). The
luminescence of Hela cells in the presence of RH-GQDs is quite stable showing the feasibility

of this biomedical system.
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Figure 2.14. (a)Viability of Hela cells incubated with different concentrations of RH-GQDs after a
period of 24 and 48 h, (b) imaging of the Hela cells combined with 50 pg/mL of RH-GQDs at 335 hm
with a confocal microscope. Reprinted with permission from ref. (Wang et al., 2016d). Copyright (2016)
American Chemical Society. (c) Confocal microscope image at 405 nm excitation of Hela cells using
PEI-GQDs, (d) cytotoxicity assessment of PEI-GQDs at different doses for incubation period of 24 and
48 h using Hela cells. Reprinted with permission from ref. (Wang et al., 2016a). Copyright 2016
Elsevier.
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Wu et al. developed a fluorescent probe for bioimaging of the Hela cells based on the GQDs
derived from coffee grounds (Wang et al., 2016a). Hela cells were cultured in 40 mg/L dose of
GQDs and images were taken at 405 nm using a confocal microscope (Figure 2.14c). Enhanced
fluorescence of cytoplasm around their nucleus indicates the penetration of GQDs into the cells
and their emissive stability. The PEI-functionalised GQDs show brighter imaging owing to their
high quantum yield. The cytotoxicity and cell viability results indicate the high biocompatibility
of these GQDs even after 24 h of incubation period at low dosage of 40 mg/L (Figure 2.14d).

Similarly, Kalita et al. prepared GQDs from rice grains and evaluated their bioimaging
compatibility and biocompatibility with Hela cells (Kalita et al., 2016). GQDs treated Hela cells
were imaged using 375, 488 and 561 nm laser light and strong green and blue fluorescence was
observed. Strong green and blue fluorescence indicate that the GQDs are present as
agglomerates in the nucleus and cytoplasm of the cells. After treatment cells do not show any
obvious morphological damage, indicating the good biocompatibility of GQDs for bioimaging
applications. A cell viability of over 90% was observed after 24 h incubation period at different
concentrations of GQDs up to 1mg/ml. Very low cytotoxicity and high cell viability confirmed

the biocompatibility of these GQDs for biomedical applications.
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Figure 2.15. (a) PL spectra of S-GQDs with varying concentration of heteroatom doping, and (b)
respective imaging of fibroblast cells incubated with S-GQD series 1, 3, 5, 7, and 9 (scale bar: 20 pm).
Reprinted with permission from ref. (Wang et al., 2018a). Copyright (2018) American Chemical
Society.
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Very recently, Ding et al. reported on the bioimaging of fibroblast cells with sulphur-doped
GQDs synthesised by the hydrothermal treatment of durian (Wang et al., 2018a). Different
GQDs with varying amount of S doping indicate different color in bioimaging of the fibroblast

cells, showing their high bioimaging capability (Figure 2.15).

The hydroxyl and carboxyl functional groups attached onto the surface and basal planes of
GQDs make them highly soluble in water. High water solubility and nanoscale size of GQDs
make them suitable for permeation into the cell through cell membrane. When these GQDs are
internalised into the HeLa cells, their confocal images show the flourishing cell morphology
(Chung et al., 2019). Moreover, specific functional groups, such as nitrogen and chlorine, help
GQDs bind to histones in the cell nuclei, which facilitate the targeted drug delivery. For
example, GQDs demonstrated targeting of cell nucleus when HelLa cells were stained with 4,
6-diamidino-2-phenylindole and GQDs (Wang et al., 2018b).

GQDs have attracted extensive research interests for selective drug delivery not only due to
their surface functional groups and minimal toxicity but also due to their high drug loading
capacity and continuous tracking owing to their strong fluorescence properties (Chung et al.,
2019). GQDs have been used as chemotherapeutic delivery system for anticancer therapeutics
such as methotrexate (MTX) and doxorubicin (DOX). The GQDs with appropriate size assist
in the drug delivery by reducing the translocation free energy permeating into biomembrane.
The molecular structures of anticancer therapeutics enable them to be attached onto the basal
planes of GQDs via n-stacking followed by delivery as a hydrophilic carrier. The large surface
area to volume ratio of these GQDs enable high drug loading. Biotin-conjugated or N-doped
GQDs have been used as promising drug delivery systems. For example, N-doped GQDs were
simply mixed with dilute solution of MTX and MTX-N-GQDs complex was formed. The
complex was observed to release 60% of drug in first 9 hours and a full release over 48 hours
by a slow liberation (Khodadadei et al., 2017). The anticancer therapeutics are potent but cannot
be delivered to their targets in the body in free form due to their low solubility. GQDs have
shown to increase the therapeutic effects of these drugs, showing possibilities of GQDs based

drug delivery systems.

2.9 Energy applications of GQDs in general

In addition to biomass, numerous different types of precursors (such as graphene, carbon fibre,
CNTs, etc.) have been used to prepare GQDs aiming at different applications. GQDs derived
from biomass have properties similar to the ones derived from graphene-based precursors, as

verified in the synthesis section. Thus, regardless of the precursor being used, GQDs with
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various tunable properties have been implemented in energy applications. Owing to their
extraordinary properties, such as large surface area, good electrical conductivity, tunable
luminescence, decreased chemical impedance, and tunable bandgap (Ritter and Lyding, 2009;
Li et al., 2011a; Zhang et al., 2012b; Qu et al., 2013; Wang et al., 2014b), GQDs have shown
great promise in energy applications, such as photovoltaic devices (Li et al., 2011a; Kim et al.,
2015a), batteries (Chao et al., 2015; Park et al., 2016), and supercapacitors (Liu et al., 2013b;
Islam et al., 2017), as discussed below.

2.9.1 Supercapacitors

A number of two dimensional (2D) materials, such as graphene, graphitic carbon nitride,
phosphorene, hexagonal boron nitride (h-BN), and transition metal dichalcogenides, have been
extensively utilised in supercapacitors (Zhu et al., 2011c; Butler et al., 2013; Wang et al.,
2014c; Zhang, 2015; Walsh et al., 2016; Castarieda et al., 2017; Zhang et al., 2017). In many
cases, the quantum dot derivatives of these 2D materials exhibit superior performance due to
their large specific surface area, abundant electrochemically active sites, ability to be easily

integrated with various nanomaterials and low toxicity (Wang et al., 2016c).

Liu et al. (Liu et al., 2013b) synthesised a GQD-based symmetric micro-supercapacitor by
electrophoretic deposition of GQDs on an interdigital Au finger microelectrode and acquired
fast power response, high rate performance, and long cycling life (97.8% stability after 5000
cycles) (Figure 2.16). They obtained a high specific capacitance of 534.7 uF cm2 at a current
density of 15 uA cm~2 with a power density of 7.5 uW cm~2 and an energy density of 0.074 uW
h cm2. These outstanding properties of the micro-supercapacitor are attributed to the role of
GQDs. Particularly, the exceptionally small corresponding relaxation time constant (t0=103.6
ps) of the GQD//GQD symmetric micro-supercapacitor indicates its extraordinary power
response. With changing the aqueous electrolyte (Na:SO4) to an ionic liquid electrolyte
(EMIMBF4/AN), the corresponding relaxation time constant was further declined to 10=53.8 ps
and, as a result, a seven times higher power and energy density was obtained. The potential
window was further increased two times by fabricating one electrode (negative) coated with
GQDs and the other (positive) modified with highly pseudo-capacitive nanomaterials, such as
MnO: or polyaniline (PANI) (Liu et al., 2013b).
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Figure 2.16. (a) The preparation of a symmetric micro-supercapacitor by depositing GQDs on an
interdigital Au finger microelectrode, (b) specific capacitance retention after 5000 cycles. Reprinted
with permission from ref. (Liu et al., 2013b). Copyright (2013) Wiley Publishing Group.

The unique structure of these pseudo-capacitive materials helps accelerate the transport of
electrolyte ions and provides abundant surface for the reactions involving charge transfer. The
enhancement of specific capacitance and energy density in this asymmetric supercapacitor is
based on the synergistic effects between negative and positive electrodes. Hu et al. (Hu et al.,
2013c) fabricated GQD/CNT hybrid film demonstrating a capacitance (44 mF cm~2) two times
higher than the bare CNT film.

Chen et al. (Chen et al., 2014) reported on additive free monolithic electrode based on a 3D
graphene/GQD composite. Astonishingly, the conductivity of the 3D graphene structure was
increased 10 times by the introduction of GQDs with a specific capacitance of 268 F g*,
demonstrating a progress of 490% over undecorated 3D graphene. Mondal et al. reported on a
high performance supercapacitor based on GQD modified PANI nanofibers via chemically
oxidizing aniline in the environment of GQDs (Mondal et al., 2015). Figure 2.17a represents
the preparation scheme of GQD/PANI composite. They achieved a large specific surface area,
high aspect ratio, and a specific capacitance of 1044 F g* at a current density of 1A g~ (Figure
2.17b). They observed a great retention rate of 80.1% after 3000 cycles (Figure 2.17c). Further
enhancement in the specific surface area of GQDs can be achieved via KOH activation.
Ultrafine pores and zig zag edges are introduced on GQDs by activation, resulting in a dramatic
improvement (200%) in specific capacitance (236 F g1), a value much higher than that of

graphene (172 F g1 activated under similar conditions (Hassan et al., 2014).
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Table 2.2. Comparison of the performance of the supercapacitors based on GQDs and other graphene

derivatives.

Materials

Preparation
approaches

Performance

Ref.

GQDs-deposited on
interdigital Au

Hydrothermal cutting
and electrophoretic

Capacitance: 534.7 uF cm™ at
15 pA cm, power density:

(Liu et al., 2013b)

finger deposition 0.074 pW cm? rate
performance: 97.8% after
5000 cycles
GQDs/ carbon fibre  In-situ direct grafting Rate performance: 97 % after ~ (Islam et al., 2017)
5000 cycles at 2A g*
GQDs/PANI Electrodeposition 667.5 uF cmtat 15 pAcm™,  (Liu et al., 2013a)
power density: 7.5 pW cm
GQDs/CNT Electrochemical, Capacitance: 44 mF cm?, (Hu et al., 2013c)
CVD,
electrodeposition
GQDs/3D graphene  Electrochemical Capacitance: 268 F g (Chen et al., 2014)
synthesis,
electrodeposition
GQDs/PANI Electrodeposition Capacitance: 1044 Fgtat1A (Mondal et al., 2015)
nanotubes g, rate performance: 80.1%
after 3000 cycles
Graphene/PANI Anodic electro- Capacitance: 233 Fg! (Wang et al., 2009)

composite sheets

polymerisation

MnO2/graphene/GF  Hydrothermal Capacitance: 9.6 mF cm™ (Yuetal., 2014)
process,
electrodeposition
CNT/graphene Hydrothermal, CVD  Capacitance: 0.74 mFcm=2at  (Kou et al., 2014)
hybrid 10 mA cm2

GF@3D G core-
sheath fibre

Hydrothermal,
electrodeposition

Capacitance: 1.2-1.7 mF cm?

(Cheng et al., 2014)

Recently, Mohammad et al. prepared GQD-grafted carbon fibre for high performance
supercapacitors and observed a 5.5% enhanced capacitance compared to that of bare carbon
fibre. They demonstrated a high specific capacitance with a retention rate of 97% after 5000
cycles (Islam et al., 2017). Table 2.2 shows the comparison of the performance of
supercapacitors based on GQDs and other graphene-based materials. It is clearly observed that
GQDs exhibit the best performance (capacitance: 1044 F g* at 1A g~* (Mondal et al., 2015)
and 97.8% stability after 5000 cycles (Liu et al., 2013b; Islam et al., 2017)) among all graphene
based materials. The plentiful and accessible ion-interacting edges, large specific surface area,
defects, functional groups and chemical moiety sites associated with GQDs are responsible for
their better capacitive performance.
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Figure 2.17. (a) Schematic representation of the GQD/PANI composite preparation. (b) Galvanostatic
charge discharge curves at various current densities, (c) life stability of GQD/PANI composite after
3000 cycles, inset is curve for 10 consecutive charge discharge cycles. Reprinted with permission from
ref. (Mondal et al., 2015). Copyright (2015) Royal Society of Chemistry.

2.9.2 Batteries

GQDs were first utilised in Li-ion batteries (LiBs) by Fan and co-workers (Chao et al., 2015).
Fan et al. reported on improving the cathode material for LiBs by synthesising a GQD-coated
VO3z-nanobelt arrays on 3-D graphene foam (Figure 2.18a-c) (Chao et al., 2015). A high
specific capacitance of 421 mA h g, 99% Coulombic efficiency, and high rate performance
were obtained at a current density of 1/3 C (1 C = 300 mA g1), outperforming VO2-nanobelt
arrays without GQDs coating (Figure 2.18d). Contrary to the poor stability of other VO2 based
electrodes, the GQDs-anchored VO, electrode show tremendous enhancement in its stability (a
retention of 94% capacity after 1500 cycles) (Chao et al., 2015). This electrode also shows good
performance in the case of sodium ion batteries as a cathode material (a retention of 88%
capacitance after 1500 cycles, and capacitance of 306 mA h g at 1/3 C). At a high charge-
discharge rate of 120 C, the electrode has a power density of 42 kW kg~ with a good energy
density of 4100 Wh kg (Figure 2.18e).
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Figure 2.18. Preparation of GQD-coated VO nanobelt array supported on 3D graphene (GVG). (b, c)
SEM and HRTEM images of the hybrid structure. (d) Rate performance of the as fabricated electrode
with (GVG) and without (GV) GQD coating, inset in (d) is AC impedance plots. (e) Ragone plot of
GVG electrode for Na and Li ion batteries. Reprinted with permission from ref. (Chao et al., 2015).
Copyright (2015) American Chemical Society.

In another study, the same group synthesised an anode material for LiBs by assembling CuO +
Cu + GQDs on triaxial nanowire arrays (Zhu et al., 2015a). The schematic illustration of
electrode fabrication is presented in Figure 2.19a. Coating of the GQDs outer layer results in a
mossy surface of CCG nanowires (Figure 2.19b) which indicates their enlarged surface area
and enhanced connection sites for electrochemical reactions. Meanwhile, annealing of a CuO
nanowire in Ar + Hz converts some of it into Cu metal and a smooth surfaced CuO + Cu coaxial
nanowire is obtained (Figure 2.19c). Adding GQDs in a CuO nanowire array in this manner
offers enhanced surface conductivity, improved stability and a high columbic efficiency (87%)
(Figure 2.19d). The as-fabricated electrode demonstrates a high specific capacity of 780 mA h
gtat1/3 C and 330 mA h gt at 4 C, outperforming the CuO + Cu electrode without GQDs
(Figure 2.19d) (Zhu et al., 2015a). In both studies, improved performance of GQDs was based
on several factors. Firstly, the GQDs layer prevents the formation of a solid electrolyte interface
film, which results in an enlarged Coulombic efficiency. Secondly, the conductivity and charge
collection efficiency of the electrode is enhanced by an ordered covering of GQDs over the
surface of active material, leading to high rate performance. Thirdly, a rough electrode surface
conferred by the GQDs results in a large surface area leading to an improved metal ion storage.
Lastly, GQDs act as a stabilizer to protect the electrode active materials from dissolution and/or

agglomeration, leading to an improved cycling life of the electrode.
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Figure 2.19. (a) Schematic illustration of the synthesis process for CuO-based nanowire electrode. Route
1 is for the fabrication of CuO-Cu (CC) core-shell nanowire and route 2 is for the preparation of
CuO+Cu+GQD (CCG) triaxial nanowire. (b) SEM image of CCG triaxial nanowires, (c) CC core shell
nanowires, (d) rate performance with Columbic efficiency of CCG and CC nanowire electrodes.
Adapted and modified with permission from ref. (Zhu et al., 2015a). Copyright (2015) Wiley Publishing
Group. (e) Schematic diagram showing the structure and (f) magnified structure of GQDs-sulphur
[/carbon black (GQDs-S/CB) composite. The sulphur (yellow ball) was wrapped with carbon-black
(S/CB) and compactly covered with GQDs and CB (GQD-S/CB). (g) Schematic arrangement of
sulphur/carbon-black (S/CB) and (h) GQDs-S/CB utilised as a cathode in Li-S batteries. Adapted with
permission from ref. (Park et al., 2016). Copyright (2016) Nature Publishing Group.

GQDs have also been employed in lithium-sulphur (Park et al., 2016), Lithium-silicon (Lijuan
et al., 2016), lithium-titanate (Ruiyi et al., 2015), and metal-air batteries (Wang et al., 2016b).
Park et al. reported on the introduction of GQDs into the sulphur cathode of lithium-sulphur
(Li-S) batteries and demonstrated an enhanced sulphur-sulphide utilisation, yielding high
performance (Park et al., 2016). High structural integrity of the sulphur-carbon composite
electrode is induced by the oxygen rich functional groups of GQDs. Figure 2.19e, f shows a
schematic structure of GQDs-sulphur/carbon-black (GQDs-S/CB) composite. Fast charge
transfer was acquired owing to the hierarchical structure of sulphur-carbon composite and the
physiochemical properties of GQDs. The schematic diagram in Figure 2.19g, h shows the
conventional Li-S battery, in which lithium foil serves as an anode material and the cathode is
made up of sulphur/carbon-black (S/CB) or GQDs-S/CB composites. The cathode structure
greatly influences the irreversible loss of high order polysulfides during the cyclic charging-
discharging process. The surface of sulphur particles is partially exposed in the S/CB
composite, as a result the polysulfides are dissolved in the solvent and change the colour to
orange (Figure 2.19g). The introduction of GQDs into the S/CB composite induces a densely

packed structure and greatly enhances the performance of the Li-S battery by preserving the
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high-order polysulfides (HOPSs) in the structure of the GQD-S/CB composite. At 0.5 C, a
Coulombic efficiency of 100% and cyclic performance of ~ 1000 mA h g~* was maintained up
to 100 cycles for a GQD-S/CB based battery. The GQD-S/CB electrode showed outstanding
rate capability at 10 C (540.17 mA h g*) as compared to the S/CB composite (120.35 mA h g~
1. The GQD-S/CB system showed extraordinary cyclic performance of 950 mA h gt even
when an electrode with high sulphur loading was prepared. These cyclic performance values
are much higher than reported values for other sulphur/carbon composites (Park et al., 2016).
GQDs have been utilised in lithium-silicon batteries for the passivation of silicon, which is very
promising anode material for LIBs but faces a challenge of large volume variation and rapid
capacity loss during the charging-discharging process. Lijuan et al. coated a layer of
phenylalanine-functionalised GQDs on silicon nanoparticles to improve the electrical
conductivity and prevent direct contact of the electrolyte with silicon (Lijuan et al., 2016). As
a result, they produced a stable material with high capacitance of 3796 mA h g* at 100 mA g~
L and 76% retention (3068 mA h g1) after 100 cycles (Lijuan et al., 2016). The incorporation
of N and S co-doped GQDs onto the titanate anode of lithium-titanate batteries can enhance the
power density and rate performance due to enhanced electron transfer and lithium storage
capacity (Ruiyi et al., 2015). LIBs based on GQDs show superior capacitive performance (4066
mA h g™1) (Lijuan et al., 2016) over other graphene based materials (up to 770 mA h g%) (Ye

et al., 2014) (Table 2.3).

Table 2.3. Comparison of the performance of Li-ion batteries based on GQDs and other graphene
derivatives.

Materials

Preparation approaches

Performance

Ref.

GQDs-VO2-
3D graphene

Hydrothermal,
solvothermal processes
and electrophoresis

Capacitance: 421 mA hgtat1/3 C,
Stability: 94 % after 1500 cycles at
60C

(Chao et al., 2015)

deposition
CuO + Cu+ Hydrothermal, Capacitance: 780 mA hgtat1/3C (Zhu et al., 2015a)
GQD triaxial  electrochemical and
electrophoresis
GQDs-S/CB Refluxing, chemical Capacitance: 1000mAhg'at0.5C  (Park etal., 2016)
reduction, high
temperature stirring
PF- Hydrothermal treatment, ~ Capacitance: 4066 mA h g* at 50 (Lijuan et al., 2016)
GQD@SINP  thermal annealing, mA gt
stirring
LTO/GO and Hydrothermal, rolled Energy density: 27 W kg~ power (Ren et al., 2014)
LMO/MWNT  approach density: 880W kg
Grapheneon  CVD, GO reduction Capacitance: 770 mA h gt at 372 (Yeetal., 2014)
graphene mA g
hybrid film
SnO2- Self-assembly Capacitance: 625 mA hgtat10mA  (Wang et al., 2010)
graphene gl 760mAhgtat8 mAg?
composite
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2.9.3 Photovoltaics

Owing to their extraordinary electronic/optical properties, GQDs may be used in various
components of photovoltaics, such as sensitizers, activators, active layers, and catalysts for the
counter electrode. Gao et al. used GQDs as active layer to fabricate a Si/GQD heterojunction
solar cell (Gao et al., 2014). The GQD active layer suppresses charge recombination and
promotes electron-hole separation (Figure 2.20a). A photo conversion efficiency (PCE) of 6.6%
was displayed by the cell, much higher than that of an undecorated Si based cell (2.26%) or one
with GO sheets acting as active layers (3.99%). Dutta et al. synthesised GQD/ZnO nanowire
heterojunction solar cells which showed a current density (Jsc) 75 times higher than that of a
bare ZnO nanowire-based cell (Dutta et al., 2012). However, a low PCE was obtained due to
the limited GQD connections with the hole-transport layer causing a low hole-collection
efficiency. Using a hot injection approach, Tavakoli and co-workers synthesised PbS QD/GQD
core/shell hybrids (Figure 2.20b) (Tavakoli et al., 2015). In contrast with commonly utilised
capping molecules, the ultrathin layer of GQDs makes surface passivation of PbS QDs
incomplete, reduces the number of trap states and promotes faster extraction of charge carriers.
An improved current density (13.4 mA cm2), PCE (3.6%) and open cell voltage (0.58 V) was
obtained for a solar cell with PbS QD/GQD active layers compared to that of organic molecule-
capped PbS QD-based devices (Figure 2.20b) (Tavakoli et al., 2015). Cd doping of PbS QDs
can further improve the PCE of a PbS QD/GQD cell by 4.1%. Qu et al. prepared a polymer
based bulk-heterojunction (BHJ) solar cell with a structure of ITO/PEDOT:PSS/P3HT:GQD/AI
(Li et al., 2011a). Plentiful p—n junctions formed inside the P3HT:GQD active layer promote
the reduction of photogenerated excitations and electron transfer. Ideally, the open circuit
voltage can be improved from 0.5 V to 0.8 V by introduction of GQDs. A PCE of 1.28% was
obtained from an actual device with Jsc of 6.33 mA cm2 and open circuit voltage (Vo) of 0.67
V. The charge carrier concentration of the polymer device can be improved by 30% by the
addition of Cl-doped GQDs to the P3HT active layer (Figure 2.20c) (Zhao et al., 2015a).

Gupta and co-workers developed a solar cell using aniline functionalised GQDs as a filler for
P3HT and the cell configuration consist of ITO/PEDOT:PSS/P3HT:Ani—-GQDs/LiF/Al (Gupta
et al., 2011). The device demonstrated a superior PCE (1.14%) compared to the control device
with an active layer of P3HT:Ani—graphene sheet (PCE: 0.65%). The rough structure of the
P3HT:Ani—graphene film due to large sized graphene sheets induces extra phase separation
surpassing the diffusion length of excitons, resulting in a poorer performance (Zheng et al.,
2013b).
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Figure 2.20. (a) CH3-SI/GQD heterojunction solar cell showing J-V curve at Am1.5G (the inset shows
its energy band diagram). Adapted and modified with permission from ref. (Gao et al., 2014). Copyright
(2014) American Chemical Society. (b) A schematic diagram of PbS QDs surface passivated by GQDs
and PbS based solar cells’ J-V curves under Am1.5G. Reprinted with permission from ref. (Tavakoli et
al., 2015). Copyright (2014) American Chemical Society. (c) Schematic of a photovoltaic device based
on GQD-CI hybrid and its working mechanism. Reprinted with permission from ref. (Zhao et al., 2015a).
Copyright (2015) Royal Society of Chemistry. (d) Ilustration of a photovoltaic device based on GQDs
in hole-transport layer and hydrothermally reduced GQDs in the BHJ layer. Reprinted with permission
from ref. (Kim et al., 2015a). Copyright (2015) Nature Publishing group. (¢) SEM image (cross sectional
view) of perovskite solar cell on left side, illustration of its working mechanism in middle, and J-V
curves of the cell without or with GQD on right. Adapted with permission from ref. (Zhu et al., 2014).
Copyright (2014) American Chemical Society.

Kim et al. developed a BHJ solar device based on polymer active layer containing GQDs with
different numbers of oxygenated groups (Zheng et al., 2013b). The oxygen functional groups
on the surface of GQDs were found to improve the optical absorptivity of the device leading to
a significantly enhanced Jsc, while the superior conductivity of less-oxidised GQDs resulted in

better charge carrier extraction that can improve the fill factors (FFs). The balance between
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these two features gives a highest PCE of 7.6%. Elsewhere, they reported that, with the addition
of hydrophilic GQDs onto the PEDOT:PSS hole transporting layer, the Jsc of the BHJ solar cell
can be enhanced from 15.6 mA cm to 17.3 mA cm2. This improvement can be assigned to
the enhanced conductance of charge carriers in the ITO/PEDOT:PSS layer due to the strong
interaction between GQDs (having a negative charge) and PEDOT (with a positive charge)
(Kim et al., 2015a). In order to understand the synergistic effects, hydrophilic GQDs were
introduced into the EDOT:PSS hole transport layer and hydrothermally reduced hydrophobic
GQDs were incorporated into polymer layer (Figure 2.20d), and a greatly enhanced PCE of
8.67% was achieved. Using chemical-group-free GQDs, Yan and co-workers tried to sensitise
a TiO2 photoanode for a solar cell (Yan et al., 2010a). However, the Jsc of the cell was
decreased by two orders of magnitude compared to that of dye-sensitised solar cells (DSSC)
due to the poor binding affinity of GQDs with TiO.. If GQDs with oxygen groups are used, the
performance could be considerably improved because these GQDs can interact significantly
with TiO2 (Long, 2013; Williams et al., 2013). When N719 dye and GQDs are used together as
sensitizer and co-sensitizer in TiO2 photoanodes, an uplift of PCE from 4.9 to 6.1% and rise of
Jsc from 9.72 to 14.07 mA cm~2 is observed (Fang et al., 2014).

Mihalache et al. reported similar findings, an increase in Jsc and PCE for DSSC through N-
doped GQDs as co-sensitizer along with NsRu-Dye (Mihalache et al., 2015). The improved
performance of the DSSC device can be attributed to the improved charge separation,
overlapped of the PL spectrum of GQDs with the absorption spectrum of Ns;Ru-dye, and
suppressed electron recombination in the redox couple in the electrolyte. Lee et al. increased
the amount of light used by DSSCs by depositing GQDs onto TiO2 promoting upconversion PL
and observed an increase of PCE from 7.28 to 9.2% (Lee et al., 2013a). Chen et al. introduced
GQDs to the polypyrrole counter electrode to make it highly porous and generated an enhanced
PCE of the DSSC (Chen et al., 2013). In a recent study, an ultrathin layer of GQDs was
introduced to a perovskite solar device with a structure of CH3sNH3Pbls/GQDs/TiO-, and an
improvement in PCE from 8.81 to 10.15% and Jsc from 17.07 to 15.34 mA cm was obtained
(Figure 2.20e) (Zhu et al., 2014). This enhanced performance is attributed to the faster electron
extraction, which guarantees improved photon-to-current conversion in the visible region, and

75% PL quenching of the perovskite-TiO> film.
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Table 2.4. A comparison of the preparation approaches, performance and characteristics of the
photovoltaic devices based on GQDs and other graphene derivatives.

Materials Preparation Performance Ref.
approaches
Ani-GQDs and Spin casting PCE: 1.14%, Jsc: 6.33 mA cm™2, (Gupta et al., 2011)
P3HT Voe: 0.67 V, fill factor: 0.53
GQDs Electrochemical PCE: 1.28%, Jsc: 6.33 mA cm2, (Lietal., 2011a)
corrosion Voo 0.67 V
Colloidal GQDs Solution synthesis  Faster component: 18 + 3 ps, (Mueller et al., 2010a)
slower component; 100 ps
GQDs/TiO; Chemically The electron injection: <15 fs, (Williams et al., 2013)
composite anchored method  exciton recombination: 0.5-2 ps,

charge recombination: 80-130 fs

Monodispersed
GQDs

Solution synthesis
method

Emitting both fluorescence and
phosphorescence, relaxing into
triplet states

(Mueller et al., 2010b)

Graphene and Pt
composite fibres

Spinning and
electrodeposition

Jsc: 12.67-17.11 mA cm2, V!
0.73 V, fill factor: 0.42-0.67

(Yang et al., 2013)

Graphene/ CdS Layer by layer Photoresponse: 1.08 mA cm (Guo et al., 2010)
quantum dot assembly under 100 mW cm-2, quantum

composite efficiency: 16% at 400 nm

Graphene/CNT/Pt  Biscrolling Capacitance: 31.50 F g, (Sun et al., 2014b)
composite fibres approach, conversion efficiency: 8.36 %

electrodeposition

PCE: power conversion efficiency, Jsc: short circuit current density, Voc: open circuit voltage

Phosphorene is desirable for photovoltaic applications because of its bipolar characteristics,
high hole mobility and narrow bandgap (0.3 to 1.5 eV based on the number of layers) (Dai and
Zeng, 2014). Deng et al. prepared a heterojunction between n-type monolayer MoS; and p-type
few layer phosphorene, fabricating a p-n diode for photovoltaic energy conversion with PCE of
0.3% (Deng et al., 2014). The theoretical predictions indicate that PCE of a p-n diode can be
increased to 18% by reducing the thickness of phosphorene to only two layers (Dai and Zeng,
2014). Based on the bipolar characteristic of few layer phosphorene, Buscema et al. utilised a
single phosphorene sheet to fabricate a p-n heterojunction with 2 regions differently biased by
2 h-BN dielectric gates (Buscema et al., 2014). As a result, the photovoltaic effect can be
extended to the near-IR region. The electrical band gap between graphene and transition metal
dichalcogenide is filled by phosphorene. Thus, the application gap between GQDs and TMD-
QDs could be filled by phosphorene QDs. A large number of photovoltaic devices based on

GQDs have been synthesised which outperform other graphene-based materials (Table 2.4).
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2.10 Challenges and perspectives

Biomass is a sustainable and rich source of carbon. For the efficient utilisation of carbon
resources, it is necessary to understand carbon chemistry and factors influencing its properties.
GQDs derived from biomass waste are emerging zero-dimensional materials which show an
extensive range of intriguing properties (e.g. chemical, electrochemical, optical, catalytic,
electronic, etc.). Owing to the lower dimensionality of GQDs, they often achieve extra
advantages over their 2D counterparts. Firstly, the properties of GQDs are tunable with more
sensitivity by size, thickness, chemical functionalities, edge configuration, thickness, defects,
or heteroatom dopants. This could help improve promising properties for unique applications.
Secondly, minute perturbations or interactions can have a significant effect on their properties.
This is needed for the development of high sensitivity sensors. In addition, these GQDs are
often easier to functionalise than other nanomaterials to acquire composite properties.
Moreover, due to better solubility they have better responsiveness for solution-based processes.
Finally, the tiny size is the key benefit for bio-imaging purpose of GQDs because these are used
as fluorescent tags on molecular targets and the function and dynamics of targets may be

changed if large tags are used.

Due to their range of excellent properties, GQDs show high promise for an extensive series of
potential applications. Although only a few applications of biomass derived GQDs have been
studied so far, GQDs are also highly promising for catalysis, drug delivery, bioimaging,
photodynamic therapy, optical sensing, electrochemical sensors, optoelectronics, displays, etc.
(Hu et al., 2012; Konstantatos et al., 2012; Li et al., 2012b; Shen et al., 2012a; He et al., 2013;
Ananthanarayanan et al., 2014; Biju, 2014; Ge et al., 2014; Hola et al., 2014; Sun et al., 2014a;
Wang et al., 2014d; Hong et al., 2015; Lin et al., 2016; Kumawat et al., 2017; Su et al., 2017;
Yao et al., 2017). It has been revealed that, owing to their numerous key features (e.g.
biocompatibility, photostability, non-toxicity, etc.), GQDs are superior to widely used
conventional semiconductor QDs and organic fluorophores for various biological applications,
such as bioimaging (Zheng et al., 2015; Feng et al., 2017; Li et al., 2017). Using insulin-
functionalised GQDs, for example, Zheng et al. visualised the distribution and dynamics of

insulin receptors in live adipocytes (Zheng et al., 2013b).

Despite the recent progress, research on biomass derived GQDs is still in its early phase and

many challenges need to be tackled. Some of the key issues that require urgent attention include:

1. Introduction of inherent impurities in GQDs from biomass feedstock due to intense

presence (~40-50%) of elements other than carbon. Moreover, the synthesis of GQDs
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from biomass usually involves large quantity of strong oxidants and their removal is a
very tedious process which takes several days if not weeks, still may leave impurity
traces in the product.

2. The low product yield of GQDs due to low efficiency of conversion of all biomass
carbon into aromatic quantum dots.

3. For the practical applications, the intensified production of GQDs is required. On this
path, several researchers have tried to develop large scale production of GQDs from
biomass, however, still the actual amount was in milligrams (Suryawanshi et al., 2014;
Wang et al., 2016d).

4. Overall, the conversion of biomass into GQDs is a very lengthy process involving
multiple steps such as synthesis of biochar, activation of biochar with strong
acids/oxidants, removal of excess acids, synthesis of GQDs, and purification processes.

5. The precursor employed has a significant effect on the final properties and engineering
control of GQDs. Thus, controlling the properties of biomass derived GQDs is relatively
difficult due to the inherent nature of the feedstock.

6. Due to high sensitivity of GQDs towards size, thickness, edge engineering, heteroatom
doping and chemical functionalisation, developing advanced preparation methods are

highly desired for the precise control over these parameters.

In this perspective, there is urgent need to search for novel feedstocks for efficient conversion
into GQDs, advanced preparation methods to achieve high product yield, simple and effective
purification techniques to acquire high quality product, and elimination of multiple steps to
realise rapid synthesis. Last but not least, the intensified synthesis of GQDs is highly demanding
for practical applications. Since biomass is a renewable and abundantly available source, a
scalable and cheap synthesis approach using a biomass precursor has great promise for

commercialisation.
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Chapter 3 Materials and methods

The materials, chemicals, experimental setup, experimental methods and characterisation
techniques employed in this study are described in this chapter. The main analysis of the product
was carried out using scanning and transmission electron microscopies, nitrogen adsorption-
desorption surface area measurements, X-ray diffraction, Fourier transform infrared, Raman
and X-ray photoelectron spectroscopies. Optical properties were studied using UV-visible and
photoluminescence analysis, while electrochemical properties were examined via cyclic

voltammetry, impedance and galvanostatic charge-discharge studies.

3.1 Materials

Spent tea was derived from PG tips tea bags manufactured by Unilever UK. Spent tea bags
were collected from a local tea shop in Newcastle Upon Tyne, United Kingdom. In order to
avoid variation in the feedstock, a sufficient quantity of spent tea bags was collected at once to

prepare adequate samples.

All the chemicals were of analytical grade and used without further modifications unless
otherwise specified. Sulfuric acid (H2SO4, > 97%), nitric acid (HNOs, > 67%), hydrochloric
acid (HCI, > 37%), sodium hydroxide (NaOH), potassium hydroxide (KOH), potassium
carbonate (K2COz), N-Methyl-2-pyrrolidone (NMP, > 99%), polyvinylidene fluoride (PVVDF),
quinine sulfate (99%) and absolute ethanol (C2HsOH, >99%) were purchased from Fisher
Scientific, UK. The salts such as silver nitrate (AgNOz), aluminium chloride (AICIz), calcium
chloride (CaCly), cobalt chloride (CoCly), chromium chloride (CrCls), cooper chloride (CuCly),
magnesium chloride (MgCl), manganese chloride (MnClz), molybdenum dichloride (MoCl.),
iron (III) chloride (FeCls), strontium chloride (SrCly), zinc chloride (ZnCl.), sodium chloride
(NaCl), and lithium chloride (LiCl) were supplied by Sigma Aldrich. Gases (nitrogen, helium,
and argon with 99.998% purity) and liquid nitrogen were provided by BOC, UK. Graphite
bipolar plate with 0.6 mm thickness (TF6, SGL Carbon, Germany), 4.6 mm thick PAN based
carbon felt (SIGRACELL® GFD 4.6 EA, SGL Carbon, Germany), fluorinated anion-exchange
membrane (Fumasep® FAP-450, 50 um, FuMa-Tech GmbH, Germany), Vanadium electrolyte
solution (1.6 M V**°, AMG Titanium Alloys and Coatings, GFE, Germany) and carbon black
(Super P, 99%, Alfa Aesar ) were also used. Other materials include dialysis bags of 1kD
MWCO (Spectrum Labs), polyvinylidene difluoride (PVDF) filtration membranes (0.1 um,
Merck Millipore), Whatman filter paper (3, 5 and 8 um, Whatman), Mica discs (Agar scientific,
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AGF7013) and TEM grids (Electron Microscopy Sciences, CF-400-Cu-UL). De-ionised (DI)

water was used for all the experiments.

3.2 Feedstock preparation

The collected spent tea bags were washed thoroughly with tap water followed by DI water to
remove the dissolvable organic components (e.g. color) and dust particles, if any. The washed
tea bags were dried for 24 hours at atmospheric conditions. The samples were then oven dried
at 80 °C for further 12 h to remove absorbed moisture. After removing from the tea bags, the
dried black tea obtained was ground by a commercial blender and sieved to get a fine powder
(<90 um) for efficient conversion into activated carbon and easy breakdown into nanoscale

quantum dots. The prepared samples were stored in clean glass bottles for further studies.

3.2.1 Characterisation

The carbon content in the biomass is the main constituent for the preparation of carbon-based
advanced materials. Therefore, to determine the carbon content and other elements present in
the biomass, ultimate analysis was performed. The ultimate analysis was performed on an
elemental analyser (EA1108, CARLO ERBA, UK). Briefly, it quantifies the elements by
combusting the substance at elevated temperature and analysing the emission gases. The

oxygen content was calculated by difference as follows:

0% = [100 — (C + H + N)] % (3.1)

The proximate analysis (ASTM standard D3172) of the biomass was carried out to determine
the moisture content, volatile matter, fixed carbon and ash content. Fixed carbon was obtained
by difference as follows:

Fixed carbon % = 100 — (Volatile matter % + Ash %] (3.2

The elemental composition and proximate analysis of the feedstock utilised in this work is

given in Table 3.1.
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Table 3.1 Proximate and ultimate analysis of the spent tea used in this study.

Proximate analysis wt.% Ultimate analysis wt.%
(dry ash free)

Moisture 8.42 Carbon 50.5

Ash 2.87 Hydrogen 6.4

Volatile matter 76.3 Nitrogen 4.48

Fixed carbon 20.83 Oxygen* 38.6

*Determined by difference

3.3 Experimental setup
3.3.1 Biochar production via Pyrolysis

Pyrolysis treatment of samples was carried out in a VCTF4 furnace (Vecstar Ltd.) to produce

biochar. A schematic illustration of the pyrolysis setup is presented in Figure 3.1.

Heating mental Pyrolysis Furnace

\ ? Continuous [ \ SS-316 Tube reactor
heating zone /

Thermocouple

Porous sample holder Biowaste feedstock

Volatiles condenser

Figure 3.1. Schematic illustration of the pyrolysis setup for the production of biochar from biomass
feedstock.

The experimental setup consists of a pyrolysis furnace, stainless-steel tube reactor (4 cm x 70
cm), sample holder (3cm x 20 cm), thermocouple, and volatiles condenser. The furnace could
operate up to 1000 °C with variable heating rates of 1-20 °C/min. The temperature was
controlled by the furnace automatically and monitored by an external thermocouple.
Approximately 10 g sample was placed in a 316-stainless steel sample holder located in centre
of the furnace (uniform temperature zone) under a continuous flow of nitrogen (N2). The N2
flow rate was set at 50 £ 5 mL/min to create the inert atmosphere and recover the volatiles and
emission gases. The flow of the nitrogen gas was controlled by the gas regulator connected to
the outlet of the nitrogen cylinder. The outlet of the reactor was connected to condensers chilled

with ice and water for collecting volatiles. The black tea sample was heated at a heating rate of
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10 °C min to the desired temperature (200-800 °C), followed by a holding time of 3 h. Furnace
was then allowed to cool down to room temperature and the product was collected. Figure 3.2
shows a schematic illustration of the biochar preparation from spent tea.

Black Tea Tea Drink Spent Tea Leaves Biochar

Figure 3.2. Schematic illustration of the biochar preparation from spent tea.

The yield of the product obtained at different pyrolysis temperatures was recorded (Figure 3.3).
The biochar samples prepared at different pyrolysis temperatures were designated as BC-X,
where BC stands for biochar and X indicates the heat treatment temperature (HTT), e.g. BC-
500 corresponds to the biochar with HTT of 500 °C.
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Figure 3.3. Effect of pyrolysis temperature on the yield of char acquired from spent tea at a fixed heating
rate of 10 °C min-! and holding time of 3 h.
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3.3.2 Hydrothermal carbonisation

Hydrothermal carbonisation was performed to convert biochar into nanoscale fragments to
produce fluorescent materials. The hydrothermal treatment of activated biochar was carried out
in Teflon-lined autoclave (PARR: 4760). The reactor had a capacity of 300 ml and could operate
at maximum of 350 °C and up to 200 bar pressure. A gas supply inlet was fitted to the reactor
for generating an inert atmosphere inside the reactor. The reactor was equipped with band heater
for heating to a specified value controlled by temperature control system (Elmatic desktop dual
controller). The actual temperature inside the reactor was monitored by K-type thermocouple
supplied with the reactor. The pressure inside the reactor was measured by pressure gauge
installed at the top of the high-pressure reactor. A safety valve was also fitted to the reactor to
release the extra pressure in case of overpressure. Homogeneous mixing of the reaction mixture
was provided by an external magnetic stirrer. The setup used in this study is presented in Figure
3.4.

Gas supply

/» 1\ \

Thermocouple !\
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|

Figure 3.4. High pressure reactor for the hydrothermal carbonisation process.

3.3.3 Microwave digestion

Microwave treatment is a simple and efficient heating method since it provides uniform heating,
usually at high rates. Owing to the rapid reaction rates, microwave digestion was used for the
high yield synthesis of carbon-based materials from biochar. The experimental setup consists
of a microwave digestion tank with an ability to operate up to 900 W power. The digestion tank
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was equipped with an experiment-design control system to setup a unique combination of
power and time. The centre of the digestion tank consists of a reactor holder and magnetic
stirrer. A two-neck round bottom flask was used for treating the reaction mixture under uniform
heating. The top neck of the flask was connected to a water condenser for condensing the
volatiles and creating reflux. The side neck of the flask was equipped with a thermocouple for
controlling the temperature. The system consisted of a semi-transparent safety glass to visualise
the reaction process. The experimental setup for the microwave digestion used in this study is

presented in Figure 3.5.
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Figure 3.5. Microwave digestion reactor for the rapid microwave treatment of samples.

3.4 Experimental procedures
3.4.1 Synthesis of activated carbon

The activated carbon samples were prepared by impregnation of BC-600 (biochar prepared at
600 °C) with potassium hydroxide followed by activation at high temperature, according to the

well-developed approach (Peng et al., 2013). In a typical procedure, about 10 g of BC-600
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sample was impregnated overnight (12 h) with a range of KOH ratios (mass ratios of
KOH/biochar = 1-5) in 50 ml water. A range of activation ratios was selected to identify the
best ratio for activating agent to give a high degree of porosity. The acquired solutions were
dried at 110 °C overnight. The dried impregnated samples were loaded into the pyrolysis
furnace (VCTF4) and heated to 800 °C at a rate of 5 °C min-! under N flow of 100 + 5 mL
min-1. All the samples were held at 800 °C for 1 h for activation and then cooled down to room
temperature naturally. A slow heating rate (5 °C min-t) was chosen to attain well-developed
porosity, while a short holding time (1 h) was selected to prevent the growth of micropores.
The resultant products were washed with hot DI water (~90 °C) and then boiled in 1 M HCI to
remove the impurities and reduce the ash content (Bouleghlimat et al., 2013). The samples were
again washed with hot DI water followed by cold DI water until neutral pH was obtained in the
filtrate. Finally, the washed samples were dried in an oven at 60 °C overnight and AC products
were obtained. The acquired AC samples were denoted at AC-X, where X indicates the
activation ratio (1, 2, 3, 4 or 5). For example, AC-2 shows the AC samples acquired at
KOH/biochar ratio of 2.

3.4.2 Synthesis of highly pure GQDs by hydrothermal treatment

High quality GQDs were prepared from biomass in a 3-step approach: synthesis of biochar,
activation and hydrothermal carbonisation. An effective and simple technique was implemented
for the purification of GQDs.

This 3-step approach combines the merits of both ‘bottom up’ and ‘top down’ techniques. The
biomass was initially pyrolysed to produce carbonaceous char materials in a “bottom-up”
method. These materials were then activated by chemical treatment and hydrothermally treated
to reduce the particle size in a “top-down” approach (Figure 3.6). The whole process is easy
and potentially scalable. GQDs with controllable properties for promising potential applications
can be obtained using this synthetic approach. Moreover, this technique can be applied to a

wide range of biomass precursor materials.

Biochar derived from pyrolysis processing was ground and subsequently subjected to activation
with strong acids (H2SO4 and/or HNO3) using an ultrasonic system to promote mixing/mass
transfer. The strong acids react with basal planes and edges under ultrasonic conditions to
incorporate functional groups on the carbon skeleton (Pan et al., 2010). 100 mg of biochar was
mixed with an 80 mL mixture of HNOs and H2SO4 at a volumetric ratio of 3:1 and sonicated
(50-60Hz, 750W) for 15 h to ensure significant mixing and activation (Pan et al., 2010). At the

end of the process, the biochar was almost completely mixed with the acids to form a dark
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brown colored suspension. This solution was diluted 3 times with DI water, filtered using a 0.1
pm Polyvinylidene fluoride (PVDF) filtration membrane and washed with DI water to remove
the acids. The samples were further washed with hot DI water to remove any excess acids. The
complete removal of excess acids was verified by monitoring the pH of the filtrate. The
activated biochar collected from the filter was then stored in glass vials for further usage.

Activated biochar samples were designated as BC-X-A, where A stands for activated.

Biowaste Pyrolysis Activation

TEM of GQDs Hydrothermal

Figure 3.6. The schematic illustration of the synthesis procedure for GQDs via hydrothermal

treatment.

Highly pure GQDs were synthesised by hydrothermal treatment of activated biochar in the
Teflon-lined autoclave (PARR: 4760). Hot water washed DI activated biochar was used for the
preparation of highly pure GQDs. 100 mg of the activated biochar was dispersed in 100 mL of
water and the dispersion was then transferred into the 300 mL Teflon-lined Parr reactor. The
reactor was heated and maintained at 200 °C for 12 h to ensure the significant reduction in size
of carbon domains into nanosized fragments. The reactor was then allowed to cool to room
temperature. The resulting brown suspension was filtered through a 100 nm PVDF filtration
membrane and GQDs remained in the filtrate showing a pale-yellow color. Previous studies
(Zhu et al., 2011a; Li et al., 2012a) reported that the pale yellow color of the solution in visible
light is an indication of GQDs formation. The product obtained was further dialysed in a dialysis

bag for 1 day to remove any residual impurities. The elimination of a neutralisation process
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resulted in the generation of no salt. Thus, no external impurities were introduced, and a pure
product was obtained. The GQDs samples were designated as BC-X-GQDs, where the X is the

pyrolysis temperature of the biochar precursor.

The main mechanism involved in the formation of GQDs under this approach involves a
combination of carbonisation, oxidation and nitration with controlled hydrothermal
fragmentation that removes the nitro groups in the formation of GQDs. A range of carbonaceous
materials with varying microstructures are produced from biomass in a bottom-up method and
then activated by chemical treatment and hydrothermally cut into GQDs in a top-down
approach. The aromatic carbon domains are developed from biomass at a higher temperature
(500-800 °C) by the rearrangement of carbon lattice in a hexagonal pattern. These aromatic
carbon domains are chemically activated and various functional groups are attached on the
surface, defect sites and basal planes of carbon matrix. The in-plane epoxy functional groups
(C-O-C) attached at the defect sites facilitate the disintegration of carbon domains into
nanoscale quantum dots under high temperature and high pressure hydrothermal treatment
(Rajender and Giri, 2016). Owing to their zero dimensionality, quantum confinement and

surface functionalisation, these quantum dots exhibit bright fluorescence.

3.4.3 Microwave-based high yield synthesis of GQDs as a PL sensor

High yield preparation of GQDs was performed by microwave assisted thermochemical cutting
of a carbon rich biochar sample. No activation treatment was involved, and as-prepared biochar
was used as the precursor material to produce GQDs. 20 mg of the as-prepared carbon rich
sample (BC-500) was added into the reactor containing 10 ml of DI water. About 2 ml of as
received HNOz was added to the reactor to create an acidic environment for the oxidative
cutting of carbon domains. Then the reactor was treated at a microwave power of 100-900 W
for 15-180 mins under reflux. Upon the completion of the pre-set duration, the obtained brown
dispersion was diluted with 100 ml of DI water and filtered through 0.1 um PVDF filtration
membranes to separate the larger unreacted particles. The obtained pale-yellow filtrate
contained the GQDs and hence shows bright luminescence. Figure 3.7 shows a schematic

illustration of the synthesis procedure for GQDs.
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Figure 3.7. The schematic illustration of the synthesis procedure for GQDs via microwave treatment.

The modification of as-prepared GQDs was performed by hydrothermal treatment in water. 20
mg of the as-synthesised GQDs were dispersed in 50 ml DI water and added to the Teflon lined
autoclave for hydrothermal treatment. After hydrothermal treatment at 200 °C for 8 h, the
dispersion was filtered through a 0.1 um PVDF filtration membrane and excess water was
removed using a rotary evaporator. The obtained concentrated solutions were freeze dried and
named as GQDs-X-M, where X indicates the microwave power and M stands for modified

form.

The mechanism of microwave treatment combines the chemical activation and hydrothermal
disintegration into a single step fast treatment. When a carbonaceous material is subjected to
microwave treatment under acidic conditions, the activation of carbon domains takes place with
strong acids along with simultaneous disintegration at high temperature. As a result, GQDs are
produced in a very short duration and at high yields (Abbas et al., 2020). Among various
approaches, microwave treatment is indeed beneficial due to its uniform and rapid heating,
thereby leading to extremely short reaction time.

3.4.4 Intensified and sustainable synthesis of GQDs directly from biomass waste

Large scale and sustainable synthesis of GQDs from biomass waste was performed in a single
step using two approaches. In first approach, the GQDs were prepared on a gram scale via
hydrothermal carbonisation of biochar under mild acidic conditions. In a typical procedure,
about 500 mg of as-prepared biochar was dispersed in 50 mL DI water and nearly 2 ml of as-

received HNO3 was added to the reaction mixture to create mild acidic conditions. The reaction
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mixture was transferred into a 100 mL acid digestion Parr reactor. The reactor was heated to
200 °C and maintained for 12 h. The reactor was then naturally cooled to room temperature.
The obtained suspension was filtered through a 0.1 um PVDF filtration membrane and GQDs

were obtained in the filtrate. The obtained solution was freeze dried to acquire GQDs powder.

The second approach was a sustainable synthesis of GQDs directly from biomass via
hydrothermal carbonisation. Neither oxidising nor reducing agent was employed and only water
was used as hydroxyl scissors to cut the carbon domains into nano-sized fragments at high
pressure. 1 g of biomass was dispersed in 100 mL of DI water and transferred into a 300 mL
Parr reactor. The reactor was heated at 200-300 °C for 12-24 h, followed by cooling to room
temperature. The products obtained at various temperatures and intervals were collected,
filtered and freeze dried. The final products were denoted as GQDs-x-y, where X indicates the
hydrothermal temperature and y indicates the treatment time. For example, GQDs-200-8
denotes the GQDs prepared at 200 °C for 8 h.

The major mechanism involved in both techniques is the development of aromatic carbon
domains from biomass and their cutting into nanoscale entities under high pressure and
temperature. The aromatic carbon domains are developed by removal of volatiles and organic
components of biomass and rearrangement of carbon matrix into a specific order. The
arrangement of carbon matrix into a hexagonal pattern results in the formation of aromatic
carbon domains. These carbon domains are not very stable due to inherent presence of
functional groups and cut into small pieces due to high temperature and pressure. These
nanoparticles demonstrate a few layers graphene structure and exhibit excellent optical
properties. The prominent optical properties make them suitable building blocks for a wide

range of applications.

3.5 Characterisation techniques

The structure, morphology and properties of the feedstock, biochar, activated carbons and
GQDs were studied by wide range of characterisation techniques. The technique used in this

study are discussed here.

3.5.1 Morphology characterisation

The surface morphology of the samples was studied by scanning electron microscopy (SEM),
while the nanoscale structure was explored by transmission electron microscopy (TEM).
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SEM is one of the most versatile techniques to examine the morphological features of the
carbon-based samples. SEM provides the knowledge about the morphology, orientation and
composition of the samples. The most common working signal of the SEM is based on image
generation from secondary electrons. When a sample is bombarded with a beam of focused
high energy electrons (5-15 keV), secondary electrons are generated by inelastic interactions
with much lower energy (~25 eV). These secondary electrons are then detected by a scintillator/
photomultiplier detector to create an image current. The scanning of the focused electron beam
across the sample surface and detection of secondary electrons emitted are correlated, and the
variation of image current with position modulates the brightness of the image resulting in a
topographical view. In this study, the morphology of the samples was characterised by a high
efficiency environmental scanning electron microscope (Philips XL30 FEG-ESEM) fitted with
a high brightness filed effect electron gun (FEG) which is suitable for imaging samples with
appreciable water content and a high-resolution imaging machine (FESEM, JEOL-7600F) both
operating at 5-15 kV. The ESEM was equipped with Energy Dispersive X-ray spectroscopy
(EDX, Oxford Xmax80, LN> Free). The SEM samples were prepared by dropping char powder
on the sample holder containing a sticky carbon tape. The sample holder was placed on sample
stage located inside the SEM setup. The samples were monitored with an internal camera to
select suitable places to analyse in detail. SEM images were taken at different magnifications
for better understanding of the morphology of the material.

TEM is used to study the nanoscale structure of the samples. As indicated by its name, the
working of the TEM is based on the formation of an image from transmitted electrons. When a
thin sample is subjected to a focused electron beam, many of these electrons are transmitted
through the sample but are scattered by its internal structure. An electron source at the top of
the microscope emits electrons that travel through a vacuum in the column of the microscope.
Electromagnetic lenses are used to focus the electrons into a very thin beam, and this is then
directed through the specimen of interest. The electrons passing through the specimen then
impact on a detector. Traditional bright field imaging relies on incident electrons being scattered
and disappearing from the main beam depending upon the compositional density and crystal
orientation of the sample. The intensity of un-scattered electrons gives rise to a "shadow image"
of the specimen, with different parts of a specimen displayed in varied darkness according to
density. The magnification depends on the extent to which the beam can be focussed at the
plane of the sample. The beam can be scanned over the sample to get high resolution analytical
information in a scanning transmission electron microscope (STEM). In this work, the

microstructure of samples was studied by a TEM fitted with several detectors; FEI Titan3™
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Themis 300: X-FEG operating at 300 kV. TEM samples were prepared by drop casting the
aqueous suspension of sample on a TEM grid. After letting it settle for ~5 minutes, the excess
sample was removed by triangular filter paper followed by mild washing with DI water to
remove the impurities, if any. The prepared TEM samples were dried at 60 °C to remove the

moisture before use.

Selected area electron diffraction (SAED) patterns are often used to determine the crystal
structure and interplanar distances in TEM. However, High Resolution TEM (HRTEM) was
used here as the carbon nanoparticles produced are very small (generally <10nm) and poorly
crystalline. In this case, the SAED contain just diffuse rings and little structural information.
Taking a Fast Fourier Transform (FFT) of a small area of a HRTEM images can generate similar
information. This is because the FFT gives the frequency distribution of the pixel intensities in
the HRTEM image. Any periodicity observed in the HRTEM image will give spots in the FFT.
So, the FFT may be interpreted as a "diffraction pattern” provided the crystalline particles are
in the right orientation. Thus, the crystallographic information was obtained from FFT of the
HRTEM images.

3.5.2 Atomic force microscopy

Atomic force microscopy (AFM) is a promising technique to study the thickness of graphene
and number of graphene layers in graphene derivatives. AFM is a unique approach to
distinguish between GQDs and carbon quantum dots. The thickness of GQDs is measured by
operating AFM in tapping mode and number of graphene layers are calculated by dividing total

thickness by thickness of one graphene layer (3.34 A).

The working principle of AFM is based on movement of nanoscale sharp tip attached to a
cantilever that scans over the sample. This cantilever/tip assembly is also known as a probe.
This AFM probe interacts with substrate in raster scanning motion. When the tip is brought in
close proximity of the sample, forces between the sample and tip cause the deflection of the
cantilever according to Hook’s Law. The cantilever bends as soon as the tip comes near the
sample surface, and this bending is detected by a laser diode and a position sensitive
photodetector denoted as PSPD. The bending is indicative of tip-sample interaction force. When
operating in tapping mode, the cantilever is caused to vibrate near its resonance frequency and
as a result the tip moves up and down in a sinusoidal motion. This motion is reduced by
attractive or repulsive interactions as the tip comes near the sample and in this way thickness

of the sample is measured (Cappella and Dietler, 1999).
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3.5.3 Nitrogen adsorption-desorption analysis

Nitrogen (N2) adsorption-desorption analysis was performed to study the total surface area,
mesoporous/microporous specific surface area, pore size, pore size distribution, pore volume
and specific pore volume of the samples using the Brunauer-Emmett-Teller (BET) method
(Brunauer et al., 1938). In this study, BET analysis was performed using a Thermo Scientific
Surfer Gas Adsorption Porosimeter. The analysis procedure started with the cleaning, drying
and degassing of the empty burette at 120 °C for 30 min. The degassed burette is weighed to
get the actual weight under vacuum. The char sample is placed in the burette and degassed at
150-200 °C for 15-24 h. Different degassing time periods were studied to analyse the effect of
degassing time on the surface area of the sample. The burette containing the degassed sample
was weighed. The actual weight of the degassed sample was calculated by subtracting the
weight of empty burette from the weight of burette with sample. The measurement of actual
weight was very important for the precise calculation of BET surface area. Finally, the burette
was installed into the surfer and the sample was exposed to N2 gas molecules at variable relative
pressure (P/Po = 0.1-1, where P is the equilibrium pressure and Po is the saturation pressure of
the nitrogen adsorbate at 77 K, the boiling point of N2. As the pressure is increased, N>
molecules adsorb on the surface of sample. BET theory assumes multilayer adsorption of gas
molecules on the surface of a material without interacting chemically with the sample. BET
theory (Brunauer et al., 1938) is based on following hypotheses:

1. The N2 gas molecules adsorb physically over the surface of a material in layers infinitely
2. The N2 molecules can only interact with the neighboring layers
3. Langmuir theory can be applied to each layer.

The resultant BET equation is:

= () + = (3.3)

where, P is equilibrium pressure and Pq is the saturation pressure of nitrogen, v is the quantity
of adsorbed gas, vm is the quantity of gas adsorbed with monolayer coverage, and c is BET

constant.
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After the completion of BET analysis, specific surface area, porosity and pore size distribution
were calculated using surfer software. The specific surface area (Sget) and total surface area
(Stotar) Were determined by BET method using the following equations:

m(Ns)
Stotal = . v > (3.4)
S ota
Sper = =% l (3.9)

a

Where, v, is the monolayer adsorbed gas quantity in the units of volume, N is the Avogadro
number, s is the adsorption cross section of adsorbing species, V is the volume of adsorbate gas

and a is the mass of sample or adsorbent.

The total pore volume was estimated from amount of gas adsorbed at P/Po = 0.99, where all the
pores are expected to be filled. This amount of adsorbed gas is converted into liquid volume
using the gas/liquid volume ratio which is 647 for N2 at 77 K. So total pore volume is calculated

using the following equation:

=22 (36)

Where, X, is amount of gas adsorbed, V, is total pore volume and Vg is the gas to liquid volume
ratio of N2 at 77 K.

The microporous/mesoporous surface area and volume were acquired using the t-plot method.
This method involves estimating the thickness of an adsorbate (N2) layer as a function of
relative pressure. This is generally known as statistical thickness, denoted by symbol t. The t
values are calculated using one of these equations: Halsey equation (3.7) (Halsey, 1948) and de
Boer equation (3.8) (De Boer et al., 1965).

5
2.303log (£2)

t (&) = 3.54] E 3.7)
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(3.8)

1
13.99 lz

0.034—10g(%)

() - |

The numeral values mentioned in these equations are specifically for N2 as an adsorbate. The
procedure for determination of micropore volume and surface area using t-plot method is the
same as BET method. Generally, for carbon black and related materials, relative pressure range
is selected as 0.2 < P/P, < 0.5. Then, the adsorption capacity ([STP]/g) is plotted as ordinate
against thickness t (nm) as abscissa and a straight line is generated. The intercept and slop of

the straight line are interpreted as micropore volume and external surface area using following

equations:
Ve =i x 0.001547 (cm?) (3.9
St (m?/g) = 15.47 x s (3.10)

Where, i is the intercept (cm3[STP]/g), s is the slope of straight line fitted to t-plot and 15.47 is

the conversion factor of gas to liquid volume.
In this study, QuadraWin software was used for the t-plot method calculations.

Pore size distribution was determined from desorption data using density functional theory
(DFT) (Bardestani et al., 2019).

3.5.4 XRD analysis

X-ray diffraction (XRD) is a non-destructive analytical technique used to determine the crystal
structure of a sample. The XRD principle can be better understood from Bragg’s Law. When
an X-ray beam impinges on the sample it interacts with the crystal planes of the material that
are suitably oriented with the beam. The incident X-rays can be reflected with a wavelength
that depends on the interplanar distance (d) of the crystal and at an angle equal to the incidence
angle. The diffracted X-rays cause the constructive interference when the path difference of the
reflected beam is equal to an integer multiple of its wavelength (2dsin® = ni), that is when
Bragg’s Law is satisfied. A detector scanning the diffracted beams will pick up a “Bragg
reflection” at this angle. The position of these reflections gives us the interlayer spacing of
atoms in the crystal structure. The peak intensities of these reflections tell us how much of a
specific phase is present in the sample. Variations on the x-ray diffraction technique can give

the position of atoms in a crystal, their order-disorder, chemical bonding and much other
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information. The properties of the analysed substance can be related back with the arrangement

of atoms in its crystal structure.

In this study, the crystallographic examination of the samples was performed on a powder X-
Ray diffractometer (XRD, Bruker D8 Advance) using Cu K, radiation (A = 1.5418 A). The
XRD pattern of the samples was recorded by scanning the sample at an angle to the incident

beam (which is twice the diffraction angle, 6) of 10-90°.

3.5.5 Raman spectroscopy

Raman spectroscopy is one of the most versatile techniques to study the structure of
carbonaceous samples. Raman spectroscopy is based on the inelastic scattering of the incident
photons. When a monochromatic light is incident on a sample, the resultant energy of the
photons in shifted up or down. This shift in the energy gives information about the vibrational
modes of the molecules in the sample and hence the chemical bonds within it. In this study,
Raman spectra were obtained through a Renishaw Plus Raman spectrometer using 514 nm laser
excitation. Raman samples were prepared in situ and placed on a glass substrate (20 mm x 60
mm). The glass substrate was installed on the sample stage for detection of photon emission.
The data collection settings were optimised as follows: 532 nm laser, 455mW (95% power at
source, 5% at filter). The optimised acquisitions were for 10 sec with 10 accumulations, the
objective was at 10x and aperture was set at 200 um. The spectra were measured with a

resolution of 2 cm.

3.5.6 Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a complimentary technique to Raman
spectroscopy and was used to study the surface functional groups of the sample. The FTIR
spectrum is generated based on the vibrational or rotational motions of molecules. When a
sample is subjected to infrared radiations of continuous frequency, certain frequencies are
absorbed by the molecules based on their vibrational or rotational modes. Consequently, the
spectra are recorded for transmitted frequencies against the wave number. The surface
functional moieties are identified by the absorbed frequencies at a specific wavenumber since
each molecule absorb frequencies at a certain wavenumber. Whereas Raman spectroscopy is
sensitive to the vibrations of centrosymmetric molecules, FTIR is most useful in the absence of

such symmetry.
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In this study, the FTIR spectra were recorded with the help of Bio-Rad FTIR spectrometer (Cary
630 FTIR, Agilent Technologies) using a Diamond ATR.KBr tip. Spectra of the samples were
collected over the range of 650-4000 cmL. The system was initiated with the collection of 265-
scans of background for air and water vapours followed by recording the spectra of desired
samples. After cleaning the sample stage and collecting the background spectra, solid/liquid
samples were placed on sample stage and characterised. The spectra were obtained with a

resolution of 4 cm™L.

3.5.7 XPS analysis

X-ray photoelectron spectroscopy (XPS) provides quantitative information about the electronic
structure, composition, and oxidation state of the top surface (~10 nm) of a material. In the XPS
process, when a sample is irradiated by X-rays, inner shell electrons are emitted. The binding
energy of the emitted electrons to their atoms is determined by the difference in the energy of
incident X-rays and the emitted electrons. The spectrum is obtained by determining the quantity
of electrons emitted over a rage of binding energies. The elements involved are then determined

by the electrons emitted at a specific energy.

In this study, the Surface elemental composition was analysed by X-ray photoelectron
spectroscopy (XPS) on a Thermo Fisher Scientific NEXSA spectrometer. Samples were
analysed using a micro focused monochromatic Al x-ray source (72 W) over an area of
approximately 400 um. Data were recorded at pass energies of 200 eV for survey scans and 50
eV for high resolution scans with 1 eV and 0.1 eV step sizes, respectively. Charge neutralisation
of the sample was achieved using a combination of both low energy electrons and argon ions.
High resolution XPS spectra were also obtained for each element and all the peaks were fitted
to their possible structure using Gaussian-Lorentzian model with the help of CASA XPS

software.

3.5.8 Optical properties analysis

Optical properties of the samples were evaluated by studying their ultraviolet and visible (UV-
vis) absorbance and photoluminescence characteristics. The UV-vis spectroscopy is the
guantitative measurement of the absorption of light by a material. In the analysis process, a
sample is scanned by an incident light of a continual changing wavelength (in the UV or visible
range) and the sample absorbs light of a specific wavelength. The amount of light that passes
through the sample is measured with respect to the intensity of light through a reference sample.
Incident light may generate fluorescent light emitted in a different direction and a detector may
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be positioned to capture thus in a fluorimeter. In this study, the absorption spectra were recorded
on a Shimadzu UV-1800 spectrophotometer, while the fluorescence measurements were
performed on Shimadzu RF-6000 Spectro fluorophotometer. The spectra were measured with

a resolution of 1 nm-1.

3.5.9 Photoluminescence sensing

A photoluminescence sensor was developed with high selectivity and sensitivity. GQDs were
employed as a fluorescence probe for the detection of ferric ions (Fe**) in aqueous media. The
sensing of Fe®*" was performed at 340 nm excitation using normal quartz cuvette. The
fluorescence spectra were measured using the mixture of GQDs and metal ions. In order to
evaluate the selectivity of GQDs towards Fe3* sensing, following fourteen different metal ions
were selected: Aglt, AI¥*, Ca?*, Co?*, Cr*, Cu?*, Mg?*, Mn?*, Mo?*, Fe%*, Sr?*, Zn?*, Nal*, Li'".
The concentration of GQDs was kept constant and 50 UM of each metal ion was added. After
mixing for 2 min, the fluorescence spectra were measured. The quantitative measurement of
Fe3* was carried out by preparing a series of FeCls and GQDs solutions, in which the
concentration of GQDs was kept constant but the concentration of Fe3* varied from 0 to 50 uM.
The fluorescence intensities of these solutions were recorded using fluorescence
spectrophotometer. A linear plot was obtained for fluorescence intensity verses Fe*

concentration.

0 10 20 30 40 50

Fe"” concentration (LM)

Figure 3.8. Linear plot of fluorescence intensity verses Fe** concentration at a range of 0-50 puM.
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3.6 Electrochemical measurements
3.6.1 Electrode preparation

The electrodes for electrochemical measurements were prepared by mixing AC (90 wt%) and
PVDF (10 wt%) in NMP solution by stirring overnight in a small glass vial. The homogeneous
slurry was coated onto the surface of graphite plates and a working electrode was prepared with
an area of 1 cm?. The amount of slurry loaded onto the surface of graphite plate was 30 pL
cm~2. The working electrodes for the static cell were also prepared in a similar manner but with
an area of 4 cm? (2 cm x 2 cm). A coating on the exact working area was obtained using a
masking technique. The coated electrodes were dried in oven overnight at 60 °C. The coating

thickness was measured to be ~0.3 mm.

3.6.2 Cell assembly

The performance of as-prepared AC was evaluated in a static cell. The arrangement of static
cell components was made as reported previously (Maharjan et al., 2017) and similar to
commercially available VRB batteries. The PAN based graphite felt was cut in pieces with size
similar to the working electrode (4 cm?) and immersed in 1.6 M V*35 (50/50 mixture of V3*

and V**) solution to fill with the electrolyte.

Porous carbon Silicon gasket

s Graphite felt
coating

Insulator

Graphite plate

Copper current collector

lon exchange separation membrane

Figure 3.9. Schematic representation of the static cell assembly used in this study.
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Each half cell consisted of a coated graphite plate placed in between the porous graphite felt
and copper plate current collector. The copper plate was followed by an insulator and an end
steel plate as a support. The two half cells were separated by an ion exchange membrane. The
end support plates were bolted and tightened to avoid any leakage of electrolyte. A schematic

illustration of cell assembly is presented in Figure 3.9.

In this study, the cells were prepared with high care and equal amount of electrolyte was loaded
onto each of the half-cells. The cells were assembled by maintaining an equal amount of
compression on all sides and all cells. After compression, the thickness of graphite felt was
reduced to ~3.00 mm and the thickness of the coating on graphite plate was ~0.3 mm,
accounting for 10% of the total thickness. In all the tests, the same graphite felts, plates,

membranes and electrolytes were employed.

3.6.3 Electrochemical performance study

The electrochemical performance of the samples was evaluated by cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS). A three-electrode cell design (Figure 3.10)
was employed for CV and EIS measurements where a platinum sheet and a saturated calomel
electrode (SCE) served as counter and reference electrodes, respectively. The pristine and

coated graphite plates were used as working electrodes.

Platinum ‘ . Coated
—p —— .
plate = graphite plate

Saturated calomel
electrode

Figure 3.10. Schematic depiction of the three-electrode setup for CV and EIS measurements.
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All the electrochemical measurements were carried out in 1.6 M V3°* in 4.5 M total sulphate
solution. The CV measurements were performed over a scan window of —-0.8 VV to 1.6 V at
different scan rates. The EIS measurements were carried out at open circuit potential at 50%
state of charge in V>°* (negative) and V4°* (positive) electrolytes at a frequency range of 100
kHz to 100 mHz with an amplitude of 10 mV.

The performance of the static cell was evaluated by charge-discharge cycles in a battery testing
system (NEWARE, China). The charge-discharge cycles were performed at current densities
of 5, 10 and 20 mA cm= in the potential window of 1.1 to 1.6 V. The energy efficiency,
columbic efficiency and voltage efficiency were calculated from charge-discharge results of the

static cells, as follows.

Discharge energy [Valgdt

EE = x 100 = 2442 % 100 (3.11)
Charge energy [Vl dt

CE = Discharge capa.city % 100 = [1gat % 100 (3.12)
Charge capacity [I.dt

VE = Average discharge voltage % 100 = E % 100 (3.13)
Average charge voltage CE

where, Vg and V¢ are discharging and charging voltages and lq and I¢ are discharging and

charging currents, respectively.
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Chapter 4 Effect of electrode porosity on the performance of vanadium

redox flow battery

4.1 Introduction

The vanadium redox flow battery (VRB) has attracted enormous attention as a large-scale
energy storage system owing to its long life, stable capacity and high safety. The electrode
porosity plays a crucial role in the performance of VRBs. This chapter discusses the effect of
electrode porosity on the electrocatalytic activity and charge transfer in VRB using biomass
derived porous carbon as electrode material. The electrode porous microstructure is
systematically modified, and specific surface area is enhanced from ~10 to ~2085 m? g, with
microporosity up to ~1930 m? g'1. The electrochemical performance of modified electrodes is
comprehensively investigated by cyclic voltammetry, impedance spectroscopy and
galvanostatic charge/discharge studies. The modified electrode with high a degree of porosity
improves the charge transfer process and exhibits lower charge transfer resistance with higher
electrocatalytic activity for vanadium redox reactions. Moreover, the VRB static cell
performance demonstrates superior energy, voltage and Coulombic efficiencies for modified
electrodes than the pristine graphite electrode at all tested current densities. The results suggest
that the tailored porosity substantially influences the charge migration and significantly

improves the VRB performance.

This is the first study that investigates the effect of electrode porous microstructure on the
catalytic activity, charge transfer and performance of VRB system using biomass derived
carbon. The lab-synthesised porous electrodes demonstrate superior performance to the
commercially available graphite electrodes, which suggests their promise as a cost effective,

sustainable and high-performance alternate electrode material for future VRB applications.

4.2  Morphology and structure analysis

Activation of biomass with KOH is highly effective and widely used approach to produce ACs
with enhanced degree of porosity and improved electrochemical performance (Cui etal., 2017).
The underlying mechanism of KOH activation has been proposed in the literature (Lillo-
Rddenas et al., 2003; Raymundo-Pinero et al., 2005; He et al., 2010; Wang and Kaskel, 2012;
Wang et al., 2020), and described in section 2.2.2.
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Significant weight loss occurred during the activation process and the yields of as-prepared
ACs were around 60 % of the original biochar. Owing to the considerable weight loss, the
generation of abundant nanoscale pores can be expected.

i

Figure 4.1. SEM images of (a, b) biochar showing flat nonporous morphology, (c, d) AC-2, (e, f) AC-
3, and (g, h) AC-4 demonstrating well established microporous structure.
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The morphological characteristics of the spent tea derived ACs were studied by SEM analysis.
Figure 4.1shows the SEM images of biochar and three type of AC samples prepared at different
activation ratios. The SEM images of biochar (Figure 4.1a, b) show a flat morphology without
any noticeable porous structure. In contrast, the samples obtained after the activation show
significant porous morphology with enhanced degree of microporosity (Figure 4.1c-h). The low
magnification images (Figure 4.1c, e, g) indicate the presence of a small number of macropores.
Interestingly, as the activation ratio increased, more macropores were formed in AC-4 (Figure
4.1¢g). These macroporous channels facilitate the electrolyte ions’ transport into the interior

mesopores and micropores (Wu et al., 2019).

The microporous structure of the as-prepared carbon materials was further studied by high
magnification SEM analysis. The high magnification SEM images (Figure 4.1d, f, h) indicate
the generation of substantial micropores in the carbon matrix. Moreover, this microporosity
increased with increase in activation ratio. Therefore, AC-2 has the lowest level of porosity and
AC-4 has the highest level of porosity. In addition, a smooth surface morphology with uniform
porosity is observed for AC-4. The increasing porosity leads to higher specific surface area.
The substantial porous network helps in electrolyte transport (Wang et al., 2012b) and high
surface area offers excessive sites across the electrode/electrolyte interface (Maharjan et al.,
2017).

To ascertain the highly porous structure and increasing level of porosity in ACs, surface area
measurements were performed. Nitrogen (N2) adsorption-desorption studies were performed to
study the specific surface area and pore structure of biochar and AC samples. The isotherm of
biochar is shown in Figure 4.2, which indicates almost no adsorption at low relative pressure
(P/Po < 0.3), suggesting the absence of micropores. Meanwhile, a minute rise in the isotherm
curve at high relative pressure shows the presence of some macropores (Wu et al., 2019). The
specific surface area of biochar was calculated to be ~10 m? g*. Such a low surface area of
biochar is attributed to its non-porous nature (Lee et al., 2013b), consistent with the SEM

analysis.
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Figure 4.2. Nitrogen adsorption-desorption isotherms of biochar prepared by pyrolysis treatment at
600 °C.

The N adsorption-desorption isotherm of the AC-2, AC-3 and AC-4 are presented in Figure
4.3(a-c). According to IUPAC classification (Sing, 1985), all three types of ACs exhibit type
IV isotherms and H4 hysteresis loop. According to IUPAC, the H4 hysteresis is associated with
narrow slit-like pores (Sing, 1985). The isotherm curves indicate that major N2 adsorption takes
place at relative pressure (P/Po) less than 0.3. A substantial sharp rise in the N2 adsorption-
desorption isotherm at low relative pressure (P/Po < 0.05) suggests the presence of abundant
micropores in all ACs. An obvious hysteresis loop at medium relative pressure (P/Po = 0.5 —
0.8) in AC-2 indicate the existence of abundant mesopores. On the other hand, a horizontal
adsorption plateau observed in AC-3 and AC-4 at medium relative pressure (P/Po = 0.4 — 0.8)
suggest the dominance of micropores. There still may exist some mesopores because of the

small hysteresis and little deviation of curves from almost horizontal plateau.
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Figure 4.3. (a-c) Nitrogen adsorption-desorption isotherms and (d-f) pore size distributions of AC-2, (a,
d) AC-3 (b, e) and AC-4 (c, f).

The high relative pressure area (P/Po = 0.97 — 1.0) consists of a quite pronounced hysteresis
loop which implies the formation of extensive pores and widening of existing pores during
activation process (Peng et al., 2013; Maharjan et al., 2017; Wu et al., 2019). The specific
surface areas of ACs were calculated using the standard BET method. The pores size
distribution of these carbon materials calculated by density functional theory (DFT) model are
presented in Figure 4.3(d-f). The distribution curves clearly demonstrate the dominance of
micropores (d < 20 A) in all the samples. It is apparent that KOH activation can generate
abundant nanoscale pores. The specific surface area, total pore volume and pore structure
parameters are summarised in Table 4.1. With increase in the activation ratio, the specific
surface area and pore volume increased significantly due to increase of activation. The specific
surface areas of AC-2, AC-3 and AC-4 were determined to be 1260, 1610 and 2085 m? g%, and
total pore volumes were calculated to be ~0.8, 0.69 and 1.17 cm® g. These results indicate that
the activation ratio is the major factor affecting the surface area and pore volume of ACs.
Among all samples, AC-4 exhibit largest specific surface area, abundant micropores and highest
total pore volume, which is attributed to the highest activation ratio. These results are consistent
with the SEM studies, where AC-4 shows the extensive porous structure consisting of

micropores.
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Table 4.1. The BET surface area and pore structure parameters of AC-2, AC-3 and AC-4.

Sample BET surface Micropore Mesopore Total pore Micropore Mesopore
area surface area surface area volume volume (cm® volume
g (m?g) (m? g e g oY (em®g )
AC-2 1260 1136 124 0.805 0.563 0.242
AC-3 1610 1484 126 0.69 0.58 0.11
AC-4 2085 1930 155 1.174 0.97 0.204

The total surface area was determined by BET method. The total pore volume was estimated
from the amount adsorbed at P/Po = 0.99, where all the pores are expected to be filled. The

microporous/mesoporous surface area and volume were acquired from the t-plot method.

The structural features of the as-prepared ACs were further studied by XRD and Raman
analysis. The XRD patterns of as-synthesised ACs are presented in Figure 4.4a. All the samples
exhibit a broad diffraction peak at 20 value of ~43° corresponding to the (100) plane of carbon
(Vazquez-Santos et al., 2012). The broad nature of the bands observed suggest the formation
of an amorphous or nanocrystalline carbon structure (Chu and Li, 2006). Considerable intensity
of the low-angle scattering in all the samples indicates a high density of pores (Zhu et al.,
2011b).
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Figure 4.4. (a) XRD and (b) smoothed Raman spectra of AC-2, AC-3 and AC-4.

Figure 4.4b shows the Raman spectra of the as-prepared ACs, displaying two broad bands at
~1346 and ~1597 cm™ designated as the D (disorder) and G (graphite/crystalline) bands,
respectively. The D band is related to the disorder and defects in the carbonaceous structures,

while the G band is due to Ezg vibrations of graphitic material (Tuinstra and Koenig, 1970;
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Ferrari and Basko, 2013). The intensity ratio of D and G bands (Ip/lg) indicates the degree of
graphitic ordering in the carbon structure. The Ip/lc ratio of AC-2, AC-3 and AC-4 were
calculated to be 0.97,1.03, 1.01, respectively. All these values indicate a high density of
defects/disorder related to the amorphous or semi graphitic carbon (Schwan et al., 1996; Ferrari
and Robertson, 2000). According to XRD and Raman analysis, it is suggested that as-prepared
ACs exhibit relatively low degree of order.

The qualitative identification of the surface functional groups of the as-prepared ACs was
performed by FTIR analysis. The Figure 4.5 shows that the spectra of all the AC samples are
very similar and indicate the presence of oxygenated functional groups. The functionalised
surface of ACs implies that the chemical activation treatment and acidic washing introduced
active species on the surface (Bouleghlimat et al., 2013). The oxygen containing functional
groups on the surface of porous carbon materials are beneficial for the electrochemical activity
(Park et al., 2014).
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Figure 4.5. FTIR spectra of biomass derived biochar, AC-2, AC-3, and AC-4 samples.

The surface elemental composition of the ACs were further studied by XPS analysis. Figure

4.6 shows the XPS spectra of ACs and their corresponding high resolution C1s and O1s spectra.

The survey XPS spectra (Figure 4.6 a, d, g) of ACs exhibit two main peaks at ~285.4 eV and

~533.4eV, which are assigned to C1s and Ol1s, respectively. Another small peak at ~399.4eV

is attributed to the traces of nitrogen. This confirms that all the samples are composed of C, N
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and O elements. The contents of C, O and N elements derived from XPS analysis are compared

with their bulk elemental analysis (Table 4.2).

Table 4.2. The comparison of the elemental composition determined by XPS analysis and
ultimate analysis of AC-2, AC-3 and AC-4.

AC-2 AC-3 AC-4
XPS elemental analysis (at. %6)
C 92.66 83.78 87.33
N 0.02 0.34 0.35
O 7.32 15.89 12.32
Ultimate analysis (dry basis, wt.%6)
C 88.11 76.56 79.54
H 0.84 1.61 1.15
N 1.25 0.95 1.33
o* 9.8 20.88 17.98

*Calculated by difference

The outcomes of both analyses are quite similar and demonstrate a rise in oxygen and nitrogen
contents with increase in the activation ratio. These oxygen and nitrogen species are known to
introduce defects in graphitic structure, resulting in improvement of electrocatalytic activity
(Jinetal., 2013; Park et al., 2014). The high resolution C1s spectrum (Figure 4.6b, e, h) consist
of three major peaks associated with the bonding of carbon atoms with carbon and oxygen
atoms. The peaks at 284.75, 286.9, and 289.5 eV are related to C-C/C=C, C-O-C and C=0,
respectively (Nakayama et al., 1990; Park et al., 2014). The peak at 291.8¢V is attributed to 7-
n* bonding (Maharjan et al., 2017). The sp® alignment of bonds generates 6—* bands while
sp? sites form m-m* bands, indicating the sp? dominant structure of the samples (Maharjan et al.,
2017).

The high resolution O1s spectrum (Figure 4.6c, f, i) can be deconvoluted into three components,
suggesting that oxygen atom exist in three distinct bonding types in the carbon structure. The
peaks at 531.5, 533, and 536 eV can be attributed to C=0 carbonyl groups, C-O-C ether groups
(or C-OH phenol groups) and chemisorbed oxygen groups (COOH carboxylic groups or water),
respectively (Oh et al., 2014). These results indicate the incorporation of abundant oxygenated
functional groups on the surface of ACs, which act as active sites for vanadium redox couples
and improve electrochemical performance (Park et al., 2014). Moreover, these oxygen
functional groups have been known to facilitate the charge transfer by increasing the
hydrophilicity (Sun and Skyllas-Kazacos, 1992; Rui et al., 2013).
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Figure 4.6. Survey XPS spectra showing the C and O elements, high resolution C1s spectra indicating
the presence of C-C, C-O and C=0 groups, and high resolution O1s spectra displaying C=0, C-O and
COOH groups in (a-c) AC-2, (d-f) AC-3 and (g-i) AC-4, respectively. (CPS represent the original data
and envelop is the fitted data).

4.3 Electrochemical performance
4.3.1 Battery operation

The electrochemical performance of the VRB can be monitored and tailored by understanding
their reactions kinetics. The chemistry and operation of VRBs has been discussed in section
2.2.3. As discussed earlier, an ideal electrode with optimised degree of meso- and
microporosity, good hydrophilicity and high electrocatalytic activity should facilitate the VRB
redox reactions with good reversibility. To this end, a series of advanced carbon electrodes with

well-defined structures are designed (Figure 4.7).
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Figure 4.7. Schematic illustration of the meso- and micro-porous structure of carbon electrode
facilitating the vanadium redox reactions.

4.3.2 Electrochemical analysis

In order to study the effect of porosity on charge transfer in VRB, the electrochemical
performance of as-prepared carbon samples was evaluated by CV, EIS and charge-discharge
studies. Figure 4.8a represents the CV curves for AC-2, AC-3, and AC-4 coated graphite plate
electrodes at a scan rate of 5 mV st in 1.6 M V3% electrolyte solution. All three type of
electrodes demonstrate two obvious redox couples: V**/V* and V?*/V3* at positive and
negative potentials, respectively. An outstanding electrochemical reversibility of both redox
couples is clearly noticeable for all the electrodes, which indicates the prominent potential of
all ACs for VRB and is consistent with the previous reports (Li et al., 2013a; Ulaganathan et
al., 2015). It is important to note that anodic and cathodic current response for AC-2 modified
electrode is quite low as compared to its counter parts, which can be ascribed to the low porosity
and relatively low specific surface area of the electrode. On the other hand, significantly higher
current response is observed towards both redox reactions for AC-4, indicating the improved

charge transfer and electrocatalytic activity of AC-4.

Interestingly, another redox couple V3*/V#* is also found for AC-4 coated graphite plate at
~0.42 V having a peak separation of ~0.65 V. In case of AC-3 modified electrode the peaks for
V3 V4 redox couple are suppressed and totally disappear for AC-2 electrode. The V3 /Vv4*
redox couple is associated with an initial precharging step for converting the electrolyte mixture
into catholyte and anolyte forms. Since the redox reactions of V**/V** couple requires high
electrocatalytic activity due to its slow kinetics (Roznyatovskaya et al., 2016), it is observed
only for the AC-4 coated graphite plate. These results indicate the good electrocatalytic activity

of the AC-4 modified electrode. This can be attributed to the improved charge transfer process
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due to the increased amount of electrochemically active sites created by the high degree of

porosity, the large surface area and abundant oxygen functional groups.
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Figure 4.8. (a) Cyclic voltammetry (CV) curves for AC-2, AC-3 and AC-4 modified graphite electrodes
in 1.6 M V3% electrolyte solution at a scan rate of 5 mV s, indicating the enhanced electrochemical
performance of AC-4. (b) Comparison of CV curves for AC-4 modified and pristine bipolar graphite
electrodes. (b) CV curves for AC-4 modified electrode at different scan rates.

In order to gain further insight into the performance of AC-4 modified electrode, it was
compared with the pristine bipolar graphite electrode. Figure 4.8b shows the CV curves for the
pristine and AC-4 coated graphite plate electrodes at a scan rate of 5 mV s, As expected,
VoV and V2V redox couples are observed for both pristine and AC-4 modified bipolar
graphite electrodes. It is important to note that good electrochemical reversibility with
significantly higher anodic and cathodic current response is observed for the AC-4 modified
electrode as compared with the pristine bipolar plate, which verifies the enhanced charge

transfer activity of the AC-4 for both redox couples. Moreover, the obvious peaks of V3*/v4*

87



redox reactions for the AC-4 modified electrode are totally missing for pristine bipolar
electrode. These results further signify the exceptional electrochemical performance of the AC-
4 modified electrode as compared to the conventional bipolar plate.

To investigate performance stability of the modified electrode, CV was carried out at higher
scan rates (Figure 4.8c). As the scan rate is increased, the V3*/V** redox couple gets suppressed
due to its inherent slow kinetics (Roznyatovskaya et al., 2016), however, the other two redox
couples V2*/\V3* and V°*/V#* still exist with prominent peaks. As usual, with an increase in the
scan rate the peak potential changes toward lower potential during the reduction and higher
potential in oxidation. However, the potential difference still exists between reduction and
oxidation peaks which is a positive sign of the outstanding reversibility and redox reaction
kinetics (Maharjan et al., 2017). Moreover, the electrode coating was still intact after CV
cycling at high scan rates, which indicates the good stability of the modified electrode for long

cycle life.

To further explore the origin of the improved electrocatalytic activity of AC-4, EIS
measurements were performed. Figure 4.9 shows the EIS results for AC-4 modified and pristine
graphite electrodes at 50% SOC in anolyte and catholyte. The Nyquist plots consist of a
semicircle which originates from charge transfer reactions and ohmic resistance, and a linear
fragment that is due to the diffusion and transfer of the vanadium ions from pores of the
electrode (Yao et al., 2012). Charge transfer resistance is the main concern in this study since
it correlates with the electrode kinetic. The high frequency intercept to real part of the
impedance for both samples was moved to the same point to compare the charge transfer
resistance of modified and pristine electrodes. The EIS results derived from Nyquist plots in
Figure 4.9a demonstrate that the charge transfer resistance of pristine bipolar plate (5.32 Q) is
almost tenfold higher compared with the AC-4 modified electrode (0.5 Q) in the negative
(V#IV®) electrolyte. Likewise, the AC-4 modified graphite electrode displayed lower charge
transfer resistance (0.365 Q) than the pristine bipolar electrode (0.673 Q) in the positive
(V°*IV*) electrolyte (Figure 4.9b). Thus, in both electrolytes the AC-4 modified electrode
manifested reduced charge transfer resistance that improves the electrochemical reactions
(Maharjan et al., 2019). The CV and EIS combined analyses suggest that the improved
electrochemical reactions are governed by decreased charge transfer resistance which can be
attributed to the abundant oxygenated functional groups in the highly porous network of AC-4,

as reported previously (Maharjan et al., 2017).
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Figure 4.9. Nyquist curves for AC-4 modified and pristine bipolar graphite electrodes in (a) catholyte
V25 and (b) anolyte V45* at 50% state of charge.

The superior electrochemical performance of AC-4 can be better understood by the VRB
electrocatalytic mechanism proposed by Skyllas Kazacos and co-workers (Sun and Skyllas-
Kazacos, 1992; Corcuera and Skyllas-Kazacos, 2012; Kim et al., 2015b). They reported that
the C-OH phenolic group act as an active site for the vanadium redox reactions. The whole
process at the positive half-cell can be divided into three main steps as follows:

1. The diffusion of the VO?* ion from the electrolyte to the electrode surface and an ion

exchange between VO?* and the H* of the phenolic group.

2. The transfer of an O atom from C-O groups on the electrode surface to the VO?* ion to

form VO,* and subsequent transfer of an electron to the electrode along the C-O-V bond.

3. The ion exchange between VO;" and H" in the electrolyte completing the oxidation

reaction.

In negative half- cell, the reduction reaction takes place in similar way (Sun and Skyllas-
Kazacos, 1992): the exchange of V** and H* ions, the transfer of an electron from the electrode

to V3* to form V?* and final ion exchange between V2* and H* ions of electrolyte.

The AC-4 with high O/C ratio verified by XPS and bulk elemental analysis, possesses extensive
oxygenated moieties embedded in its highly porous network. These nanoscale pores with rich
oxygen functionalities act as active sites for the vanadium redox reactions and improve the

charge transfer process thereby enhancing electrocatalytic activity of the electrode.
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4.3.3 Static cell performance

To recognise the above-mentioned benefits of the AC-4 modified electrode in three electrode
system, its performance in VRB static cell configuration was evaluated. The charge-discharge
cyclic study was carried out at potential cut-off window of 1.1 to 1.6 V at various current
densities. The charge-discharge profiles of the initial five cycles at a current density of 5 mA
cm~2 for cells with pristine and modified electrodes are presented in Figure 4.10a. It can be seen
that the AC-4 modified electrode exhibits stable charge-discharge performance and reveals
improved capacity compared to the pristine graphite plate. The pristine bipolar electrode
finishes its 5 cycles in 1/3 time of the AC-4 modified electrode’s same number of cycles. A
longer charge discharge time of the AC-4 modified electrode indicates its enhanced capacity

due to increase in electrochemically active area.

Figure 4.10b-c show the comparison of energy and voltage efficiencies of cells with modified
and pristine bipolar electrodes at various current densities (5-20 mA cm). It is interesting to
note that almost all the AC modified electrodes display higher values for both voltage and
energy efficiencies at all tested current densities. A good and stable Coulombic efficiency is
observed for both pristine and modified electrodes (Figure 4.10d). The energy and voltage
efficiencies decline with the current density, which can be ascribed to high ohmic polarisation
(Aziz et al., 2020) or high dynamic voltage (IR) drop at higher current densities (Maharjan et
al., 2017). A small increase in the energy efficiency of AC-4 modified electrode at 10 mAcm™
might be due to increased Coulombic efficiency at higher current density (Aziz et al., 2017).
The superior performance of AC modified electrodes can be attributed to the improved
electrochemical activity, plenty of oxygenated functional groups available and good contact
between bipolar plate and the porous graphite felt. Consistent with CV and EIS studies, the AC-
4 modified electrode demonstrates superior energy and voltage efficiencies than its counterparts
AC-2 and AC-3 at almost all tested current densities. Such an exceptional behavior of AC-4 is
ascribed to its ultrahigh microporosity and excess reaction sites available for electrochemical

reaction to occur.

90



e AC-44 40
(a) Pristine graphite
1.6 - = =
: 30 S
— -
S 154 g =
% £ E
g 1.4 4 E 20 z
° 3] 2
- e =
1.3 oy g
7] =
E 5
1.2 4
1.1 T T T T T T T
0 10000 20000 30000 40000 50000 60000 70000 Cycle number
Time (s)
100 ————— 40 100 @ A
C —g=i—F =
- ( 2—0—-—-—.—\.- I — —
" 1 —— r h
S R NS e ==
i ™. =] s
z K b
2 80 T B =
——— i~ £
= Lo 5§ =
- 5 e g
L 704 = 5 =
@ = -
=T = £ 804 2L
=] ] JE . @
= w0 AC-4 s = AC-4 =
S 009 AC-3 S 8 —=—AC-3 o
= AC-2 —=—AC-2 ~
—<— Pristine graphite| —#— Pristine graphite
50 T T T T T T T w0 70 T T T T T T T 0
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
Cycle number Cycle number

Figure 4.10. Charge-discharge profiles of AC-4 modified and pristine bipolar graphite electrodes at
constant current density of 5 mA cm2. (b) Comparison of energy efficiency and (c) voltage efficiency
of bipolar plate reference and ACs coated electrodes at different constant current densities of 5, 10 and
20 mA cm™.

In order to confirm the performance stability of the modified electrodes in practical
applications, the charge-discharge studies were performed for 50 cycles at a constant current
density of 10 mA cm in a VRB static cell configuration. Figure 4.11a-b shows the energy
efficiency and voltage efficiency of cells with pristine and modified electrodes over 50 cycles.
The cell with AC-4 modified electrode demonstrate a stable and superior cyclic performance
compared to the pristine graphite plate throughout the 50 cycles. Energy and voltage
efficiencies of over 90% were observed for the AC-4 modified electrode in the VRB cell
configuration. Moreover, a stable Coulombic efficiency of ~98% was noted for the AC-4
modified electrode (Figure 4.12). A slight decrease in energy efficiency over the long cycling
performance could be due to electrolyte crossover through the membrane (Bhattarai et al., 2018;
Bhattarai et al.,, 2019). Nonetheless, the AC-4 modified electrode exhibit more stable
performance than the pristine electrode. The energy efficiency of present system is comparable

with a commercial VRB system.
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Figure 4.11. () The energy efficiency and (b) voltage efficiency of bipolar graphite plate reference and
AC-4 coated graphite electrode at constant current density of 10 mA cm=. (c) Comparison of the energy
and (b) voltage efficiencies of AC-2, AC-3 and AC-4 coated graphite electrodes at constant current
density of 10 mA ¢cm2.

The long-term cyclic performance of the 3 AC samples was also evaluated. As evidenced from
Figure 4.11c-d, the efficiency of the cell increased with an increase in active area. Moreover,
this trend was stable throughout 50 cycles. A similar trend was observed for Coulombic
efficiency of all the electrodes and ~98% of stable the Coulombic efficiency was observed
(Figure 4.12). The highest energy and voltage efficiencies were obtained for the most porous
sample AC-4. Such an improved long cyclic life of the electrode is attributed to stable structure,
enlarged microporosity, high electrocatalytic activity, excessive reaction sites and uninterrupted

charge transfer process.
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Figure 4.12. (a) Coulombic efficiency of bipolar graphite plate reference and AC-4 coated graphite
electrode, and (c) comparison of the Coulombic efficiencies of AC-2, AC-3 and AC-4 coated graphite
electrodes at constant current density of 10 mA ¢cm™2

Generally, the current graphite-based electrodes are produced from non-renewable resources
and are costly. Thus, the present study clearly demonstrates that highly porous AC derived from
a renewable source such as tea leaves can be a potential candidate as electrode material for VRB
applications. The AC modified electrode would benefit from low cost and enhanced electro-
catalytic activity. Furthermore, the present ACs could be used as filler materials in next
generation bipolar graphite plates which would benefit from lower cost. Finally, it is believed
that this study will pave the way to investigate the usage of wide variety of biomass wastes as
a renewable precursor for the production of high-performance electrodes for redox flow
batteries. This will simultaneously solve the future energy storage demands and biomass waste

recycling problems.

4.4  Summary

In summary, a range of highly porous carbon materials have been prepared from tea waste and
the effect of electrode porosity on the performance of VRB is evaluated. The specific surface
area is enhanced from 10 m?g! to over 2000 m?g ! and a high degree of microporosity is
achieved. The modified electrodes manifest superior electrochemical performance than the
pristine graphite electrode. The highly microporous electrode reveals dual benefits: firstly, it
offers excess active sites to facilitate the reversible redox reactions; secondly, it improves the
electrochemical performance due to improved charge transfer and high electrocatalytic activity.
The synergetic effect of high surface area, microporosity and oxygenated functional groups lead

to the enhanced electro-catalytic activity which enabled the improved charge transfer process.
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Such a unique finding certainly opens the way to utilise cost effective biomass derived porous

carbon-based high-performance electrodes in VRBs.
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Chapter 5 Sustainable synthesis of graphene quantum dots with high
purity

5.1 Introduction

Graphene quantum dots (GQDs) have attracted extensive attention in a wide variety of
applications owing to their fascinating optical properties. Despite several efforts, a systematic
study on the investigation of suitable biomass precursor for the synthesis of GQDs is still
lacking. Moreover, the fundamental issues of high cost and introduction of impurities in product
remain open challenges. In this chapter, a green, cheap, and renewable biomass source was used
for the cost-effective sustainable synthesis of GQDs with high purity and controllable optical
properties. The elimination of commonly employed acid-base neutralisation process was the
key to obtain ultra-pure GQDs. The GQDs possess 3-9 layer graphene structure with a size
range of 2-20 nm and exhibit excitation dependent photoluminescence emission. The tunable
size of GQDs paved the way to controllable photoluminescence properties with the band gap
varying from 2.67 to 2.95 eV. The specific surface area of GQDs (104 m? g') was measured
for the first time, which additionally verified the synthesis of bulk samples. The simple, cost-
effective, and sustainable development of highly pure GQDs with tunable optical properties
presents bright promise for their future applications in sensing, photocatalytic and biomedical
fields.

5.2 Biochar Synthesis and characterisation
5.2.1 Morphological study of biochar

The morphologies of the black tea feedstock and biochar samples were obtained by SEM
(Figure 5.1ai-c1). Pores are observed in the structure of the tea surface. The higher
magnification images (1000x-5000x from Figure 5.1b-c) further verify the structure and show
micrometer sized pores at the center of flower-like morphology. The morphology of the tea
changes significantly with pyrolysis treatment. The SEM images of biochar synthesised at
200 °C show very heterogeneous morphology and irregular structure due to the dehydration

and beginning of decarboxylation reactions (Figure 5.1a,-c2) (Yu et al., 2017).
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Figure 5.1. SEM images of raw black tea (a1, b1, c1) and their char derivatives obtained at 200 °C
(a2,b2,¢2), 300 °C(as, bs, c3), 400 °C (as, ba, c4) and 500 °C(as, bs, cs) at different magnifications.

It was reported (Bilbao et al., 1989) that the decomposition of hemicellulose is dominant at a
temperature range of >200°C-230 °C, cellulose decomposition dominates at 260-290 °C and
the lignin decomposition takes place along with cellulose above 290 °C and continues up to
600 °C. As a result, the morphology of tea develops, and the porosity increases with pyrolysis
temperature. At 400 °C more porosity is seen at higher magnification along with well-ordered
surface morphology. At 500 °C the morphology of spent black tea changes to somehow like a
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layered structure (Figure 5.1as-cs). Meanwhile, the porosity increases, as evidenced by the

cross-sectional view image (Figure 5.1cs).

It was observed that increasing pyrolysis temperature up to 500 °C increases the porosity and
provides well-defined pore structure of biochar. These pores form when volatile substances are
released from hot surface. The natural porosity of biomass is increased by the pyrolysis of
cellulose, leaving channels which provide an easy escape route for the volatile products (Yu et
al., 2017).

5.2.2 Structural analysis of biochar

The structural properties of biochar were investigated using Raman and FTIR spectroscopies.
The FTIR spectra of the black tea feedstock shown in Figure 5.2a displays a broad peak at
~3100-3700 cm™* corresponding to the stretching vibrations of O-H groups, whereas the peaks
at around 2900 and 2850 cm™ are attributed to the aliphatic C-H (alkanes) groups. The peaks at
about 1735 and 1636 cm™ are assigned to C=0 bonds of carbonyl and C=C in aromatic groups,
respectively. The bands at 1450-1460 cm™ are related to the (C-C) and alkane groups. The peak
at 1321 cm is related to the strong content of oxygenated species: esters, ethers, carboxylic
acids and alcohols. The band at about 1232 cm™ is attributed to aliphatic amines, whereas the
sharp band at around 1000 cm™ is attributed to the C-O stretching of the ether group. The bands
at 875-750 cm™ correspond to the aromatic C-H out of plane bending vibrations (Lazim et al.,
2015).

A continuous reduction in the intensity of these infrared bands is observed with increase in the
pyrolysis temperature. These changes indicate that the major chemical and/or structural changes
that take place are attributed to the degradation of cellulose and hemicellulose constituents of
tea. This process initiates at around 250-300 °C with a maximum decomposition rate at about
370 °C (Yu et al., 2017) and takes place by the breakage of C-O, C-H and C-C bonds by
dehydration, decarboxylation and decarbonisation (Lin et al., 2009). On the other hand, the
decomposition of lignin takes place over a wide range (280-600 °C) with a highest degradation
rate at about 450 °C (Nassar and MacKay, 2007; Brebu and Vasile, 2010) to produce phenolic
groups (Gani and Naruse, 2007). The FTIR peaks due to aliphatic groups at around 2900 cm™

only disappear when the pyrolysis temperature was ~500 °C.
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Figure 5.2. (a) FTIR spectra of raw black tea, and biochar samples obtained by pyrolysis of black tea at
different temperatures from 200 to 500 °C. (b) Raman spectra of biochar samples with HTT range of
200-500 °C.

Raman spectra of char samples acquired from the pyrolysis of black tea at 200-500 °C are
presented in Figure 5.2b. The Raman spectra for biochar samples derived from 300-500°C
contain two broad bands at ~1360 and ~1587 cm™ designated as the D (disorder) and G
(graphite) bands respectively, which are indicative of a carbonaceous structure. The G bands
have similar shapes and only small differences in the energies of the bands (Figure 5.2b). There
appear to be shifts in the D and G bands with pyrolysis temperature, but the spectra are similar
to the well-known spectra for disordered carbons. The G band is related to the Exqg stretching
mode of graphite (Tuinstra and Koenig, 1970; Sheng, 2007; Tabish et al., 2017). The D band
corresponds to the breathing mode of Aig symmetry involving phonons near Brillouin zone
boundary (Ferrari and Robertson, 2000). Since the D band shows disorder and there is no
disorder in pure crystalline graphite, this D band has negligible intensity in pure crystalline
graphite (Gupta et al., 2006). The intensity ratio Ip/lc provides a useful characterisation of the
crystallinity of the char produced and this decreases with increasing temperature (Tuinstra and
Koenig, 1970). Our results show Ip/lg ratio of about 0.84 for biochar samples at 400 and 500 °C
which clearly demonstrates their sp? dominant carbon structure (Tuinstra and Koenig, 1970;
Ferrari et al., 2006).

The surface elemental composition of the biochar was further confirmed by X-ray photoelectron
spectroscopy (XPS). The XPS analysis of the BC-500 is presented in Figure 5.3. The survey
spectrum shows three main peaks at 284.4, 400.4 and 532.4 eV, which are assigned to C1s, N1s
and Ol1s, respectively (Figure 5.3a). Another peak at 347.4 eV associated with Ca 2p is also
observed. The XPS elemental analysis indicates that the biochar is mainly composed of C(78.27

at%) , 0(15.59 at%) and N(3.39 at%), with a limited amount of Ca from the feedstock. The
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high resolution C1s spectrum (Figure 5.3b) can be deconvoluted into three peaks at 284.75,
285.64, and 288.16 eV, which are attributed to C-C/C=C, C-O-C and C=0, respectively (Ding
et al., 2015). The other small peak at 290.08 is attributed to carbonate and two peaks at 293.27
and 296.11 eV are assigned to plasmon loss features. The N1s spectrum (Figure 5.3c) consists
of two broad bands at 398.64 and 400.46 eV, corresponding to the pyridinic N (C-N-C) and
pyrrolic N (N-H), respectively (Pels et al., 1995b). The O1s spectrum (Figure 5.3d) consists of
two major peaks at 531.98 and 533.58 eV, which can be attributed to C=0 and C-OH/C-O-C
groups, respectively (Sevilla and Fuertes, 2009a; Ding et al., 2015). These results are in good

agreement with the results of FTIR which shows the presence of C=0 and O-H groups in
biochar.
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Figure 5.3. The (a) XPS survey spectrum of BC-500 and its corresponding high resolution (b) C 1s, (c)
N 1s, (d) O 1s spectra.
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The CHN analytical data for biochar obtained at different pyrolysis temperatures is given in
Table 5.1. Elemental analysis (dry and ash free basis) of biochar prepared at different HTTs.
The carbon content increases and hydrogen content decreases with increase in pyrolysis
temperature, which is consistent with a carbonisation process. The analytical data gave a C/N
ratio of ~16 for the bulk sample while XPS data gave C/N of ~23 at the surface.

Table 5.1. Elemental analysis (dry and ash free basis) of biochar prepared at different HTTs.

Sample HTT Carbon Hydrogen Nitrogen Oxygen*
Black Tea Dried at 80 °C  44.82 5.69 3.98 45.51
BC-200 200°C 52.38 4.89 4.63 38.1
BC-300 300°C 64.97 4.54 521 25.28
BC-400 400 °C 68.26 3.46 5.19 23.09
BC-500 500 °C 71.09 2.24 5.18 21.49

*Calculated by difference

5.3 Characterisation of activated char

Activation is the state of increased tendency of a substance to undergo a chemical reaction.
Among the numerous approaches developed, activation of biochar with strong acids is widely
accepted approach for its conversion into graphene-based materials. The biochar activation was
carried out with individual acids and acid mixture for investigating their effect on the properties
of the product. In order to investigate the effect of activating agents on optical properties,
different acids were used. The mixture of sulfuric acid and nitric acid as well as only nitric acid
were utilised as activating agents. The activated char from both techniques was subjected to
hydrothermal carbonisation and GQDs with varying properties were obtained. As shown in
Figure 5.4, the photoluminescence spectra of GQDs prepared from two activation techniques
are quite different. The normalised PL spectra showed an obvious shift of ~35 nm in emission
maximum between the two. A broad emission band was obtained for activation with HNOs
only. The PL spectra of GQDs synthesised from biochar activated using only HNO3 was shifted
to the higher wavelength region showing the larger size of the quantum dots produced as
compared to the ones formed by using mixture of acids as activating agents. Thus, using a
mixture of strong acids was found to be a key factor in activating the biochar for the synthesis
of small sized GQDs. The mixture of acids was also found to lead to improve the optical

properties.
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Figure 5.4. Comparison of the photoluminescence spectra of GQDs obtained by hydrothermal treatment
of biochar activated by mixture of H.SO4 and HNO3 (blue), and only HNO3z (green).

During the activation process hydroxyl, oxygenated and nitro groups (-OH, -COOH, -COO,
NO- etc.) are added on the surface of basal planes of sp? carbon domains (Duan et al., 2016).
This phenomenon makes the carbon domains weak, reactive, and hydrophilic in nature.

Consequently, these carbon domains become suitable for disintegration into small fragments.
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Figure 5.5. (a) FTIR analysis of BC-500 before (green) and after (orange) activation with a mixture of

HNO; and H2SO4 (3:1 vol.%). (b) Schematic illustration of oxygenated, hydroxyl and nitro groups on
the surface and basal planes of sp? carbon domains.
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The activation of biochar was characterised by FTIR spectroscopy. The FTIR spectrum of
activated char in Figure 5.5a shows that activation led to the incorporation of organic functional
groups into the carbon structure compared to non-activated sample. There is a broad peak at
~3000-3500 cm™ assigned to the stretching vibrations of hydroxyl (O-H) and amine (N-H)
groups. The strong band at ~1700 cm™ is assigned to the stretching vibration of carbonyl (C=0)
groups. The band at 1600 cm™ is assigned to aromatic C=C stretching in lignin. The bands at
~1530 cm™ and ~1340 cm™ are assigned to asymmetric and symmetric stretching vibrations of
nitro (NO) groups, respectively (Bekyarova et al., 2009). The band at ~1430 cm™ is attributed
to C-C stretching vibrations in aromatics. The bands at 1000-1250 cm are allocated to the C-
O stretching vibrations in xylan and lignin. The peak at ~905 cm™ is related to the out of plane

bending vibrations of C-H bond in aromatic rings.
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Figure 5.6. The (a) XPS survey, (b) C 1s, (c) N 1s, (d) O 1s high-resolution XPS spectra of BC-500-
GQDs obtained after neutralisation with NaOH. Spectra shows numerous contaminations introduced in
the product.

102



Interestingly, washing the activated char with hot DI water was the key to remove excess acids
from the surface and acquire neutral pH. On the other hand, when the same sample was washed
with room-temperature DI water, neutral pH was not attained due to incomplete removal of
excess acids, thus requiring the neutralisation with a base (e.g. NaOH). This neutralisation
process introduced sodium (Na) impurities in the sample. To analyze the effect of these
impurities on the final product, XPS analysis of the product was performed. The XPS analysis
indicates that the introduction of leftover sulphur (from the acid) and Na (from the base)
contaminations in the final product was inevitable and these were present as impurities as shown

in Figure 5.6.

Thus, extensive washing with hot water and elimination of the neutralisation step played a vital
role in the preparation of a highly pure product. A schematic illustration of the activated biochar
is shown in Figure 5.5b. It shows that during the activation process, the hydroxyl, oxygenated
and nitro groups (-OH, -COOH, -COO, -NO, etc.) are added on the surface and basal planes of
carbon which make it suitable for disintegration into quantum sized fragments.

The XPS spectra of activated and hot water washed sample (BC-500-A) are shown in Figure
5.7. The survey XPS spectrum of the activated/oxidised biochar BC-500-A exhibits three major
peaks at 285.25, 400.25 and 532.25 eV, corresponding to C1s (68.15 At%) , N1s (6.44 At%)
and O1s(24.28 At%), respectively (Figure 5.7a). The activation process has increased both the
oxygen and nitrogen contents substantially. Interestingly, the Ca impurities from the biochar
have been removed by the strong acids. The high resolution C1s spectrum (Figure 5.7b) shows
three peaks at 284.66, 286.1, 288.52 eV, which can be attributed to C-C/C=C, C-N and C-
O/C=0, respectively (Ding et al., 2015). Comparison with non-activated samples in Figure 5.3
shows a marked increase in the C=0 peak due to activation. The N1s spectrum (Figure 5.7¢)
consist of two bands at 399.8 and 405.5 eV. The former has a shape consistent with being
composed of two bands corresponding to pyridinic/pyrrolic components in a carbonaceous
structure. Pyridinic nitrogen has a peak at 398.6 eV and pyrrolic at 400.5 eV (Pels et al., 1995b).

The latter band at higher energy, which appeared due to activation, is attributed to N-oxide
(NO2) (Pels et al., 1995a; Bekyarova et al., 2009). The interesting observation is the presence
of a high concentration of N-oxides in activated biochar. These N-oxides play a vital role in the
strong activation of carbon and its fragmentation into GQDs. The results are consistent with the
stability of N-functionalities in carbon in relation to HTT. Previously, high concentrations of

N-oxides have been observed in carbons with low O contents (Xiao et al., 2005).
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Figure 5.7. The (a) XPS survey spectrum, (b) C1s, (c) N1s, (d) O1s high-resolution spectra of activated
biochar BC-500-A after washing with hot DI water.

The O1s spectrum (Figure 5.7d) can be resolved into three peaks at 532.6, 533.9 and 534.2 eV,
which can be attributed to C-O, C=0 and C-OH groups, respectively (Sevilla and Fuertes,
2009a; Ding et al., 2015). The XPS results reveal the presence of oxygenated groups on the
surface of biochar, confirming the results of FTIR. A relatively high oxygen to carbon ratio
(O/C = 35%) was found as compared to non-activated biochar (O/C = 20%), verifying the
extensive oxidation of the biochar.

The addition of these functional groups on the surface of activated char facilitates the formation
of GQDs at high temperature. The results of XPS and FTIR analysis indicate that during the
activation process, the hydroxyl, oxygenated and nitro groups (-OH, -COOH, -COO, -NO etc.)
are added on the surface, as reported previously (Duan et al., 2016). This increases carbon
reactivity and the hydrophilic character of the material. Consequently, this highly reactive

carbon is efficiently disintegrated at high temperature and pressure into quantum dots.
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5.4 Characterisation of GQDs
5.4.1 Morphological study of GQDs

The surface morphology of the samples was studied by TEM and AFM. Figure 5.8 shows the
TEM image of the products formed upon the hydrothermal treatment of BC-200 and BC-300
precursors. The development of sp? carbon domains in the precursor material is critical to
synthesise GQDs. Therefore, only large sized particles with high degree of agglomeration
(Figure 5.8a) or sheet formation (Figure 5.8b) are observed when a precursor (BC-200 and BC-
300) with little or no sp? carbon domains is utilised. This is verified by the characterisation
profile of the samples in Figure 5.2, where a precursor with good sp? content is obtained at
temperatures above 400 °C. Heat treatment of biomass at temperatures below 400°C does result
in some carbonisation as shown by the FTIR spectra (Figure 5.2a). However, the thermal
degradation products for HTT below 400 °C do not fragment to sp? carbon domains and are,

therefore, not suitable precursors for the synthesis of GQDs.

Figure 5.8. The product obtained from hydrothermal treatment process of (a) BC-200 sample and (b)
BC-300 sample.

Moreover, the hydrothermal temperature plays a key role in the disintegration of sp? carbon
domains, as the low temperature would not be enough to breakdown the carbon domains into
small fragments. On the other hand, the higher temperature would destroy their surface and
structure, leading to diminished photoluminescence properties. Therefore, a series of
experiments were carried out to investigate the most suitable hydrothermal temperature for the
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synthesis of GQDs. After a systematic study, 200 °C was found to be the optimum temperature
for the synthesis of GQDs with uniform distribution and prominent photoluminescence
properties.
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Figure 5.9. (a) TEM image, (b) HRTEM image (inset is the corresponding FFT of the red marked
square), (c) histogram showing the size distribution, (d) AFM image and (e) height profile of the BC-
400-GQDs obtained by hydrothermal treatment of BC-400 precursor.

Figure 5.9a shows the TEM image of as-synthesised product obtained by hydrothermal
carbonisation of BC-400 precursor. The formation of quantum dots (BC-400-GQDs) with fairly
uniform shape and size distribution can be observed. The corresponding histogram in Figure
5.9¢ reveals that as-prepared GQDs have a lateral diameter of 30.4 + 4.4 nm. The high-
resolution TEM (HRTEM) image in Figure 5.9b demonstrates the high crystallinity of as-
prepared GQDs with a lattice spacing of 0.237 nm, corresponding to the (1120) planes of
graphene (0.24 nm) (Wang et al., 2016d). Inset in Figure 5.9b is the corresponding FFT image
of the GQD in the region marked by the square. The as-prepared GQDs were further
characterised by AFM to gain insight into their thickness. AFM observations (Figure 5.9d, €)
reveal the typical topographic morphology of GQDs dispersed on mica substrate and
corresponding height profile, respectively suggesting that as-prepared GQDs have a thickness
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of 5-8 nm, corresponding to 15-20 graphene layers. These GQDs also show a small degree of

agglomeration.

These results indicate that partially carbonised biochar precursors containing little or no content
of sp? structure are not suitable for the synthesis of GQDs with uniform size and shape
distribution. BC-500 was used for the synthesis of evenly dispersed GQDs and hydrothermal

treatment gave GQDs with narrow size distribution.
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Figure 5.10. (a) TEM image, inset is the Tyndall light scattering effect, (b)) HRTEM image (inset is the
corresponding FFT of the marked square), (c) histogram showing the size distribution, (d) AFM image
and (e) height profile of the BC-500-GQDs obtained by hydrothermal treatment of BC-500 precursor.

The products obtained from the hydrothermal carbonisation of BC-500 precursor are presented
in Figure 5.10. The TEM image demonstrates the evenly dispersed quantum dots (BC-500-
GQDs) with uniform shape and size distribution. Fine size and even distribution of the quantum
dots with no agglomeration can be clearly observed. The careful size measurement of as-
synthesised BC-500-GQDs is presented in Figure 5.10c and exhibit a size distribution of 14 +
2.6 nm. The nanometer particle size and dispersion of the GQDs were verified by light
scattering. The Tyndall effect (Figure 5.10a inset) was clearly observed in the colloidal
suspension of GQDs in water. The HRTEM image (Figure 5.10b) further reveal that as-
prepared BC-500-GQDs show a lattice parameter of 0.21 nm corresponding to (1100)
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hexagonal lattice plane spacing of graphene (Huang et al., 2020). Inset is the FFT pattern from
the marked square in HRTEM. The AFM image (Figure 5.10d) shows the typical topographic
morphology of BC-500-GQDs and corresponding height profiles (Figure 5.10e, f) indicate a

thickness of 1 to 3 nm, related to 3-9 layers of graphene.

The bulk properties of the GQDs were confirmed by measuring the surface area using gas
adsorption. Surface areas was measured using the nitrogen adsorption/desorption method. The
BET surface areas of BC-400-GQDs and BC-500-GQDs were 23 and 104 m? g*. The large
surface area of BC-500-GQDs further verifies their size is smaller than BC-400-GQDs, which
is consistent with the TEM measurements.

5.4.2 Structural studies of GQDs

The structural and electronic properties of as-synthesised GQDs were characterised by
spectroscopic methods. The FTIR of both types of GQDs (Figure 5.11a) show a strong
absorption due to oxygenated functional groups, consistent with the previous reports (Hu et al.,
2013a). The spectra show the presence of hydroxyl (O-H) groups at ~3200 cm. A week band
at ~2800 cm! is related to the presence of alkanes (C-H). The carbonyl (C=0) groups were
found at ~1685 cm™. The peak at ~1600 cm is attributed to the C=C stretching in alkenes.
The band at ~1552 cm™ is attributed to the influence of carboxylate groups. The peak at 1367
cm is associated with the presence of C-OH groups. The peaks at ~1230 cm™ and 1097 cm!
are due to C-O stretching in carboxy and alkoxy groups, respectively. The bands at 920 cm*
and 750 cm! are attributed to the out of plane bending vibration of C-H groups (Si and
Samulski, 2008; Acik et al., 2010; Hu et al., 2013a). The number of carboxyl and hydroxyl
groups present on the surface of GQDs impart hydrophilic properties and enhance the
luminescence. These functional groups make GQDs easily dispersible in water to make a stable
suspension. Interestingly, the absence of NO- groups indicates that large amount of nitro groups
present in the activated carbon were removed completely from the final product. In addition,
the oxygenated functional groups on the surface of GQDs may act as a passivation layer and

hinder their agglomeration (Tang et al., 2012).

Raman spectra (Figure 5.11b) of GQDs consist of two distinctive bands: disorder (D) band
(1385 cm1) and crystalline (G) band (1600 cm™1), which are similar to the spectra of BC-500.
The D band is related to the defect mediated zone-edge (near K-point) phonons that shows the
defects, edges and disorder in the carbon lattice. The G band is associated with the in-plane
vibration of sp? carbon atoms and usually indicates the crystallinity of the carbon. In graphene,

the G band is related to Exq phonons at Brillouin zone center and its frequency decreases with
108



increasing the number of graphene layers (Gupta et al., 2006). Figure 5.11b shows that the
intensity of the D band is lower than that of the G band which is in good agreement with
graphene where the D band is usually weaker than the G band (Gupta et al., 2006; Kim et al.,
2013). An obvious blue shift was also observed for the both bands, as reported previously (Pan
et al., 2012). A blue shift of about 17 cm~* was seen for BC-400-GQDs as compared to BC-
500-GQDs. The intensity ratios (Io/lg) of BC-400-GQDs and BC-500-GQDs are about 0.88
and 0.89, respectively, which show their degree of crystallinity and are in good agreement with
the previous reports (Kim et al., 2012; Kim et al., 2013).
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Figure 5.11. (a) FTIR spectra of the BC-400-GQDs and BC-500-GQDs showing different types of
functional groups attached on the surface of GQDs. (b) Raman spectra of BC-400-GQDs and BC-500-
GQDs with the bands in the range of 1200-1800 cm™ which is typically of carbonised materials.

In order to confirm the products in this study are indeed GQDs and not their carbon dot
counterpart, further analysis was performed by various techniques such as XRD, XPS, AFM,
etc. Figure 5.12 shows the XRD pattern of the BC-500-GQDs. The XRD pattern of the purified
product exhibit one prominent peak at 26 value of 24-25° corresponding to (002) plane of
graphite. This specifies the presence of layered structure, which can be confirmed to be a few
layered graphene structure of GQDs. The broad nature of this peak is due to small crystallite
size of the GQDs. This is in agreement with the previous reports (Zhang et al., 2012a; Li et al.,
2013Db; Suryawanshi et al., 2014).

The surface elemental composition of the GQDs was verified by XPS. The survey XPS
spectrum of the BC-500-GQDs shows three peaks at about 284.4, 399.4 and 532.4 eV, which
are assigned to C1s, N1s and O1s, respectively (Figure 5.13a). The absence of any impurity

atoms (Ca, S, etc.) confirms the high purity of the product obtained.
109



Intensity (a.u)

0 10 20 30 4 50 6 70 80
20 (°)

Figure 5.12. The XRD pattern of the purified BC-500-GQDs.

The high resolution C1s spectrum (Figure 5.13b) show three peaks at ~284.8, ~286.5, and
~288.8 eV, which can be attributed to C-C/C=C, C-O-C and O-C=0, respectively (Ding et al.,
2015). The N1s spectrum (Figure 5.13c) consist of a single broad bands at ~399.8 eV,
corresponding to the traces of pyridinic/pyrrolic nitrogen present in the product (Pels et al.,
1995b). The XPS analysis of GQDs shows the absence of N-oxide functionality observed in the
activated biochar (see Figure 5.7c). The O1s spectrum (Figure 5.13d) consist of two major
peaks at 532.1 and 533.5 eV, which can be attributed to O=C and O-C, respectively (Sevilla
and Fuertes, 2009a; Ding et al., 2015).

The XPS elemental analysis indicate that GQDs are mainly composed of C, O and N, which
show the high purity of the product. These results are in good agreement with the results of
FTIR which shows the presence of oxygenated groups on the surface of biochar. The O/C ratio
was found to be ~16%, indicating the oxygenated nature of the GQDs which make them
hydrophilic in nature. This is an indication of the formation of GQDs because the carbon dots
usually possess high oxygen ratio of over 50% (Baker and Baker, 2010; Li et al., 2012a). On
the other hand, the O/C ratio of activated biochar was ~35%. The controlled introduction of
oxygen functionalities in GQDs makes their properties controllable. In addition to XRD and
XPS results, AFM analysis has shown the thickness of GQDs to be 1-3 nm consisting of 3-9
graphene layers. These results suggest that the product obtained is indeed GQD and not the

carbon dot counterpart.
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Figure 5.13. The (a) XPS survey, (b) C 1s, (c) N 1s, (d) O 1s high-resolution XPS spectra of BC-500-
GQDs.

5.4.3 Photoluminescence and UV Visible absorption studies

The optical properties of GQDs were studied through the analysis of their UV-Visible and
photoluminescence spectra. The UV-Vis absorption spectrum of BC-400-GQDs prepared at
200 °C is shown in Figure 5.14a. It can be observed clearly that as-prepared GQDs exhibit a
strong absorption in the UV region. A broad absorption band was observed at around 284 to
334 nm with a mean value of about 300 nm which is attributed to the n—z* transition, typically

observed in graphene like systems (Suryawanshi et al., 2014).

The photoluminescence properties of GQDs were studied at a range of excitation wavelengths
from 350 nm to 410 nm (Figure 5.14b). The as-prepared GQDs exhibit excitation dependent
photoluminescence emission as a result of the quantum confinement effect or different
functional groups introducing various emissive states (Li et al., 2012a; Ananthanarayanan et
al., 2014; Suryawanshi et al., 2014). When excited at 350 nm, the BC-400-GQDs show as
excitation peak at 430 nm. BC-400-GQDs exhibit an increase in photoluminescence intensity

with a rise in excitation wavelength and the strongest peak is observed at 465 nm when excited
111



at 390 nm (Figure 5.14b). The emission wavelength shows a red shift of 50 nm when the
excitation wavelength is varied from 350 to 400 nm (Figure 5.15a). The obvious red-shift of
about 50 nm is attributed to the decreased degree of the quantum confinement effect because
low energy photons only excite large sized quantum dots with a smaller bandgap (Wang et al.,
2016d). The bandgap of BC-400-GQDs based on the strongest emission peak was calculated to
be 2.67 eV.
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Figure 5.14. (a) UV-Vis absorbance and (b) photoluminescence (PL) spectra of BC-400-GQDs at a
range of excitation wavelengths; inset in (a) is the GQDs solution under 365 nm UV light. (c) UV-Vis
absorbance and (b) PL spectra of BC-500-GQDs at different excitation wavelengths, inset in (c) is the
photograph of BC-500-GQDs solution under 365 nm UV lamp.

The UV-Vis absorption spectrum of BC-500-GQDs showed a strong absorption in the UV
range (Figure 5.14c). A deep absorption band was observed at about 295 nm which is attributed
to the n—=* transition, usually observed in nanostructured graphene (Suryawanshi et al., 2014).
The photoluminescence spectra of BC-500-GQDs are presented in Figure 5.14d. When excited
by a 320 nm laser, these GQDs show emission band at around 415 nm. The most intense

emission peak was found at 420 nm when excited by 340 nm wavelength, which is consistent
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with previously reported GQDs (Li et al., 2012c; Kwon et al., 2016). With a change in the
excitation wavelength to 400 nm, the photoluminescence emission peak shifts to ~500 nm. With
an increase in the excitation wavelength, the emission maxima shift toward the red wavelength
regime. The emission wavelength shows a red shift of 80 nm when excitation wavelength is
varied from 320 to 400 nm, which is due to a decreased quantum confinement effect in the
quantum dots with larger size (Figure 5.15b). Interestingly, it was noted that degree of red shift
was gradually decreased with increase in excitation wavelength. This is because the
photoluminescence excited by high-energy photons only comes from the small sized GQDs,
while the low energy photons mainly excite the GQDs with large size whose quantity and size
distribution decreases after the mean value (Figure 5.10c). These excitation dependent emission
properties make them suitable building blocks for integration onto devices exhibiting different
colors. The band gap of BC-500-GQDs was calculated to be 2.95 eV.

The photoluminescence properties of GQDs indicate a strong relationship with their particle
size, which controls their band gap. The band gap of BC-400-GQDs and BC-500-GQDs were
calculated to be 2.67 and 2.95 eV based on their strongest emission, respectively. GQDs with
smaller size has higher bandgap and therefore require high energy photons for their excitation
(Ye et al., 2015). On the other hand, larger size GQDs exhibit a smaller bandgap and can be
excited with lower energy photons. Thus, higher energy is required for exciting BC-500-GQDs
as compared to BC-400-GQDs.
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Figure 5.15. (a) The normalised PL spectra of BC-400-GQDs showing a red shift from 430 nm to 480
nm with change in excitation wavelength and (b) normalised PL spectra of BC-500-GQDs showing a
red shift of about 80 nm in emission maxima.
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Both type of GQDs exhibit variable photoluminescence properties due to different bandgap
based on their size, which is in agreement with previous reports (Yan et al., 2010b; Li et al.,
2012b; Lee et al., 2013a). A decrease in GQDs size leads to a shift in photoluminescence
emission at higher energy (Li et al., 2012a; Tetsuka et al., 2012; Kumar et al., 2014; Sk et al.,
2014). Thus, based on our TEM results, small sized BC-500-GQDs exhibit a blue shift in
emission maximum (415 nm) compared to large sized BC-400-GQDs (465 nm). This is further
confirmed in the inset in Figure 5.14a and c, where the solution of GQDs under 365 nm
excitation changes color from light green to sky blue. These results indicate that the bandgap
of our GQDs can be tuned by varying their size and thus the photoluminescence properties can
be controlled. The tunable photoluminescence properties of our GQDs make them suitable

building blocks for a range of applications.

The photoluminescence excitation (PLE) spectra of as-prepared GQDs is presented in Figure
5.16a. The PLE of BC-400-GQDs was recorded at the strongest luminescence emission 465 nm
and a broad excitation band at ~330 nm was observed. This PLE band corresponds to the
absorption band (290-350nm) of BC-400-GQDs. The PLE spectra of BC-500-GQDs was
determined at 415 nm corresponding to the strongest emission maxima. A sharp PLE band was
observed at around 310 nm, which is related to the strong absorption band (300 nm) of BC-
500-GQDs. Thus, the UV, PL and PLE results of our GQDs are consistent.
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Figure 5.16. (a) The normalised photoluminescence excitation (PLE) spectra of BC-400-GQDs at 465
nm and BC-500-GQDs at 415 nm emission wavelength. (b) Photoluminescence analysis of water
(green) and methanol (black) blanks showing no emission, and photoluminescence emission (at 330 nm
excitation) of freeze-dried BC-500-GQDs dispersed in water (red) and methanol (blue) exhibiting
retention of inherent photoluminescence properties with no significant effect of dispersant.
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In order to confirm that the photoluminescence properties were not coming from the dispersant
or impurities, the photoluminescence properties of the dispersant (water and methanol) were
measured as a control sample. As shown in Figure 5.16b, the blank samples did not show any
luminescence with water or methanol only. However, the strong luminesce emission observed
upon the addition of BC-500-GQDs in the dispersant and the luminescence properties were
independent of the dispersant. The GQDs did not lose their luminescence properties after

freeze-drying and the strong emission recovered upon dispersion in solvent.

It has been proposed (Pan et al., 2010; Shen et al., 2011) that the luminescence of GQDs may
originate from emissive free zigzag sites having a carbene like triplet ground state, known as
o'nt. The carbine ground state multiplicity is associated with the energy difference between
and o orbitals that should be < 1.5 eV as calculated by Hoffmann (Hoffmann, 1968). The
electronic transition of ~310 nm and ~330 nm in the photoluminescence excitation spectra can
be attributed to the transitions from ¢ and & orbitals, namely highest occupied molecular orbitals
(HOMO) to lowest unoccupied molecular orbital (LUMO) (Pan et al., 2010). Thus, the
photoluminescence spectra of GQDs are related to the decay of activated electrons from LUMO
to HOMO. A decrease in the particle size of GQDs result in the blue shift. Moreover, the
emission intensity of these GQDs depends upon the degree of reduction, namely the reaction
time and temperature, higher degree of reduction could result in photoluminescence quenching.
These results are consistent with the previous reports, where the PL intensity is ascribed to the
concentration change of small sp? carbon clusters with higher band gap embedded in sp® matrix
during reduction (Eda et al., 2010).

5.5 Summary

An easy approach for the sustainable production of ultra-pure GQDs from a renewable source
has been developed. A novel process combines carbonisation, oxidation and nitration with
controlled hydrothermal fragmentation that removes the N-oxide groups in the formation of
GQDs. The removal of the neutralisation process by the introduction of hot water washing
played a key role in the production of highly pure GQDs. The typical topographic morphology
of GQDs indicated a thickness of 1 to 3 nm, corresponding to 3-5 layers of graphene. The
average sizes of GQDs prepared by hydrothermal treatment of two biochars with HTTs of 400
and 500 °C were 14 + 2.6 nm and 30.4 = 4.4 nm. The surface area measurements further verified
the TEM results confirming the presence of GQDs in bulk amount (100 mg). The band gaps of
the GQDs were 2.95 and 2.67 eV, resulting in the controllable photoluminescence properties.
The GQDs exhibited excitation dependent photoluminescence emission with a blue shift in
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emission with decrease in size of GQDs. This simple synthetic method shows advantages for
low cost, sustainability, and the possibility of scale-up to make larger quantities of highly pure
GQDs with controllable optical properties. Moreover, the present study highlights the

significance of employing low-value biomass resources to produce high-value nanomaterials.
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Chapter 6 High yield synthesis of graphene quantum dots as an efficient

photoluminescence sensor

Despite many efforts, the product yield of graphene quantum dots (GQDs) is still exceptionally
low. In this chapter, the renewable biomass source was utilised for the high yield synthesis of
GQDs via microwave treatment. The synthesis approach involved the oxidative cutting of short
range ordered carbon derived from the pyrolysis of biomass waste. GQDs were successfully
synthesised with a high yield (> 80%), the highest value reported to date for biomass derived
GQDs. The synthesised GQDs were highly hydrophilic and exhibited unique excitation
independent photoluminescence emission attributed to intrinsic state emission. The prepared
GQDs were further modified by simple hydrothermal treatment and employed for the selective

and sensitive detection of Fe3* ions with a detection limit of as low as 2.5 x 10°° M.

This technique has not been reported previously for the synthesis of GQDs from biomass.
Moreover, such a high product yield has not been obtained from any other technique for GQDs
derived from biomass. Thus, the utilisation of a renewable resource along with simple
microwave treatment highlights that green, high yield and cost-effective synthesis of GQDs is

possible.
6.1 Preparation and characterisation of GQDs

GQDs were successfully synthesised by oxidative cutting of short range ordered carbon using
HNOs as an oxidising agent via microwave heating in a short duration. In order to evaluate the
effect of microwave power and processing time on the optical properties of GQDs, a thorough
study was carried out at a range of microwave powers (100-900 W) and processing times (15-
180 min). The optical properties of products were studied by recording their photoluminescence
(PL) emission. The PL emission intensities of the products prepared at 100, 300, 500 and 900
W power, and after 15, 30, 60, 120 and 180 min of heating are compared in Figure 6.1. It can
be seen clearly that the PL emission intensity of GQDs increases with power up to 500 W and
shows a decline with further increase in power to 900 W. This indicates that optical properties
of GQDs enhance with microwave power, while a substantial rise in microwave power impose
an adverse effect. Similarly, the PL intensity increases with an increase in the processing time
up to 120 min and decreases thereafter (Figure 6.1b). These results suggest that the optical
properties of GQDs are dependent on their processing time and power. Therefore, the PL

intensity increases with power and time up to a certain value and starts declining afterwards.
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This is perhaps due to an increase in the cleavage of carbon domains into nanosized quantum
dots with increase in power and processing times, while increasing the power and time over a
certain limit may result in destruction of the surface and structure of GQDs leading to
diminished PL emission. These findings suggest that the intermediate values of 500 W power
and 120 min process duration are suggested to be the best conditions for the synthesis of high

quality GQDs with excellent optical properties.
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Figure 6.1. Comparison of the effect of (a) microwave power and (b) processing time on the PL emission
of GQDs at an excitation wavelength of 340 nm.

For further understanding, the optical properties of GQDs prepared at 500 and 900 W (named
as GQDs-500 and GQDs-900) were studied in detail by ultraviolet-visible (UV-Vis) absorption
and PL emission spectroscopies. The UV-Vis spectra of GQDs-500 and GQDs-900 are
presented in Figure 6.2. Both type of GQDs exhibit strong absorption in the UV range. Nature
of both GQDs is similar and show absorption at ~300 nm. However, it can be noticed that the
absorption band of GQDs-500 is relatively stronger as compared to that of GQDs-900. This
might be due to destruction of the surface structure of GQDs-900 at high microwave power.
The peaks observed at about 300 nm are due to n-* transition of C=0, generally observed in
graphene systems (Luo et al., 2009). The non-bonding or ‘n’ electrons are the unpaired
electrons on oxygen of the carbonyl group (C=0). Therefore, n to n* transition takes place
when one of the unpaired oxygen electrons is excited to the antibonding ©* orbital (Aidas et

al., 2005).
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Figure 6.2. UV-Vis spectra of (a) GQDs-500 and (b) GQDs-900 showing a strong absorption in UV
range.

The optical emission of GQDs was explored by carrying out a detailed study of luminescence
emission at various excitation wavelengths. Figure 6.3 shows the PL spectra of GQDs-500 and
GQDs-900 at various excitation wavelengths. Both type of GQDs exhibit excitation
independent PL emission at a range of excitation wavelengths from 300 to 400 nm. When
excited by 300 nm excitation wavelength, the GQDs-500 display a weak PL emission with a
peak at ~514 nm. The PL intensity of GQDs-500 increases gradually with increase in the
excitation wavelength and exhibit a strongest emission at 340 nm excitation. The PL intensity
decreases thereafter but this decline reduces gradually and stabilises at about 390 nm.
Therefore, the PL intensities at 390 and 400 nm excitation are almost the same. Similarly,
GQDs-900 also show PL emission having a peak at ~514 nm. The PL intensity of GQDs-900
also variates with change in the excitation wavelength and shows a strongest emission at ~514
nm when excited by 340 nm incident light. These results suggest that both types of these
quantum dots are similar in nature, although the PL intensity of GQDs-500 is stronger as
compared to GQDs-900.

The optical bandgap of these GQDs was calculated based on the UV-Vis absorbance spectra

using Tauc plot (Tauc et al., 1966) as follows:
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(ahv)”Y = A(hv — Eg) (6.1)

where, o is optical absorption coefficient, h is Planck’s constant, v is frequency of light, A is a
constant and Egq is optical bandgap. The y factor depends on the nature of material and is equal
to 1/2 for direct bandgap materials and 2 for indirect bandgap materials. The optical bandgap
was determined from the curve of (ahv)!” versus photon energy hv converted from the UV-vis
spectra. The linear segment of the curve was extrapolated to x-axis and interception point gave
an estimate of the bandgap. The direct bandgap values of both type of GQDs were calculated
to be ~5.12 eV.
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Figure 6.3. (a) Photoluminescence (PL) spectra of GQDs-500 at different excitation wavelengths and
(b) their normalised PL spectra exhibiting excitation independent emission with no shift in the PL peak
position. (c) PL spectra of GQDs-900 (d) their normalised PL spectra showing no shift in PL peak
position.

Most of the carbon based quantum dots exhibit excitation dependent photoluminescence
emission (Pan et al., 2010; Li et al., 2011a; Tetsuka et al., 2012; Abbas et al., 2018; Wu et al.,

2018; Yan et al., 2018; Yuan et al., 2018; Atchudan et al., 2020; Das et al., 2020). Their PL
120



emission peak position changes with a change in excitation wavelength. However, it is
interesting to note that GQDs prepared through the present approach demonstrate an excitation
independent emission. The PL intensity changes with change in excitation wavelength for both
type of GQDs, however, they exhibit excitation independent photoluminescence emission.
When the excitation wavelength is changed from 300 to 400 nm, the intensity of
photoluminescence emission increased to a maximum at 340 nm excitation and then further
decreased, however the peak position did not shift and remained fix at ~514 nm. In order to
analyse the peak shifting, the PL spectra was normalised to the maximum of strongest emission
(340 nm excitation). The normalised PL spectra in Figure 6.3b and d show no shifting in peak
positions with change in excitation wavelength and further confirm the independency of PL
emission from the excitation wavelength. This characteristic of the present GQDs is different
from other carbon based quantum dots (Pan et al., 2010; Li et al., 2011a; Zhu et al., 2011a;
Tetsuka et al., 2012). Therefore, it requires more in-depth understanding of their formation

mechanism.

Several mechanisms have been presented which explain the origin of photoluminescence
emission of carbon quantum dots. The most common ones involve oxygenated functional
groups, quantum size, zigzag edge sites, defect effects and recombination of electron-hole pairs
(Wunsch et al., 2008; Zhu et al., 2012; Yang et al., 2014a; Ding et al., 2015; Sun et al., 2015).
Most of the GQDs produced so far exhibit excitation dependent emission which is generally
attributed to emissive traps and defect states (Zhang et al., 2016). However, the zigzag edge
sites, quantum size and recombination of electron-hole pairs are regarded as intrinsic state
emission and generate excitation independent emission (Maiti et al., 2017). It was reported (Ye
et al., 2013; Zhang et al., 2016) that the photoluminescence emission from GQDs at 500-530
nm is mainly attributed to the conjugated carbon skeleton containing zigzag edge sites. Thus,
the excitation independent emission of the present GQDs at 514 nm can be attributed to the
zigzag sites and recombination of electron-hole pairs. Thus, it may be suggested that the present
GQDs prepared via microwave irradiation do not have considerable emissive traps or defects

and exhibit PL due to intrinsic state emissions (Buzaglo et al., 2015; Maiti et al., 2017).

The effect of microwave power and treatment time on the product yield was systematically
studied. The product yield was recorded for each treatment and the results are summarised in
Table 6.1.
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Table 6.1. Values of the product yield obtained at different microwave powers and time periods.

Microwave Power (W) Microwave duration (min) Product Yield (%)
500 15 5

30 20

60 25

120 73

180 84.5
900 15 10

30 33

60 80

120 84

The product yield of both types of GQDs increased with increasing the reaction time. The
highest product yield of around 84% was achieved for a reaction time of 180 min at microwave
power of 500 W or 60 min at 900 W power. These results suggest that higher microwave power
could induce the rapid cutting of carbon domains into GQDs, resulting in high yield in short
duration. To the best of the author’s knowledge, these are the highest values of product yield
reported to date for the synthesis of GQDs from biomass waste. The product yields of GQDs

derived from various biomass precursors are summarised in Table 6.2.

Table 6.2. Comparison of the product yield of quantum dots derived from various biomass-based

precursors.
Precursor Product  Synthesis approach Product yield Ref.
(wt %)

Spent tea derived GQDs Microwave treatment 5-845 Present work

carbon

Plant leaf extract N-GQDs  Hydrothermal 25.2 (Roy et al., 2014)
treatment

Paper lignin GQDs Pyrolysis 8.74 - 18.02 (Wang et al., 2019)

Neem leaves GQDs Pyrolysis - (Suryawanshi et al.,

2014)

Rice-husk carbon GQDs Pyrolysis + 15 (Wang et al., 2016d)
Hydrothermal
treatment

Coffee grounds GQDs Hydrothermal 33 (Wang et al., 2016a)
treatment

Durian S-GQDs  Hydrothermal 6.8% (Wang et al., 2018a)
treatment

Alkali lignin GQDs Hydrothermal 21 (Ding et al., 2018)
treatment

Garlic CQDs Hydrothermal - (Zhao et al., 2015b)
treatment
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Fresh tomato Carbon
dots
Coconut shells CQDs
Chitosan CQDs
Taxus leaves Carbon
dots

Microwave pyrolysis

Hydrothermal
treatment
Hydrothermal
treatment
Hydrothermal
treatment

10

(Liuetal., 2017)
(Adinarayana et al.,
2017)

(Liang et al., 2016)

(Liu et al., 2020a)

The structural studies of GQDs were performed by TEM analysis. The TEM images along with
particle size distribution of GQDs-500 and GQDs-900 are presented in Figure 6.4.
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Figure 6.4. TEM images and respective particle size distribution of (a, ¢) GQDs-500 and (b, d) GQDs-
900, calculated with ImageJ using several images.

The TEM results verify the synthesis of nano sized quantum dots by microwave treatment. The

as-prepared quantum dots are well dispersed and possess almost spherical shape. The careful

size measurements using software ‘Imagel]’ show that the GQDs-500 are in the size range of

~6 to ~34 nm. The average size was calculated to be ~17.6 nm. On the other hand, the GQDs-

123



900 exhibit a size range of 4 to 24 nm, with an average of 11 nm. The size measurements show
that the overall size of GQDs-900 prepared at 900 W was smaller as compared to the size of
GQDs-500 prepared at 500 W. This suggests that higher power will break the carbon skeleton
more significantly and generate smaller particles. However, the GQDs-900 were not as
spherical as their GQD-500 counterparts. That is perhaps due to significant deterioration of

carbon domains at high power leading to irregular shaped articles.
6.2 Property and structural studies of modified GQDs.

The GQDs-500 and GQDs-900 were further modified by hydrothermal treatment and denoted
as “GQDs-500-M” and “GQDs-900-M”, where ‘M’ indicates the modified version. The optical
properties of modified GQDs were also comprehensively studied by UV-Vis and PL
spectroscopies. The UV-Vis spectra of GQDs-500-M and GQDs-900-M are displayed in Figure
6.5. The results indicate that UV absorption of GQDs-500-M is much stronger as compared to
GQDs-900-M, consistent with the observations of their unmodified forms (Figure 6.2). The
absorption peaks are observed at ~275 nm, which are attributed to n-n* transition in aromatics
(Hasan et al., 2018). It is worth noting that absorption spectra of modified GQDs show a blue
shift as compared to their unmodified counterparts. This is possibly due to reduction in size
after modification, as the smaller sized GQDs exhibit blue shift in their absorption (Lai et al.,
2020).
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Figure 6.5 UV-Vis spectra of modified GQDs showing a strong absorption for GQDs-500-M as
compared to GQDs-900-M.
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The modified GQDs were further characterised by PL spectroscopy. Figure 6.6 shows the PL
emission of modified GQDs at a range of excitation wavelengths. The as-prepared modified
GQDs exhibit excitation dependent photo luminescence emission which is known to result from
the guantum confinement effect due to particle size distribution, or different functional groups
introducing various emissive states (Li et al., 2012a; Ananthanarayanan et al., 2014;
Suryawanshi et al., 2014). When excited by 340 nm laser, the GQDs-500-M show peak
emission at a wavelength of 430 nm. The emission wavelength is higher than the excitation,
which is known as Stokes shift. The GQDs-900-M also show a strong emission peak at 430 nm
when excited by 330/340 nm. However, another small hump is also observed at about 520 nm,
possibly due to some surface impurities or emissive traps. This abnormal behaviour of GQDs-
900-M further suggest their distorted surface structure.
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Figure 6.6. (a) The PL spectra of GQDs-500-M at a range of excitation wavelengths and (b) normalised
PL spectra showing a red shift from 420 to 505 nm with change in excitation wavelength. (c) The PL
spectra of GQDs-900-M at various excitation wavelengths and (d) normalised PL spectra displaying a
red shift from 425 to 520 nm.
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It is important to note that the emission peak position changes with change in excitation
wavelength for both type of GQDs. When the excitation is changed from 300 to 400 nm in case
of GQDs-500-M, the emission peak shifts from 420 to 505 nm, showing a red shift of 85 nm.
While in case of GQDs-900-M, the emission peak shows a red shift of 95 nm. Thus, these
GQDs show luminescence in a wide wavelength range. This property suggests the use of these

GQDs in multicolour imaging applications.

The decreased PL intensity towards higher wavelength region for both type of GQDs is
attributed to the decreased degree of quantum confinement in that region because low energy
photons only excite large sized quantum dots (Wang et al., 2016d). Thus, the higher wavelength
excitations only generate emission in large sized GQDs. Since the bandgap of GQDs decreases
with an increase in their size, low energy photon generates excitation in them, leading to a low
intensity emission. Therefore, the intensity of emission declines as we go to the higher
wavelength region. The band gap of both type of modified GQDs based on the absorption band
was calculated to be 5.4 eV. It has been reported that n—r* transition of carbonyl or carboxyl
groups connected to carbon nanostructured materials generate PL emission around 430 nm
when excited by 340 nm laser (Miao et al., 2018). It is important to note that PL spectra of
modified GQDs demonstrate a blue shift (>90 nm) as compared to their unmodified forms. The
bandgap also shows a blue shift and increases from 5.12 to 5.4 eV. These findings suggest the

reduction in size of GQDs after modification.

The structure and size distribution of modified GQDs were studied by TEM analysis. The low
and high magnification TEM images of the GQDs-500-M are presented in Figure 6.7. The
images show a drastic decrease in the size of modified GQDs as compared to their unmodified
type. The high magnification TEM image (Figure 6.7 b) further shows that the particles are well
dispersed and exist in a narrow size range. The size of these GQDs was calculated using ImageJ
and the results are presented in Figure 6.7c. The results show that the size of GQDs-500-M fall
in the range of 0.5 to 3.5 nm, with an average of 1.6 = 0.55 nm. The results show a very narrow
size distribution. The high resolution TEM image (Figure 6.7d) further reveals the crystalline
structure of modified GQDs. The lattice spacing were calculated to be ~0.24 nm corresponding
to (1120) plan of graphene (Wang et al., 2016d)

It is well known that the photoluminescence properties have direct relationship with the size
of GQDs due to quantum confinement effect (Sk et al., 2014; Lai et al., 2020{Zhu, 2017 #657)}.
The band gap increases with a decrease in the size of the quantum dots and thus higher energy
photons are required to generate excitation. Thus, GQDs with lower size are excited by lower

wavelength photons and emit light in the blue region. The photoluminescence emission shifts
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towards blue with a decrease in the size of GQDs. The photoluminescence properties of GQDs-
500-M verifies this here. The strongest emission of GQDs-500 with size range of 17 nm, was
found at 520 nm, while the same quantum dots exhibit strongest emission at 420 nm after

modification owing to the decrease in size down to 1.6 nm.
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Figure 6.7. (a) Low magnification TEM image, (b) high magnification TEM image, (c) HRTEM image
and (d) calculated size distribution of the GQDs-500-M.

The structural characterisation of GQDs was performed by Raman and FTIR analysis. Raman
spectra (Figure 6.8) of GQDs-500-M and GQDs-900-M consist of two distinctive bands at
about 1356 and 1569 cm?, known as disorder (D) band and crystalline (G) band, respectively.
The D and G bands in the range of 1200-1800 cm are indicative of a carbonaceous structure
(Ferrari and Basko, 2013; Kim et al., 2013).
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Figure 6.8. Raman spectra of GQDs-500-M and GQDs-900-M showing the bands in the range of 1200-
1800 which are typically of carbonised materials.

The D band is related to the defect mediated zone-edge (near K-point) phonons that shows the
defects, edges and disorder in the carbon lattice. The G band is associated with the in-plane
vibration of sp? carbon atoms and usually indicates the crystallinity of the carbon (Tuinstra and
Koenig, 1970). In graphene, the G band is related to E>q phonons at Brillouin zone centre (Gupta
et al., 2006). The Intensity of G band provides useful information about the size of GQDs. Its
intensity increases with increase in size of GQDs (Kim et al., 2013). The intensity ratio of D
band and G band (Io/lc) shows the density of disorder in the structure of carbon (Tuinstra and
Koenig, 1970; Ferrari and Robertson, 2000). The Ip/lc values of GQDs-500-M and GQDs-900-
M are ~0.96 and ~0.98, which show their defective structure, possibly arising from the edge
states at the periphery of GQDs (Kim et al., 2013). These results are in good agreement with
previously reported GQDs (Kim et al., 2013; Yan et al., 2018; Das et al., 2020).

Figure 6.9 shows the FTIR spectra of GQDs-500-M and GQDs-900-M. The spectra of both
type of GQDs shows a broad band at ~3300 cm corresponding to the stretching vibrations of
hydroxyl (O-H) groups. The peaks at ~1630 and ~1560 cm™ are related to the stretching
vibrations of C=0 in carbonyl groups and stretching vibrations of C=C in aromatic groups. The
multiple peaks at 1350-1500 cm™ are attributed to the bending vibrations of C-C/C-H in
alkanes. The bands at 1100-1250 cm™ are due to stretching vibrations of C-O in ethers, esters,
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carboxylic acid and alcohols. A broad band at ~1000 cm™ corresponds to the C-O stretching of

ether group (Hu etal., 2013a; He et al., 2019). These results suggest large amount of oxygenated

functional groups on the surface of both type of GQDs. These functional groups make them

hydrophilic in nature and render them highly soluble in water.
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Figure 6.9. FTIR spectroscopy of GQDs-500-M and GQDs-900-M

The surface functionalization and elemental composition of the GQDs-500-M was further

confirmed by X-ray photoelectron spectroscopy (XPS). The survey XPS spectrum shows three
major peaks at 285.08, 400.08 and 532.08 eV, which are designated to C1s, N1s and O1s,
respectively (Figure 6.10a). Another small peak at 347.08 eV associated with Ca 2p is also

observed. The XPS elemental analysis reveals that the GQDs-500-M are mainly composed of
C (55.15 at%), O (37.83 at%) and N (4.94 at%), with a limited amount of Ca from the feedstock.

The high resolution C1s spectrum (Figure 6.10b) can be deconvoluted into three peaks at
~284.9, ~286.2, and ~288.4 eV, corresponding to C-C/C=C, C-O-C and O-C=0 groups,
respectively (Ding et al., 2015).
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Figure 6.10. (a) XPS survey spectrum, (b) C1s, (c) N1s and (d) O1s high resolution spectra of GQDs-
500-M, showing extensive number of oxygenated functionalities.

The N1s spectrum (Figure 6.10c) can be fitted into two broad bands at ~399.8 and ~400.9 eV,
which can be attributed to the pyridinic (C-N-C) and pyrrolic (N-H) nitrogen species,
respectively (Pels et al., 1995b) The O1s spectrum (Figure 6.10d) consist of two major peaks
at 531.3 and 532.3 eV, which can be ascribed to O=C and O-C, respectively (Sevilla and
Fuertes, 2009a; Ding et al., 2015). Another small peak at ~535.6 eV is related to chemisorbed
oxygen or water. These results suggest the extensive presence of oxygenated functional groups
in the matrix of modified GQDs, making them highly soluble in water with good stability. No

detectable changes were observed in the GQDs after storing for two months.
6.3 Application as PL sensor

The as-synthesised GQDs exhibit strong photoluminescence and specific oxygenated surface
functionalisation. The presence of these functional groups resulted in the hydrophilicity of the
GQDs leading to good solubility in water (Hsu and Chang, 2012; Deka et al., 2018; Wu et al.,
2018). Owing to the presence of these functional groups and strong emission, these GQDs were

expected to be an ideal candidate for fluorescence sensing.
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Figure 6.11. (a) Comparison of the photoluminescence (PL) intensities of GQDs-500-M in the presence
of different metal ions (100 pM) at an excitation wavelength of 340 nm. (b) The comparison of the
affinity of different metal ions towards GQDs-500-M (Fo and F are the photoluminescence intensities
of GQDs-500-M without and with 100 uM of different metal ions).

Among the various heavy metal ions, the detection and removal of ferric ions have always
attracted extensive attention (Dutta Chowdhury and Doong, 2016; Das et al., 2020; Lesani et
al., 2020). Generally, iron plays a key role in human life and its deficiency requires considerable
attention among the global micronutrient deficiencies. Moreover, the iron percentage has to be
monitored and balanced in biological and environmental systems (Sun and Lei, 2017). To
achieve this, several researchers employed the quenching phenomenon of carbon quantum dots
by the addition of Fe** (Ananthanarayanan et al., 2014; Das et al., 2020; Lesani et al., 2020).
The quenching percentage is related to the concentration of Fe**. In this study, the selective
sensing of Fe®** was performed by GQDs-500-M using 100 uM concentration of fourteen
different metal ions: Ag**, AI**, Ca?*, Co?*, Cr®*, Cu?*, Mg?*, Mn?*, Mo?*, Fe%, Sr'*, zZn?*,
Zr**, Li**. The as-synthesised GQDs-500-M solution exhibited a strong photoluminescence at
422 nm when excited by a wavelength of 340 nm (Figure 6.6a). The photoluminescence
intensities of GQDs-500-M were recorded with the addition of different metal ions. As shown
in the Figure 6.11a, comparing with the control (blank) sample, the photoluminescence of
GQDs was remarkably quenched only by the ferric ions among fourteen different metal ions.
These results suggest the highly selective detection of Fe** by the as-prepared GQDs-500-M.

The mechanism of photoluminescence quenching is related to the strong affinity of Fe3* ions
towards the hydroxyl/carboxyl groups of GQDs-500-M, leading to a stable complex (Atchudan
et al., 2020). The photoluminescence quenching occurs when the excited electron in GQDs
partially transfers to the d orbital of Fe** instead of undergoing radiative relaxation (Atchudan

et al., 2020). The affinity (coordination) of numerous metal ions toward GQDs-500-M was
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evaluated systematically under similar experimental conditions. Figure 6.11b shows that the
ferric ions exhibit strongest affinity towards GQDs-500-M among fourteen different metal ions,
suggesting its potential for selective sensing by GQDs-500-M. Thus, further study was carried
out to investigate the effect of Fe®* concentration on the fluorescence intensity. The
photoluminescence spectra of GQDs-500-M with different concentration of Fe3* is shown in
Figure 6.12a. The spectra indicate that the photoluminescence intensity of GQDs-500-M is very
sensitive to the concentration of Fe3*. The photoluminescence intensity decreases with increase
in the concentration of Fe3*. Thus, the quenching efficiency of Fe*" was determined by (Fo —
F)/Fo, where Fo and F are the photoluminescence intensities of blank and with different
concentrations of metal ions, respectively. A quick photoluminescence quenching with Fe3*
was observed, therefore the quenching test was performed at low concentration range from 1 to
50 uM of Fe3*.
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Figure 6.12. (a) The photoluminescence spectra of GQDs-500-M at different concentrations of Fe3* and
(b) corresponding linear plot (Fo and F are the photoluminescence intensities of blank and with different
concentrations of metal ions, respectively).

Meanwhile, a good linear plot is observed between the quenching efficiency and Fe® ions
concentration (1 to 50 uM). As shown in Figure 6.12b, a linear regression value (R?) of 0.994
was found which shows a good fitting and accurate detection of Fe** ion concentration. These
results indicate that the as-prepared GQDs-500-M can be used as a selective and sensitive
sensor for the detection of Fe** ions. The limit of detection (LOD) was found to 2.5 pM using

the following equation:

LOD =33 g (6.2)
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where, o is the standard deviation of intercept and S is the slop of linear regression plot.

The detection limit of Fe** found in this study was much lower than the World Health
Organisation (WHO) guideline limit of Fe®* concentration (5.36 uM), suggesting that the as-
prepared GQDs-500-M are promising in detecting trace amounts of Fe**. A comparison of the
ferric ion detection by different carbon-based materials reported by various researchers is given
in Table 6.3. The detection limit of 2.5 uM Fe3* observed in this work is considerably lower
than the values previously reported for detecting Fe3*. Thus, it is believed the as-prepared

GQDs-500-M are very promising for detecting the traces of Fe®*,

Table 6.3. Comparison of the previously reported work on carbon-based materials with the

present work for sensing of ferric ions.

Material Synthesis method Linear range LOD (uM) Ref.
(UM)
GQDs Electrochemical 0-80 7.22 (Ananthanarayanan
exfoliation etal., 2014)
CQDs Thermal pyrolysis 0-300 13.68 (Xie etal., 2017)
CQDs Hydrothermal 0-20 3.7 (Wu et al., 2017)
Carbon dots Hydrothermal 0-500 7.4 (Wang et al., 2017)
N doped carbon dots Hydrothermal 0-50 10.98 (Khan et al., 2017)
Carbon dots Sonication 12.5-100 9.97 (Aslandas et al.,
2015)
Carbon dots Hydrothermal 0-500 28 (Li et al., 2018)
Carbon dots Thermal analysis 25-300 19 (Khan et al., 2017)
Carbon dots Microwave assisted  0-50 2.5 Present work

There is a great impact of environmental factors on the sensitivity and selectivity of sensor. For
use in medical applications, due to presence of various interacting ions in the body, PBS
(phosphate buffered saline) solution should be used to examine the sensitivity and selectivity
of the sensor. Moreover, for examining the presence of heavy metal ions in real-world water
samples, there will be influence of other salts and ions present in the water. Moreover, there
will be variation in the value of pH as a result of other contaminants present in a water sample.
Therefore, a best way to develop a sensor for practical applications is to use river water for
sensitivity and selectivity tests. Due to limited timescale of PhD, in the present study, we have
only focussed on the detection of Fe** under neutral conditions. For actual application, one will
have to face challenges of variation in pH from sample to sample, so a sensor should be stable
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over a range of pH values; there might be influence of other heavy metals and ions present in
the sample, which may have higher affinity toward GQDs than that of Fe3*; various
contaminants may quench the fluorescence of GQDs. All these factors would need to be
countered in practical application of sensor. Therefore, for the development of actual sensor to

be used in practical applications further study is required.

6.4 Summary

GQDs have been successfully synthesised through microwave treatment of biomass waste
derived short range ordered carbon. The size of GQDs was in the range of 5 to 20 nm and
exhibit excitation independent photoluminescence emission. This phenomenon is attributed to
the intrinsic state emission of these GQDs. These GQD were further modified by simple
hydrothermal treatment, leading to a substantial decrease in their size. The average size of
modified GQDs-500-M was 1.6 £ 0.55 nm, with a very narrow size distribution. The decreased
size resulted in increase in the bandgap and photoluminescence emission in the high energy
region. The photoluminescence emission of GQDs-500-M exhibited a blue shift of about 100
nm as compared to their GQDs-500 unmodified counterparts. Moreover, these GQDs-500-M
exhibit excitation-dependent emission which is attributed to the surface functionalisation and
quantum confinement effect in these GQDs. In addition, GQDs-500-M were applied as
photoluminescence sensor to detect the ferric ions. These GQDs were used a sensing probe to
selectively detect Fe®* ions with high sensitivity down to 2.5 uM. Based on these results, it is
suggested that this kind of highly luminescent GQDs are expected to have promising
application in developing other sensors due to their low cost, excellent solubility and low
concentration sensing capabilities. The present study confirms the use of green, abundant and
environmentally friendly biomass resource having little value to produce high valued nanoscale

products.
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Chapter 7 Intensified and sustainable production of graphene quantum

dots directly from biomass waste

After acquiring highly pure GQDs and achieving high product yield, an intensified and
sustainable approach was the final objective. In this chapter, scalable and sustainable synthesis
of GQDs from biomass waste has been studied using two approaches. In first approach, the
GQDs were prepared on gram scale using biomass derived biochar under mild acidic
conditions. High quality GQDs with good crystallinity and uniform shape and size were
obtained. The as-prepared GQDs exhibited narrow size distribution from 1.5 to 4.5 nm, with an
average size of 3 £ 1.5 nm. The lattice parameter of GQDs was calculated to be 0.24 nm
corresponding to the hexagonal (1120) plane of graphene. Gram scale synthesis of biomass

waste derived GQDs has not been reported previously elsewhere.

The second approach was employed to explore the sustainable synthesis of GQDs. The GQDs
were produced directly from biomass in a single step via hydrothermal treatment without the
use of any oxidising or reducing agent. Only water was used as hydroxyl scissors to cut the
carbon domains into nano-sized fragments at high pressure. The hydrothermal carbonisation
time and temperature played an important role in the carbonisation of the biochar precursor to
produce GQDs. The GQDs produced at hydrothermal temperature of 250 °C for a duration of
12 h exhibited pronounced optical properties. TEM studies showed their uniform dispersion
and consistent shape and size. Moreover, the GQDs demonstrated narrow size distribution of
1.5-3.5 nm, with an average of ~2 + 0.5 nm. These studies suggest the synthesis of high-valued

GQDs on large scale is possible from value-less biomass waste.

7.1 Synthesis and characterisation of GQDs

The GQDs were synthesised by two step approach: firstly, biomass waste was converted into
carbon rich biochar. Secondly, the biochar was cut down into small carbon domains under mild
acidic conditions via a top-down approach. The process conditions were optimised to synthesise
high quality GQDs. The resultant product yield of about 58% was obtained based on the weight
of biochar precursor. The as-synthesised GQDs suspension was stable for several months
without any perceptible changes, indicating the good stability of GQDs. The morphology and
structure of GQDs were studied through TEM and HRTEM analysis.
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Figure 7.1. (a) The low magnification and (b, c) high magnification TEM images of GQDs showing
uniform dispersion and shape. (d) Particle size distribution of GQDs displaying an average size of 3.1
+1.4 nm.

The TEM images of GQDs presented in Figure 7.1 show their uniform dispersion. The absence
of any agglomeration indicates the successful synthesis of high quality nanosized quantum dots.
The high magnification TEM images (Figure 7.1b,c) further confirm the uniform shape and size
distribution of as-synthesised GQDs. Careful size measurements were performed using ImageJ
software and the results are summarised in a histogram in Figure 7.1d, indicating a very narrow
size distribution with an average size of 3.1 £1.4 nm. These results suggest the successful and

uniform cutting of carbon domains into uniform sized GQDs in the process.
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Figure 7.2. (a) High resolution TEM image of GQDs, inset is the FFT of the square marked in red, (b)
Inverse FFT of the coordinates marked by circles in the inset in (a), displaying high resolution lattice
fringes, and (c) the live profile of the line marked in (b), showing the distance between adjacent lattice
fringes.

The more detailed atomic structure of GQDs was studied through HRTEM analysis. The
HRTEM image in Figure 7.2a shows the obvious lattice fringes indicative of a highly crystalline
structure of GQDs. The inset in Figure 7.2a shows the fast Fourier transform (FFT) image of
the GQDs marked with a square. The FFT pattern shows six-spots of hexagonal pattern,
indicating the graphene structure of as-prepared GQDs. The FFT pattern indicate the high
crystallinity of the GQDs not observed in our previous studies. Figure 7.2b shows an inverse
FFT of the coordinates marked with red circles in the inset in (a). It displays the obvious lattice
fringes to calculate the distance between the adjacent atomic layers. Figure 7.2c is the live
profile of the line marked in (b), showing the values of lattice parameters. The 2d distance was
calculated to be 0.48 nm which gives a value of d = 0.24 nm. The interlayer spacing of 0.24 nm
is related to the (1120) plane of graphene, which agrees with the previous reports. All these

results suggest that the obtained products are indeed GQDs with good crystallinity.

FTIR analysis was carried out to study the surface functionalisation of the biochar and as-
prepared GQDs. Figure 7.3 shows the FTIR spectra of as-prepared biochar precursor and
purified GQDs. The FTIR spectrum of biochar precursor is almost flat and does not show any
significant surface functionalisation. On the other hand, a number of functional groups were
added on the surface of GQDs during hydrothermal treatment. The FTIR spectrum of GQDs
exhibit a broad band at ~3000-3500 cm™, which is attributed the stretching vibrations of
hydroxyl (O-H) groups. The band at 1690 cm™ is related to the C=0 stretching in carbonyl
groups. A doublet at ~1550 is related to the influence of carboxylate groups and nitro (N-O)
compounds. The bands at 1389 and 1230 cm™ are ascribed to the carboxy C-O deformation and

epoxy C-O stretching vibrations, respectively. The bands at 920 cm™ and 750 cm™ are
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attributed to the out of plane bending vibration of C-O-C and C-H groups, respectively (Si and
Samulski, 2008; Acik et al., 2010; Hu et al., 2013a).

ry i

[ L4
Biochar precursor
o GQDs
N
~
> —
)
5
N O-H
.“é
0 0
& : a & 72 9
© \
< | o X c 7 ©0©
=1 = Q= 5
= 2 3 g
b [
= =
v hd L /" LJ hd
1000 1500 3000 40

Wavenumber (cm™)

Figure 7.3. FTIR spectra of biochar precursor and purified GQDs, showing the introduction of the
oxygenated and nitrous functional groups on the surface of GQDs.

In agreement with the previous reports (Pan et al., 2010), the presence of epoxy groups indicate
that these groups could act as chemically reactive sites for the cutting of underlying C-C bonds
and then attachment at the edges of GQDs. The presence of a large amount of hydroxyl and
carboxyl groups on the surface of GQDs convey hydrophilic properties and enrich the
luminescence (Hsu and Chang, 2012). These oxygenated functional groups make GQDs
dispersible in water and produce a stable suspension. Interestingly, the presence of C-N and
NO- groups indicate the nitrogen-doping of GQDs with nitric acid during the synthesis process.
Nitrogen doping is beneficial since it improves the luminescence properties of GQDs (Sun et
al., 2015). In addition, the presence of oxygenated and nitro functional groups on the surface

of GQDs may act as a passivation layer and hinder their agglomeration (Tang et al., 2012).

XPS analysis was performed to study the surface elemental composition of GQDs. Figure 7.4
shows the survey XPS spectrum and high resolution C1s, N1s and O1s spectra of as-synthesised
GQDs. The survey XPS spectrum shows three main peaks at 284 eV, 400 eV and 532 eV
corresponding to C1s, N1s and O1s, respectively. Another peak at about 347 eV is related to
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Ca from the biomass precursor. The XPS analysis indicate that the GQDs are mainly composed
of carbon (59.74%), nitrogen (0.53%) and oxygen (34.83%), with a limited amount of Ca from

the biomass feedstock.
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Figure 7.4. (a) XPS survey spectrum, (b) C1s, (c) N1s, and (d) O1s high resolution spectra of GQDs.

The high resolution C1s spectrum (Figure 7.4b) can be deconvoluted into four peaks, related to
sp? carbon (C=C/C-C, 284.6 eV), sp® carbon (C-O/C-N, 286 eV), the carbonyl group (C=0,
288.4 eV) and the carboxyl group (COOH, 290.6 eV) (Ding et al., 2015). The deconvolution
of high resolution N1s spectrum shows three peaks, corresponding to amino nitrogen (399.9
eV), pyrrolic nitrogen (401.8 eV) and oxygenated nitrogen (405.9 eV). The O1s band in high
resolution can be fitted to three peaks at 531.2, 532.8 and 533.9 eV, which can be attributed to
C=0, C-0O and O-C-0, respectively. The XPS analysis shows that the GQDs consist of three
types of carbon: oxygenated carbon, nitrous carbon and graphitic carbon. The nitrous carbon
originated from the nitric acid which introduced the nitrogen doping in GQDs with a small
amount of nitration (Ding et al., 2018). The presence of these functional groups on the surface

of GQDs indicate that these oxygenated and nitro groups participated in the cleaving process
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of carbon domains and were left on the edges of GQDs. These results are in good agreement

with that of FTIR which shows the presence of C=0, N-O and O-H groups in GQDs.

7.1.1 Optical properties study

The optical properties of the GQDs were studied through UV-visible and photoluminescence
(PL) spectroscopies. The UV-vis spectrum of GQDs presented in Figure 7.5a indicates a strong
absorption in the UV region. The spectrum shows a very pronounced band at about 270 nm and
a shallow band at about 330 nm. The strong absorption band below 270 nm is attributed to the
n-m* transition of aromatic carbon domains. The broader peak at ~330 nm in assigned to the n-
m* transition between the oxygenated functional groups and sp? carbon domains (Ding et al.,
2018). The related photoluminescence excitation (PLE) spectra also show two peaks: one strong
peak at ~308 nm and a shoulder peak at ~322 nm, which are related to the two absorption bands
observed in the UV-vis spectrum. The corresponding PL spectra shows a strongest peak at ~385
nm when excited by 308 nm incident light. The emission wavelength is higher than the

excitation, which is known as Stokes shift.
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Figure 7.5. (@) UV-vis absorbance, PL and PLE spectra of GQDs. (b) PL spectra of GQDs excited by
incident lights of various wavelengths from 300 to 400 nm with an increment of 10 nm.

The optical properties of GQDs were further explored through the study of their PL properties.
Figure 7.5b shows the PL emission spectra of GQDs excited by a range of incident lights from
300 nm to 400 nm in wavelength with an increment of 10 nm. When excited by 300 nm incident
light, the GQDs show an emission peak at 383 nm. The emission peak shows a gradual red-
shift from 383 to 463 nm when the excitation wavelength is varied from 300 to 400 nm. The
gradual red-shifting of PL emission shows the excitation dependent photoemission behavior of
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the GQDs. The emission wavelength depends on the size and surface functionalities of GQDs
(Yeetal., 2015). Thus, this excitation dependent behavior can be attributed to the incorporation
of various functional groups of GQDs, introducing various emissive states (Li et al., 2012a;
Ananthanarayanan et al., 2014; Suryawanshi et al., 2014). The defects introduced by the oxygen
or nitrogen functional groups act as capture centers for excitons and give rise to surface state
related luminescence (Ding et al., 2018). They can allow the tuning of the PL wavelength at
different excitations, which is beneficial for specific applications, such as multicolor
bioimaging. It is very interesting to note that our synthesis method could produce GQDs with
the multi-color PL properties required for such applications. All these optical properties are
correlate with the features of GQDs such as narrow size range, surface functionalisation and
heteroatoms doping at the edges.

7.2 Sustainable synthesis of GQDs

After the successful production of GQDs at large scale, a more sustainable synthesis of GQDs
was highly demanding. The GQDs were successfully produced directly from raw biomass waste
via a simple hydrothermal approach without the use of any oxidising, reducing or passivating
agent. Only water was used to hydrothermally cut the carbon domains into nano-sized
fragments at high pressure. The hydrothermal carbonisation time and temperature plays an
important role in the carbonisation of biochar precursor to produce GQDs. The low temperature
and less time would not be sufficient for the cleavage of biochar into GQDs, while the high
temperature and long carbonisation duration would destroy the surface and structure of GQDs,
leading to less pronounced optical properties. Therefore, an optimum time and temperature is
required to obtain high quality GQDs. The production of GQDs was systematically studied at
a range of hydrothermal temperatures from 200 to 300 °C for various durations of 8, 12 and 24
h. The obtained products were named as GQDs-x or GQDs-x-y, where X indicates the
hydrothermal temperature and y indicates the treatment time. For example, GQDs-200 indicates
the series of GQDs synthesised at 200 °C, while GQDs-200-8 denotes the ones prepared at
200 °C for 8 h. The synthesised products were evaluated through the study of their optical

properties.

The optical properties of the as-prepared GQDs were studied through the UV-visible and
photoluminescence spectroscopies. The UV-vis absorbance spectra of GQDs synthesised at
various time and temperatures are presented in Figure 7.6. All of the spectra showed very
pronounced bands which indicate their strong absorption in the UV region. The UV-vis
absorption spectra of GQDs synthesised at 200 °C for various durations are presented in Figure
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7.6a. All three spectra exhibit two pronounced excitonic bands at 320 and 280 nm along with a
shoulder at 250 nm. The strong absorption bands below 300 nm are associated with the 7-*
transition of aromatic C=C domains (Pan et al., 2010; Li et al., 2012a). While the bands
appearing at 320 nm are attributed to n-n* transition between oxygenated/nitrous functional
groups (e.g. C=0, C-OH) (Qu et al., 2014a; Wang et al., 2014a; Ding et al., 2018). Careful
observation of the absorption spectra indicate that the bands become more pronounced with
increase of reaction time from 8 to 24 h. The spectrum of GQDs-200-24 shows the suppression
of the 320 nm band while enhancement in the 280 nm band. It indicates that the absorbance in

GQDs-200-24 is mainly associated with m-n* transition of aromatic domains.
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Figure 7.6. UV-visible absorbance spectra of GQDs (a) synthesised at 200 °C for a duration of 8-24
hours, (b) synthesised at 250 °C for a duration of 8-24 hours and (c) synthesised at 300 °C for a duration
of 8-24 hours.

The UV-vis absorbance spectra of GQDs prepared at higher hydrothermal temperatures of 250
and 300 °C are presented in Figure 7.6b,c. The absorbance spectrum of GQDs-250-8 shows a
pronounced band at 320 nm, while the bands below 300 nm are quite suppressed. The 320 nm
band increase with increase in reaction time to 12h but again reduced upon the further increase
of reaction time to 24 h. These observations suggest that the longer reaction time leads to the
heterogeneous surface and structure of the GQDs. Therefore, the moderate reaction time of 12
h could be favourable for the enhanced absorption of these GQDs. As shown in Figure 7.6c, the
UV-vis absorbance spectrum of GQDs-300-8 indicate a substantial increase in the 280 nm band,
while the increase in hydrothermal duration shows growth in 320 nm band for GQDs-300-12.
Like the GQDs prepared at 250 °C, the GQDs-300-24 also show a small decline in absorption
bands which indicates the destruction of their surface and structure after long exposure to high

pressure and temperature.
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The optical properties of GQDs were further investigated through the study of their
luminescence properties. The PL emission of GQDs depends on their size in accordance with
the quantum confinement effect and on their surface functionalisation and defects (Ye et al.,
2015). The PL spectra of GQDs prepared at 200 °C for various durations are presented in Figure
7.7. The spectra exhibit PL emission at a range of incident lights from 300 to 400 nm excitation
wavelength. The GQDs-200-8 show an emission peak at 386 nm when excited by 300 nm
incident light. The PL emission intensity increases with increase in the excitation wavelength
and shows a strongest emission peak at 405 nm when excited by 330 nm incident light. The
emission peak displays a gradual redshift from 386 to 460 nm when the excitation wavelength
is varied from 300 to 400 nm. This phenomenon shows the excitation dependent PL emission
of the GQDs. This excitation dependent behavior can be attributed to the quantum confinement
effect originating from different sized GQDs (Ye et al., 2015; Yuan et al., 2018), and/or
incorporation of defect related emissive states such as oxygen/nitrogen functional groups (Maiti
etal., 2017; Miao et al., 2018; Wu et al., 2018).
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Figure 7.7. PL spectra of (a) GQDs-200-8, (b) GQDs-200-12, (c) GQDs-200-24 and (d-f) their
corresponding contour maps.

The comparison of the PL spectra of three types of GQDs prepared at 200 °C demonstrate that
the emission peak shows a blue shift with an increase in the reaction time. It can be observed
in the Figure 7.7a-c that strongest emission peak shifts from 405 nm in GQDs-200-8 to 395 nm

in GQDs-200-24 due to increase in reaction time from 8 to 24 h. This shifting of the emission
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peak toward higher energy region indicates the increase in their bandgap. The optical bandgap

can be calculated from Eq. below:
E = he/A (7.1)

where, E is Energy = bandgap, h is Plank’s constant = 6.62 x 1034 Js, ¢ is velocity of light =

2.99 x 10® ms* and A is the wavelength of the emission peak.

The bandgaps calculated from Eq. 7.1 based on the strongest PL emission peak for GQDs-200-
8, GQDs-200-12 and GQDs-200-24 are 3.06, 3.1 and 3.14, respectively. It is well known that
the bandgap increases with decrease in the size of GQDs, leading to a blueshift in their PL
emission (Peng et al., 2012a; Sk et al., 2014; Ye et al., 2015). These results suggest that the
GQDs prepared after 24 h of hydrothermal reaction have smaller size and exhibit larger
bandgap.

Further investigations on the PL spectra of these GQDs were conducted with the help of contour
maps presented in Figure 7.7e-f. The contour maps illustrate that the strong emission for GQDs-
200-8 spans over a wide range, while this emission confines to a smaller region with increase
in the hydrothermal duration to 24 h. The emission of GQDs-200-24 is confined to a very short
wavelength range. These results can be confirmed from the size of the red regions of the contour
maps related to the highest emission range. The red region of GQDs-200-8 and GQDs-200-12
are bigger in size and expand over a wide wavelength range, while the red region of GQDs-
200-24 is very small. These results indicate the size distribution of these GQDs leading to a
wide or narrow emission range. The wide emission range can be attributed to a large size
distribution, while the confined emission can be attributed to a very narrow size distribution
(Sk et al., 2014; Lai et al., 2020). Thus, it is suggested that the GQDs-200-24 exhibiting very
strong and narrow emission consist of very narrow size distribution. These findings are sensible

since longer hydrothermal duration would lead to the generation of small sized GQDs.

The optical properties of GQDs synthesised at higher hydrothermal temperatures of 250 and
300 °C were also studied using the contour map illustrations. The contour maps of GQDs-250
and GQDs-300 are given in Figure 7.8. The red region in the contour map is related to strongest
PL emission region of the GQDs. The size and range of red region indicate the corresponding
emission range which is associated with the quantum confinement effect originating from the
bandgap of GQDs. Thus, the red region is directly related to the bandgap range for a specific
group of GQDs. The bigger the size of red region, the larger the range of bandgap variation. A
small size of red region indicates the narrow range of bandgap. As reported previously, the
bandgap is directly associated with the size of GQDs (Sk et al., 2014; Ye et al., 2015). Hence,
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the narrow bandgap range shows the narrow size distribution of the GQDs. The carful
observation of contour maps in Figure 7.8a-c shows that the red region of GQDs-250-8 is largest
among all samples and its size decreases with increase in the reaction time to 12 h for GQDs-
250-12, while its size minutely increases with increase in the reaction time to 24 h due to
destruction of its surface. These observations suggest the narrow bandgap range of GQDs-250-
12 among all, owing to the narrow size distribution. Moreover, the comparison of the PL
intensity values of three types of GQDs demonstrate the highest value for GQDs-250-12. These
results suggest that the GQDs-250-12 are the best among all with narrow bandgap, narrow size

distribution and strong PL emission.
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Figure 7.8. PL contour maps of the GQDs prepared at hydrothermal temperature of (a-c) 250 °C and (e-
) 300 °C for various duration of 8, 12 and 24 h.

The contour maps for GQDs-300 are presented in Figure 7.8e-f and reveal observations similar
to their GQDs-250 counter parts. The red region of GQDs-300-12 is the smallest and shows
highest PL intensity. The strong and narrow emission range indicate the narrow size distribution
and high quality of GQDs-300-12. These results suggest that a hydrothermal reaction time of
12 h leads to substantial disintegration of carbon domains into uniform sized GQDs with narrow
size distribution and extensive surface functionalisation. Upon the further increase of reaction
time to 24 h, the PL properties of GQDs were suppressed possibly due to destruction of the

surface morphology after long time exposure to high temperature and pressure. This is obvious
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from the PL intensity of GQDs. A comparison of the PL intensity of GQDs in Figure 7.8 shows
that the intensity increases with an increase in the reaction time to 12 h and then further
decreases with increase in the reaction time to 24 h. The PL intensity of GQDs obtained after
12 h reaction is the highest among all samples at any hydrothermal temperature. These
observations indicate that the treatment time is the key factor to produce high quality GQDs.
Thus, it is suggested that the 12 h reaction time is the most favorable for the synthesis of GQDs

with narrow bandgap range, narrow size distribution and strong optical properties.
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Figure 7.9. FTIR spectra of GQDs-250-08 and GQDs-250-12 showing extensive amount of oxygenated
surface functional groups.

Infrared spectroscopy, being a versatile technique to identify the surface structure, was
employed to study the surface functionalisation of as-prepared GQDs. Based on the optical
properties study, two types of GQDs were selected for FTIR analysis, namely GQDs-250-08
and GQDs-250-12, due to a major difference in their optical properties. The FTIR spectra of
both type of GQDs is given in Figure 7.9. The FTIR spectrum of GQDs-250-08 exhibits a broad
band at ~3300-3500 cm™ corresponding to the stretching vibrations of O-H groups. A doublet
observed at ~2850-2900 cm™ is attributed to the stretching of C-H groups in aldehydes. The
peaks at ~1734 is related to the stretching vibrations of COOH groups (Tang et al., 2016). The
band at 1605 cm™ belongs to the influence of C=C in aromatics. The peaks detected at ~1370
and ~1169 cm™ are related to the stretching vibrations of carboxy and epoxy C-O-C groups,

respectively (Li et al., 2012a). The peak at ~1030 cm™ is ascribed to the stretching of C-O-H
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groups (Acik et al., 2010). The peaks below 900 cm™ are associated with bending of C-H bonds

in aromatics.

There is obvious difference in the FTIR spectra of GQDs-250-12. The first major change is the
considerably pronounced O-H/N-H band at ~3300-3500 cm™, indicating a significant increase
in the hydroxyl and amino groups on the surface. The second big change is the appearance of a
new band at ~1660 cm™ corresponding to the C=0 bond which indicate the introduction of
additional oxygenated functional groups. Third difference is the suppression of the C-O-C peak
at 1169 cm. Another difference is the increment in the strong epoxide C-OH peak at 1030 cm
! These findings indicate the decline in the C-O-C groups and increase in the C-OH and C=0
groups with increase in the reaction. It has been reported previously that C-O-C epoxy groups
take part in the rupture of C-C bonds of carbon domains and consequently transform into C-
OH and C=0 groups (Pan et al., 2010; Li et al., 2012a). Thus, it is suggested that GQDs-250-
12 are produced by the epoxy (C-O-C) cutting of C-C bonds and transformation of C-O-C
groups into C=0 and C-OH groups, which results in the decreased size and increased number
of functional groups attached on the surface. Moreover, these results are in agreement with the
study of optical properties, where the PL properties of GQDs-250-12 are more pronounced than

its counter parts owing to the decreased size and enhanced functional groups presence.

The surface elemental composition of GQDs-250-12 was further studied by XPS analysis.
Figure 7.10 shows the XPS survey spectrum and high resolution C1s, N1s and O1s spectra of
GQDs-250-12. The XPS survey spectrum demonstrates the presence of three major peaks
corresponding to C1s (285 eV), N1s (400 eV) and O1s (532 eV). The XPS analysis designate
that the GQDs are composed of carbon (68.74%), nitrogen (8.16%) and oxygen (23.11%).
Interestingly, the presence of the N1s peak in the XPS spectrum indicate the incorporation of
N doping in GQDs directly from the biomass precursor. The percentage of N doping (~8.2%)
is consistent with previously reported GQDs (Hu et al., 2013a; Sun et al., 2015; Kang et al.,
2020). The incorporation of N atoms in carbon materials is typically associated with three types
of configurations: pyridinic, pyrrolic and graphitic. Pyridinic N refers to the sp? hybridised N
bonding with two C atoms. The presence of pyrrolic nitrogen indicate N bonding with C in five-
atom ring structure. Graphitic nitrogen originates from the replacement of C atom in graphene
lattice and results in the bonding with three neighboring C atoms (Kang et al., 2020). To identify
the C-N configuration in GQDs, N1s band was evaluated. The high resolution N1s spectrum
(Figure 7.10c) can be divided into two peaks at 399.6 eV and 401.5 eV, corresponding to
pyrrolic nitrogen and graphitic nitrogen, respectively (Qu et al., 2014a; Kang et al., 2020).
Thus, the high resolution XPS results reveal the N doping in GQDs in the form of pyrrolic and
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graphitic carbon. This N doping in GQDs greatly improves the optical properties of GQDs (Sun
et al., 2015; Kang et al., 2020).

The high resolution C1s spectrum (Figure 7.10b) can be fitted to three peaks, associated with
sp? carbon (C=C/C-C, 284.5 eV), sp® carbon (C-O/C-N, 285.9 eV), and carbony! groups (C=0,
287.9 eV) (Ding et al., 2015). The O1s band in high resolution (Figure 7.10d) can be fitted to
two peaks at 531.1 and 532.5 that can be attributed to C=0 and C-O/O-C-O, respectively. The
XPS analysis shows that the GQDs consist of three types of carbon: oxygenated carbon, nitrous
carbon and graphitic carbon. The nitrogen doping and presence of extensive oxygen functional
groups on the surface of GQDs result in the pronounced optical properties (Li et al., 2011b;
Sun et al., 2015). Moreover, the absence of any impurity items indicates the high purity of
GQDs. These results are in good agreement with that of FTIR which shows the presence of
C=0, N-H and O-H groups in GQDs.
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Figure 7.10. (a) XPS survey spectrum, (b) C1s, (c) N1s, and (d) O1s high resolution spectra of GQDs-
250-12.
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The morphology and size distribution of GQDs were studied through TEM analysis. Figure
7.11 shows the TEM images of GQDs-250-12, indicating their uniform dispersion. The even
dispersion without any agglomeration signifies the successful synthesis of high quality
nanosised quantum dots. The size of GQDs were measured to analyse size distribution of as-
synthesised GQDs. The careful size measurements were performed using ImageJ software and
the results are summarised in a histogram in Figure 7.11c. The results indicate a very narrow
size distribution with an average size of ~2 £ 0.5 nm. These results suggest the successful and
uniform disintegration of carbon rich biomass into uniform sized GQDs. These results are in
good agreement with the study of their optical properties, where narrow PL emission range was
observed for GQDs-250-12 which is attributed to the quantum confinement effect resulting

from narrow size distribution.
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Figure 7.11. (a, b) TEM images of GQDs-250-12 showing relatively uniform size and dispersion, and
(c) their corresponding size distribution histogram revealing an average size of ~2+0.5 nm.
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7.3 Summary

In summary, high quality GQDs have been successfully synthesised on large scale using
biomass waste via a green approach. Two approaches were employed to study and gram scale
and green synthesis of GQDs. In first approach, the GQDs were prepared on a large scale under
mild acidic conditions and demonstrated good crystallinity and uniform shape and size. As-
prepared GQDs exhibited narrow size distribution with an average size of ~3 £ 1.5 nm. The
lattice parameter of GQDs was calculated to be 0.24 nm corresponding to the (1120) plane of
graphene. In the second methodology, GQDs were produced directly from biomass in a single
step via hydrothermal treatment using only water as hydroxyl scissors. The hydrothermal
carbonisation time and temperature played an important role in the carbonisation of biochar
precursor to produce GQDs. The GQDs synthesised at optimum conditions of 250 °C and 12 h
displayed pronounced optical properties. The TEM study showed a uniform dispersion and
consistent shape and the size of as-prepared GQDs. Moreover, the GQDs demonstrated narrow
size distribution with an average of ~2 = 0.5 nm. All the above results suggest that the high
quality GQDs can be successfully produced at large scale using green precursors and green
synthesis methodologies. These studies suggest the cost-effective and green synthesis of high

valued GQDs on large scale is possible from biomass waste.
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Chapter 8 Conclusions and future perspective

8.1 Conclusions

The aim of this study was to produce value-added products from value-less biomass waste, with
a view to solve future energy needs and biowaste recycling problems. To this end, activated
carbon (AC) and graphene quantum dots (GQDs) were successfully produced from biomass
waste and their use in energy storage and sensor applications was evaluated. A series of AC
samples were produced and their effect on the performance of vanadium redox flow batteries
(VRBs) was examined. The lab synthesised ACs demonstrated superior performance to the
commercially available graphite electrodes. Moreover, the sustainable synthesis of GQDs from
biomass waste was studied systematically. A fundamental issue of the introduction of impurities
in the product was addressed and highly pure GQDs were produced. The research proceeded
with the aim of producing high yield of the products and up to 80% yield of the GQDs from the
source was achieved. After achieving highly pure and high-yield GQDs, the large scale and
green synthesis needs to be developed. This was achieved by hydrothermal carbonisation of
biomass waste in a single step using water as scissors to cut the carbon domains into GQDs.
As-prepared GQDs were employed for developing a highly selective and sensitive sensor for
the detection of heavy metal ions in aqueous media. In all cases, a detailed characterisation and

properties analyses were carried out for the carbon products developed.

The conversion of biomass into AC is of significant interest as it is simple yet efficient way to
produce renewable and cost-effective carbon materials for a wide range of potential applications
in energy storage, gas (methane, hydrogen, etc.) storage, air purification to gold purification
and medicine to cosmetics. Owing to their intriguing properties and low cost, these biomass
derived ACs stand out as a competitive candidate to replace the commercially available fossil-
based carbon materials. In particular, these carbon materials have shown bright potential as an
alternate electrode material in energy storage applications, such as vanadium redox flow battery
(VRB). However, most of the studies reported until now mainly focused on the improvement
of surface properties of electrode to upgrade the reaction kinetics. Unfortunately, less attention
has been paid to explore the effect of electrode microstructure on the electrochemical
performance of the battery. In this work, a systematic study was carried out to investigate the
effect of electrode porous microstructure on the performance of the VRB. A range of ACs with

varying levels of porosity were produced by impregnation of biochar with potassium hydroxide
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followed by activation at elevated temperature. The systematic study of porosity development
and its influence on the performance of VRBs system was conducted. The specific surface area
was systematically modified from ~10 m?g* to 2085 m?g* and microporosity up to 1930 m?g-
! was achieved. The electrochemical performance of modified electrodes revealed that the high
surface area porous carbon-based electrode exhibited higher electrocatalytic activity and
reduced charge transfer resistance than the pristine bipolar graphite plate electrode. Static cell
configuration of the VRB showed superior performance for the AC-modified electrodes at all
current densities. The highly microporous electrode revealed dual benefits: firstly, it offered
excess active sites to facilitate the reversible redox reactions; secondly, it improved the
electrochemical performance due to improved charge transfer and high electrocatalytic activity.
The perfect combination of low cost, effective structural design and high VRB performance
suggest that this efficient electrode material may replace the conventional bipolar graphite

electrodes in practical VRB applications.

During the past decade, a continuous research has been carried out to convert these carbon
materials into superior luminescent nanomaterials. Among various fluorescent materials, GQDs
have attracted extensive attention in a wide variety of applications owing to their excellent size-
dependent optical properties. Despite several efforts, a thorough study on the suitable biomass
precursor for the development of GQDs is still lacking. In this study, a systematic protocol was
adapted to search out the suitable biomass-based precursor for the synthesis of high quality
GQDs. A range of biochar samples with varying properties were prepared from biomass. A
simple approach for the conversion of biochar into ultra-pure GQDs was established. A novel
process combining carbonisation, oxidation and nitration with controlled hydrothermal
fragmentation that removes the N-oxide groups in the formation of GQDs was developed. The
removal of the neutralisation process by the introduction of hot water washing played a key role
in the production of highly pure GQDs. The typical topographic morphology of GQDs indicated
a size range of 2-20 nm with a thickness of 1 to 3 nm, corresponding to 3-9 layers of graphene.
The surface area measurements further verified the TEM results confirming the presence of
GQDs in bulk amount (100 mg). The band gaps of the GQDs were 2.95 and 2.67 eV, resulting
in the controllable photoluminescence properties. This simple synthetic method has the
advantages of low cost and sustainability and highlights the possibility of employing low-value

biomass resources to produce high-value nanomaterials.

The potential of biomass conversion into GQDs to be further intensified was studied via a high
yield synthesis of GQDs through microwave treatment of biomass derived short range ordered

carbon. The GQDs were successfully synthesised with a high yield of over 80%, the highest
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value reported to date. The synthesised GQDs were highly hydrophilic and exhibited unique
excitation independent photoluminescence emission attributed to intrinsic state emission. The
size of GQDs was in the range of 5 to 20 nm depending on the microwave power. These GQD
were further modified by simple hydrothermal treatment, leading to a substantial decrease in
their size. The average size of modified GQDs was 1.6 + 0.55 nm, with a very narrow size
distribution. The modified GQDs were applied as photoluminescence sensor to detect ferric
ions. These GQDs could selectively detect Fe* ions with high sensitivity down to 2.5 puM.
Based on these results, it is suggested that this kind of highly luminescent GQDs could have
promising application in the development of other sensors due to their low cost, excellent
solubility and high sensing sensitivity. The utilisation of renewable resource along with simple
microwave treatment paves the way to green, high yield and cost-effective synthesis of GQDs

for sustainable applications.

Large scale and green synthesis of GQDs is an open challenge to realise the real-world
applications. On this journey, several researchers have tried to develop large scale synthesis of
GQDs from biomass, however, still the actual amount was in milligrams (Suryawanshi et al.,
2014; Wang et al., 2016d). To tackle this challenge, two approaches were employed for the
gram scale and green synthesis of GQDs. In the first approach, the GQDs were prepared on a
large scale under mild acidic conditions and demonstrated good crystallinity and uniform shape
and size. The as-prepared GQDs exhibited a narrow size distribution with an average size of ~3
+ 1.5 nm. The lattice parameter of GQDs was calculated to be 0.24 nm corresponding to the
(1120) plane of graphite. In the second methodology, GQDs were produced directly from
biomass in a single step via hydrothermal treatment using only water as hydroxyl scissors. The
hydrothermal carbonisation time and temperature played an important role in the carbonisation
of the biochar precursor to produce GQDs. The GQDs synthesised at optimum conditions of
250 °C and 12 h displayed excellent optical properties. TEM showed a uniform dispersion and
consistent shape and size of as-prepared GQDs. Moreover, the GQDs demonstrated a narrow
size distribution with an average of ~2 + 0.5 nm. All these results suggest that the production
of high quality GQDs at large scale is possible using a waste precursor and green
methodologies. These studies demonstrate the cost-effective and green synthesis of high valued

products from little-value biomass waste.

8.2 Future work

The future of the research on GQDs knows no boundaries as it is a relatively new class of carbon

material. However, there are some barriers for the development of these nanomaterials in
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numerous fields. The early research on bioimaging and biosensing applications of GQDs
focussed on the fluorescence-based mechanism, however, development of near infrared
photoluminescence emitting GQDs and magnetic resonance imaging will help in-vivo
experiments. Therefore, advanced synthesis approaches are highly desirable for getting a
precise control over property-application relationship. Nonetheless, often this aim has to be
well-adjusted by the demands for low cost and large-scale productions. Moreover, the lack of
precise characterisation approaches has created discrepancies in the understanding of its
physicochemical and optical properties. The basic understanding of the optical, electronic,
catalytic and electrochemical properties of the biomass derived GQDs is still very limited and
sometimes even controversial due to their large heterogeneity of the precursor material. Careful
consideration of chemical and electrochemical stability is required for the practical use of
GQDs. But the studies in this respect are limited. Compared with the conventional fluorophores,
relatively low quantum yield and broad emission band are the problems associated with the
GQDs based fluorescent probes. The former issue can be resolved by reduction in the surface
traps and by introduction of dopants, passivation layers, or chemical functionalities. The later

one can be tackled by producing GQDs with narrow property distribution.

In this study advanced carbon-based nanomaterials have been successfully prepared from spent
tea biomass waste. However, other type of biomass wastes should also be considered to acquire
value-added nanomaterials. In addition, industrial scale production of biomass derived GQDs
should be explored for the sustainable world. Moreover, investigation should be carried out to
synthesise single crystal GQDs for competing with semiconductors. In this study, the synthesis
of GQDs was mainly studied, future work should be carried out to evaluate the practical
application of these GQDs. Further work can also be performed on the modification of the
GQDs properties by doping, surface functionalisation and preparing composite materials for
desired applications in bioimaging, sensors, energy and so on. Owing to an excellent range of
optical properties of GQDs, their application in targeted drug delivery would be promising.
Since GQDs exhibit properties superior to semiconductor quantum dots, they can be used as an
alternate candidate to replace the toxic semiconductor dots in wide range of applications such
as sensing, bioimaging, medicine, targeted drug delivery, and energy storage and conversion

devices.
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