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Abstract

Carbon monoxide (CO) poisoning is one of the main factors retarding the advancement of the
commercialisation of polymer electrolyte membrane (PEM) fuel cells because it drastically
decreases the efficiency of the fuel cell through the poisoning of Pt. To date, carbon dots (CDs)
have not been explored for sensing CO for this application. CDs are carbon nanomaterials of
less than 10 nm diameter and with unique photoluminescence properties. Herein, we
investigate the synthesis of CDs for possible use as CO sensors in PEM fuel cells. To develop
a synthesis method, three reagents were investigated as carbon precursors for the CDs synthesis
namely, sucrose, chitosan and polyethylene glycol (PEG). Furthermore, use of three different
heat sources was investigated for the hydrothermal synthesis of CDs namely, the autoclave, the
microwave and the reflux methods. PEG was found to be the best precursor for CDs synthesis
and the autoclave method was favoured because it is a more facile and reliable synthesis
method. Hence, the synthesis of CDs was investigated further through the synthesis of CDs
made from PEG using the autoclave method while varying other reaction parameters.

The variation of the PEG (1) precursor concentration, (2) precursor molecular mass and (3) the
reaction time were all found to have no significant effect on the chemical nature and size of
CDs. It was found that long reaction times, beyond 4 hours, produced carbon nanospheres
(CNSs) as by-products. The production of CNSs as by-products was found to prevail when
water was used as a solvent. The variation of the solvent used was found to have a huge impact
on the particle size and chemical nature of the resulting CDs, the size, quantum yield (%QY)
and whether the CDs made were short- or long-wavelength CDs. Solvents with higher boiling
points produced smaller CDs. Solvents with high relative polarity were found to yield CDs
with a high %QY. Short-wavelength emitting CDs were favoured using solvents with non-
hydrogen bonding properties, low boiling point, low relative polarity and low molecular
weight. In general, the %QY was found to correlate with the particle size of the synthesised
CDs with exceptions where aggregation induced emission was at play. The most
photoluminescent synthesised CDs had a %QY of 15% (2.04 nm sized CDs) and 18% (1.83
nm sized CDs) from reaction time studies (3 hours) and a molecular mass study (PEGsooo),

respectively.

Preliminary tests on CDs were conducted as proof of concept, where CDs were successfully
incorporated into a filter paper to produce a highly photoluminescent paper-based sensing

device. Changes in photoluminescence (PL) were monitored on the paper using a UV-lamp.



Exposure to Pt switched off the PL of the CDs/paper-based sensor and no PL change was
observed upon CO exposure to pure CDs. In conclusion, the preliminary results indicate a proof
of concept approach to produce a sensing device using CDs that can be tailored for CO

detection, that requires further study.
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1 Synopsis

1.1  Motivation

About a decade ago, carbon nanomaterials of less than 10 nm in size were discovered as by-
products during the synthesis of multi-wall carbon nanotubes (MWCNT) and were later named
carbon nanodots (CDs). During their discovery, CDs were serendipity etched out of relatively
larger carbon nanomaterials, MWCNT, of 130-250 nm sizes. [1] To date, CDs have been
shown to be highly photoluminescent, an excellent electron donor and acceptor. Most
importantly, CDs are inherently non-toxic to humans (biocompatible) because their structure
is primarily comprised of the organic element carbon. In addition, CDs are decorated with
functional groups (such as hydroxyls, carboxylic acids and amino groups) on their surface
which allow for tuning of the properties of CDs (to make CDs more suitable for the application
of interest) through modification of the surface. As a result of the above appealing properties,
CDs have been applied in various fields such as biomedicine, catalysis, optronics, and sensing.
CDs have been successfully used as a probe for the sensing of a vast number of analytes (for
example Cu?*, Fe®*, DNA and vitamin C) through the monitoring of their PL in response to the
presence of the analyte. However, CDs have not been explored in sensing carbon monoxide

(CO) for application in polymer electrolyte membrane (PEM) fuel cells. [1]-[3]

PEM fuel cells are currently being developed for portable, stationery and transportation
applications. Their development was inspired by their ability to produce electricity from the
electrochemical reaction of hydrogen and oxygen. With only water and heat as the by-products,
PEM fuel cells are highly environmentally friendly. As such, PEM fuel cells can be used in
place of fossil fuel for the generation of power and used in place of combustion engines for
propulsion of vehicles. [3] Pure hydrogen is highly explosive thus, as a safety measure, pure
hydrogen gas cannot be packaged into the PEM fuel cell. Therefore, to drive the PEM fuel
cells, hydrogen is formed on site, through the reformation of fuels such as methane and natural
gas. The major drawback of fuel reformation is that CO is always produced as a by-product,
which consequently reduces the durability of the fuel cell. This happens because CO
preferentially and irreversibly binds to the anode platinum catalyst of the fuel cell, and in doing
so inhibits the binding and catalytic splitting of hydrogen which results in the deterioration of

the efficiency of the fuel cell over time. [3]-[6]
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To combat this, a CO cleaner (carbon monoxide preferential oxidizing reactor, referred to as
the PROX reactor) has been integrated into fuel cells. [7], [8] However, for the CO cleaner to
be efficient and selective to CO, the presence and amount of CO must be known. This
necessitates the incorporation of a CO sensor to regulate the function of the CO cleaner. [9]
There has been a considerable amount of research done in search of this CO sensor, however
to date, the reported CO sensors have one or two of the following obstacles: (a) expensive (b)
poor compatibility with the humid and reducing environment of the fuel cells (c) poor CO
selectivity- cross sensitive to hydrogen, methane, NOx and/or components present in the fuel
stream (d) poor CO sensitivity. [4], [7], [8], [10] Thus, the search of a novel CO sensor for
application in fuel cells is still at large and this study joins on search by exploring

photoluminescent CDs which have been highlighted as good sensing candidates.

The aim of the project is to develop a C-dots based CO sensor for application in PEM fuel cells.

To achieve this, we oath to undertake the following objectives:

I.  Develop synthesis method for CDs
ii.  Optimise synthesis of 1-10 nm CDs
iii.  Modify the CDs by chemical procedures (i.e. Synthesise Pt/ CDs materials for sensor
testing)
Iv.  Test and optimise CO sensing of CDs for PEM fuel cell

1.2 Organisation of dissertation
Chapter 1: Gives a brief introduction to the study and elaborates the motivation, aim, and

objectives of the project.

Chapter 2: Details the background of the development of fuel cells, outlines the types of fuel
cells, presents the advantages and shortcomings of fuel cells and discloses the potential of CDs

in combating the shortcoming of fuel cells.

Chapter 3: Details the experimental procedure and characterisation of the CDs. Moreover, the

materials and apparatus used for this work are stated and described.

Chapter 4: Explores the synthesis of CDs from various precursors using various reactors to
development a synthesis method which yields CDs with ideal properties for use as a sensor for

application in PEM fuel cells.



Chapter 5: The effect of various reaction parameters on the synthesis highly photoluminescent

CDs using the precursor and reactors couple method identified in the previous chapter.

Chapter 6: This chapter details the preliminary testing of the CO sensing ability of the
synthesised CDs.

Chapter 7: Summaries the findings of the study (The synthesis of carbon dots for possible use

as a CO sensor in polymer electrolyte membrane fuel cells).



2 Literature review

2.1 Background

Being non-renewable resources, fossil fuels such as coal and crude oil are depleting, yet they
are still the main source of power generation. This global scarcity crisis, together with the
pursuit of reduction of greenhouse gas emissions, inspired the development of fuel cells. Fuel
cells produce electricity (power) when hydrogen and oxygen electrochemically react to form
water. They operate silently and in doing so reduce noise and air pollution. Also, fuel cells can
be coupled to other systems which can harvest their by-products and put them to good use. For
instance, a 1 kW fuel cell stack has been used in the Gemini program as an auxiliary power
source for an aircraft and to supply astronauts with clean drinking water. The heat generated in
the reaction can be collected for use as a heating system (an alternative to geysers and heaters).
Considering that water and heat are the only by-products, this emission-free technology of
producing electricity is environmentally friendly with extra credit of being a clean, quiet and
highly efficient technology. A fuel cell is depicted below in Figure 2-1. [6], [11]

Heat Heat

Hydrogen in Oxygen in

>

N Water out

| comose

FUEL CELL |

Figure 2-1: Fuel cell. As depicted, the fuel cell processes a flow of electrons (electricity,
power) from electrochemical reaction of hydrogen (anode) and oxygen (cathode). Water
and heat are produced as by-products. [12]
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The selling point for fuel cells as power generators over other renewable resource technologies
(e.g. solar cells, windmills and water turbines) is that fuel cells exhibit all the following
benefits: highly efficient, durable, reliable, flexible and can be easily scaled and maintained.
Thus, a significant reduction in the use of fossil fuels worldwide will be better realised through
the global application of fuel cells as well as other green power generation systems. Other than
the disadvantage of fuel cells operating with an expensive metal (platinum) as the anode
catalyst, the major drawback with the use of fuel cells is that they are susceptible to carbon
monoxide (CO) poisoning. [4], [6], [11], [13]

2.2 Fuel cells
2.2.1 Types of fuel cells

It is important to state the major difference between batteries and fuel cells: the process of
electricity production and the composition of batteries and fuel cells are similar, the major
difference is that batteries are energy storage devices whereas in fuel cells, power is
continuously generated as long as fuel is supplied. There are several types of fuel cells- broadly
classed into two major types based on their operating temperature. They are referred to as high-
and low-temperature fuel cells, respectively. They can be further classified according to the
type of electrolyte material used. A low-temperature fuel cell can be as an alkaline fuel cell
(AFC), a polymer electrolyte (or proton exchange membrane) fuel cell (PEMFC), a phosphoric
acid fuel cells (PAFC) and a direct methanol fuel cell (DMFC). It is worth mentioning that the
DMFC fuel cell is the only fuel cell whereby methanol is directly fed to the anode (fuel is
usually converted to hydrogen first) and for this reason, as an exception, DMFCs are classed
according to the fuel they use rather than the type of electrolyte material used. High temperature
(600 - 1000 °C) fuel cells are solid oxide fuel cells (SOFCs) and molten carbonate fuel cells
(MCFCs). These different types of fuel cells have different properties and in turn, have

different capabilities. They are also distinctly suited for different applications. [13]
2.2.1.1 High temperature fuel cells

SOFCs use a strong, nonporous ceramic powder as an electrolyte. There are two types of
SOFCs; one uses an array of long tubes and the other uses a compressed disc. Tubular SOFCs
designs are close to commercialisation. On the other hand, MCFCs use an electrolyte consisting
of a molten carbonate salt mixture suspended in a porous, chemically inert matrix. MCFCs of
10 kW to 2 MW have been tested with a variety of fuels and are primary targeted for electric



utility applications. Both these high-temperature fuel cells can be combined to give heat and
power for regionalized stationary power systems and in heavy vehicle transportation such as
trains and boats. [13]

2.2.1.2 Low temperature fuel cells

To date, PAFCs are the most commercially advanced systems. The major drive in their
commercialisation is their simple construction; their electrochemical, chemical and thermal
stability; and the low volatility of their electrolyte (at 150 - 200 °C operational temperatures).
PAFCs have been applied in combined heat and power for regionalized stationary power
systems. They have been installed around the world in about 19 nations in hospitals, nursing
homes, office buildings, schools, etc. Phosphoric acid is the ideal acid in acidic fuel cells due
to its high stability. In early developments, dilute phosphoric acid was used to prevent corrosion
of the cell’s material, but recently with the advancement of strong material research

concentrated phosphoric acid is used. [13]

In DMFCs, the anode catalyst draws hydrogen from liquid methanol. This fuel cell has low
efficiency (about 40%) due to the poor ability of the proton exchange membrane to block and
keep methanol on the anode side of the membrane. The water content of the membrane assists
the proton movement in the fuel cell. As both methanol and water have similar polarities and
thus both methanol and water permeate across the membrane and into the cathode side of the
cell by electro-osmotic drag and diffusion. In the cathode side, methanol oxidation interferes
with oxygen reduction. This results in mixed potentials, and ultimately a decrease in cell
performance. Thus, research on optimising the membrane’s exclusivity for methanol is a
priority. The attractive feature of these fuel cells is their low range operational temperature (49

- 88°C), which is useful in small electronic devices such as cellular phones and laptops. [13]

AFCs have the highest efficiency (about 70%) of all the fuel cells. The major drawback of its
application is that it only works with very pure gasses (highly pure gasses are expensive and/or
sometimes difficult to access). Nevertheless, this was the second fuel cell to be used in space:
it was used in the Apollo spacecraft for power generation and to supply astronauts with clean
drinking water. NASA opted to use the AFC over the DMFC (first to be used in space) because,
at the time, the DMFC used polystyrene sulfonate (PSS) polymer which was unstable. The use
of the Nafion® membrane was a major breakthrough in the field of PEMFC. [13], [4]



Like the DMFC, the PEMFC also utilises a proton exchange membrane. However, the fuel
used (including methanol) is reformed to produce hydrogen which is then fed to the anode.
PEMFCs operate at low temperatures of about 80°C - 120°C (Table 2-1) and they exhibit a
high power density. Table 2-1 is the comparison fuel cell technologies put together by U.S.
Department of Energy. [14] The most fascinating and distinctive feature of PEMCFs is their
ability to vary the output quickly to meet shifts in power demand. This makes them suitable for
automobiles (in light-duty vehicles, displacing the internal combustion engine) where the quick
start-up is necessary. PEMFCs can also be used as small energy storage devices (to replace
rechargeable batteries) and in the residential stationary power market. Our interest is on

PEMFCs with respect to their application in propulsion. [13], [15]



Table 2-1: Comparison of fuel cell technologies. [14]

Fuel Cell Type Common Electrolyte

Polymer
electrolyte
membrane

(PEM)

Alkaline
(AFC)

Perfluorosulfonic acid

Aqueous potassium

hydroxide soaked in a
porous matrix, or alkaline

polymer membrane

Operating
Temperature Size

<1 kW-100

<120°C KW

<100°C

Typical Stack

1-100 kW

Electrical
Efficiency

(LHV)

60% direct
Ho;

40%
reformed
fuel

60%

Applications  Advantages

Backup power

Portable power
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generation

Transportation
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vehicles

Military

Space

Backup power

Transportation

Solid electrolyte
reduces corrosion
and electrolyte
management
problems

Low temperature
Quick start-up and

load following

Wider range of
stable materials
allows lower cost
components

Low temperature

Quick start-up

Challenges

Expensive catalysts

Sensitive to fuel
impurities

Sensitive to CO; in
fuel and air

Electrolyte
management
(aqueous)

Electrolyte
conductivity
(polymer)



Fuel Cell Type Common Electrolyte

Phosphoric
acid (PAFC)

Molten
carbonate

(MCFC)

Solid oxide
(SOFC)

Operating Typical Stack
Temperature Size

5400 kW, 100
S EW module

Phosphmm acid _soaked (liquid PAFC)
i1 & pOrous matrix or . -
A 150°-200°C
imbibed 1n a polymer .

<10 kW
membrane

(polymer

membrate)
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and/or potassium A 300 kW-3 MW,
carbonates, soaked in a 600°-700°C 300 KW module

pOrous matrog

Yttria stabilized zircoma 500°-1,000°C 1 kW-2 MW

Electrical
Efficiency
(LHV)

40%1

50%+*

60% ¢
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Long start-up tume
Sulfur sensitivity

High efficiency High temperature

corrosion and

Electric utility Fuel flexibility breakdown of cell

. components

Distributed g“};?hle for
generation Long start-up time

Eg?ﬁﬁlgﬁle Low power density

High efficiency

High temperature

Auxiliary Fuel flexibility corrosion and
power breakdown of cell

Solid electrolyte components
Electric utility

Suitable for Long start-up time
Distributed  CHP
generation Limited number of
Hybnid/gas shutdowns
turbine cycle



2.2.2 Carbon monoxide (CO) poisoning

The Pt catalyst is at the heart of a fuel cell as it catalyses the anode reaction whereby H», the
fuel, is split into H* and electrons (two of each per hydrogen molecule). The products of the
anode reaction permeate through the polymer electrolyte membrane into the cathode whereby
they react with oxygen to form water. The Gibbs free energy of the overall reaction is -237
kJ/mol; for standard conditions at 25°C, the equilibrium cell voltage is 1.23 V. Thus electricity
is produced. [13]

The ideal PEM fuel is hydrogen, however, due to size, weight, cost and technical limitations it
is difficult with covert technology to store enough quantity and quality of hydrogen gas. Thus,
the bulk hydrogen is produced on site and on demand by external fuel (methanol, natural gas,
gasoline and propane) reforming. Further, reforming fuels to produce reformate gas always
produce some CO. However, the major drawback of this process is that the fuel cell efficiency
can be deteriorated by CO poisoning. CO poisoning occurs through CO preferentially and
irreversibly binding to the active sites of the anode Pt catalyst, and this precludes the essential
hydrogen gas binding reaction. [10], [13], [16]

Depending on the type of reformer used, operating conditions and fuel, the reformate gas from
the reformer contains 3 - 10% CO. The residual CO is further converted to more hydrogen and
carbon dioxide through the water gas shift reaction - thereafter only 0.5 - 1% CO remains on
the reformate gas (with hydrogen around 40 - 75 %). The sorption force of CO onto the anode
Pt catalyst is very strong, which is a problem because the performance of the fuel cell falls
when only a small amount CO (about 1% CO in bulk hydrogen stream) is present. Thus, a CO
clean-up step is necessary to reduce or nullify the CO concentration in the reformate gas. There
are two approaches that have been undertaken to save the fuel cell from CO poisoning, namely

catalyst alloying and fuel reforming. [13], [17]
2.2.2.1 Catalyst alloying

Utilising Pt alloy catalysts to catalyse the anode reaction has proven to be a promising manner
to mitigate CO poisoning. Quite several metals have been mixed with Pt and investigated for
this purpose, including Sn, Ru, Mo, Fe and Co. Even though all previously mentioned metals

form Pt alloys which exhibit higher CO tolerance compared to pure Pt, the Pt-Ru alloy is a
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more novel approach to solving the problem. [17], [18] The CO tolerance capacity of a Pt-Ru
alloy catalyst can be improved by incorporation of a third metal to the bimetallic catalysts.
Indeed, carbon supported ternary Pt-Ru-M (M= Sn, Au, Ag, W, Os or Rh) catalysts have been
investigated. Only incorporation of W (forming Pt-Ru-W) improved the CO tolerance
significantly with electro-oxidation of hydrogen being twice that of Pt-Ru catalyst in the
presence of 1% CO. [17], [18]

It has also been suggested that catalyst alloying improves CO tolerance through a ligand effect
and/or a bi-functional effect. Ligand effects occur when the promoter changes the electronic
properties of Pt and in doing so decreases the sorption force of CO onto Pt. A bi-functional
effect occurs when the promoter forms one of the necessary reactive intermediates. In the case
of Pt-Ru, both mechanisms are at play in improving CO tolerance. Ru acts as the promoter and
in a bi-functional effect, oxygen-containing species form on Ru sites and facilitate oxidation of
CO to carbon dioxide. [5]

Catalyst alloying has a disadvantage of using expensive noble metals as promoters which may
further hinder the commercialisation of PEMFC due to cost. Another concern is that Ru is not
entirely stable at very high over-potentials and this worsens as the catalyst ages. Also, even
though alloy catalysts are tolerant to CO poisoning, CO molecules are not being effectively
eliminated from the cell system. As such over time, the CO levels and coverage (on a catalyst)
will rise and CO poisoning will eventually occur. This poses durability problems for PEMFCs.
[10]

2.2.2.2 Fuel reforming

While more CO-tolerant fuel cell catalysts are being developed, efforts in developing a catalyst
to selectively remove the 0.5-1% CO from the Hz-rich reformate prior to reaching the fuel cell
are continuing. Several procedures are currently applied and are still under investigation:
catalytic methanation Pd-membrane technology and CO preferential oxidation. [17] A Pd alloy
membrane features a system whereby the hydrogen-rich reformate gas is fed through the
membrane which only allows the passage of hydrogen to the anode Pt catalyst. This membrane
can be very effective in the removal of CO from a hydrogen-rich reformate gas. However, this
technique requires large pressure differences and relatively high temperatures which reduce the
efficiency of the system. [13], [16]
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On the other hand, catalytic methanation entails reacting CO with hydrogen which forms
methane and water. Methanation requires stringent conditions to be effectively used as a CO
clean-up system in fuel cell because the CO- present in the hydrogen-rich reformate gas may
react with the produced water through a reverse-gas-shift reaction, thereby undesirably
producing CO. Furthermore, the amount of hydrogen necessary to carry out the methanation
reaction is three times that of CO resulting in a decrease in efficiency of the system. [13], [16],
[17]

CO selective oxidation can occur in one of two ways. Firstly, there is hydrogen peroxide
bleeding whereby H>0O> in the anode humidifier mitigates CO in the hydrogen-rich reformate
gas. It was suggested that CO mitigation appears to provide by an unintended O: bleed
produced by decomposing of H.O> in the humidifier rather that H.O> vapours transported from
the humidifier to the anode. [13], [16] Secondly, the hydrogen-rich reformate gas is mixed with
air or oxygen (which selectively oxidises CO) either before the fuel is fed into the cell or within
the stack. [17] This process may be supplemented using a CO preferential oxidation (PROX)
catalyst that is placed between the fuel stream inlet and the anode catalyst. Amongst the above,
the use of a PROX catalyst appears to be the lowest cost method for CO clean-up to desired

levels with minimal hydrogen consumption. [13], [16]

2.2.3 CO sensors

The problem with the use of PROX catalysts arises either when hydrogen gas is also oxidised
because it is wasted or when the CO is inadequately removed leading to CO poisoning. In
order for the oxidant (air or oxygen) fed into the PROX reactor to be just enough to oxidise CO
and protect the fuel cell without parasitically wasting hydrogen gas, the presence and
concentration of CO must be detected to regulate the oxidant supply and activity of the PROX
reactor. Thus, a CO sensor must be incorporated into a fuel cell system. Figure 2-2 shows the
steps of fuel processing in a fuel stack system equipped with a CO sensor. [19], [9]
Commercially available CO sensors were designed to work in the presence of oxygen and thus
fail in PEM fuel cells where the environment is highly reducing. As such, infrared spectroscopy
(IR) is used to detect CO in fuel cells. IR spectroscopy is based on absorption spectroscopy; it
is compatible with a fuel cell environment; it has a high accuracy and has rapid responses.
However, IR spectroscopy detection systems are large and expensive, therefore are not ideal
for PEM fuel cell applications. Several studies have been conducted in search of a new CO
sensor for use in fuel cells. [19], [9]
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Figure 2-2: A schematic representation of the processing of fuel in a fuel stack system.
[20]

Most developed CO sensors are amperometry devices. These sensors are mini-fuel cells (for
instance a mini-PEMFC and a mini-SOFC). The mini-PEM fuel cell CO sensors are based on
monitoring hydrogen oxidation Kinetics at the anode which is inhibited and thus varied by
carbon monoxide. [21] On the other hand, the exact mechanism in which CO is detected by a
mini-SOFC is not yet fully understood. With that said, a mini-SOFC was used to detect O -
4000 ppm of CO by monitoring both the short-circuit current through the cell and the
electromotive force (EMF) generated from the cell. These mini-fuel cells are compactible, have

low cost and rapid response but they are cross-sensitive to hydrogen. [21], [22], [23]

Another CO sensor type that has been developed is based on chemi-resistance whereby CO is
adsorbed on a material and the effected resistance of the material is monitored. With this type
of sensor, tin oxide and thin film copper chloride have been explored. A tin oxide CO sensor
exhibits similar advantages and disadvantages as does a mini-fuel cell and in addition, tin oxide
has a high-power consumption. [19] On the other hand, copper chloride is tolerant to hydrogen.
However, the operation of the sensor is compromised in the presence of water vapour. Dynamic
response CO sensors which are based on pattern recognition have been developed, they have
merits on low cost and tolerance to hydrogen. The major drawback of this CO sensing system
is that they have a fixed RH value. [19], [9]
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In a nutshell, impressive work has been done in the search for a CO sensor to supplement the
PROX reactor and effectively counteract CO poisoning. However, each of the developed CO
sensors has serious cons and thus the search for a novel CO sensor continues. A novel CO
sensor should meet the following criteria:

e Since PEMFC efficiency deteriorates at small levels of CO, the CO sensor must be
highly sensitive to CO (detect from 1-100 ppm). [9]

e The hydrogen-rich inlet stream contains chemicals like CO2, NO2 and methane together
with the toxic CO, thus the sensor must be highly selective to CO. [19], [9]

e The PEMFC is a proton-exchange membrane which relies on water content to facilitate
proton exchange and the fuel cell environment is humid. As such, the CO sensor must
be compatible with humidity. [19], [9]

e For the CO sensor to effectively protect a PEMFC, it must have fast response times
(approximately 1 min), it must be reversible and give quick feedback on changes of CO
levels. [19], [9]

e One of the reasons PEMFCs are suitable for vehicle applications is that they are

compact; as such it is necessary for the CO sensor system to be compactible. [19], [9]
2.3 Carbon dots

2.3.1 CDs overview

As relatively new materials, carbon nanodots (CDs) have not been employed in the sensing of
CO. CDs are zero-dimensional carbon nanomaterials with sizes that range from 1-10 nm and
have indigenous surface functional groups such as hydroxyl, carbonyl, carboxyl and amino
groups (see Figure 2-3). [24] Most CDs are generally comprised of the elements carbon,
oxygen, hydrogen and nitrogen. [25] They were serendipitously discovered in 2004 as one of
the two major by-products during the purification of single-walled carbon nanotubes
(SWCNT). [26] During the discovery of CDs, Xu et al., synthesised SWCNT from the
oxidative reduction of carbon soot and subsequent surface functionalisation through boiling in
nitric acid. Thereafter, the resulting crude of SWCNT were subjected to purification
preparative electrophoresis in agarose gel and glass beads matrixes whereby, CDs were
separated a major by-product. [27] As such, CDs were etched out from two-dimensional carbon

14



nanomaterials, SWCNT, of relatively larger particle size (150 nm). To date, CDs have been
prepared via various chemical, electrochemical and physical synthetic methods using organic
based precursors ranging from carbon soot to milk [28] and apple juice. [29] Moreover,
Mandani et al., proved the existence of naturally occurring CDs by extracting them from honey
as summarised in Figure 2 - 4. The extraction entailed subjecting honey to diluting, dialysing
and precipitation to separate out larger biomolecules, whereby 15 mg CDs from a gram of

honey was extracted as depicted in Figure 2 - 4. [30]

Figure 2-3: The three different types of CDs (a) graphene quantum dots (GQDs), (b)
carbon nanodots (CNDs) and (c) polymer dots (PDs) (modified from (Zhu et al., 2015)
(Zhu et al., 2013). [31], [32]
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Figure 2-4: lllustrates the attainance of naturally occuring CDs from honey. [30]
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As illustrated in Figure 2-3, there are three different types of CDs distinguished based on their
intrinsic inner structure and surface functional groups, namely, graphene quantum dots
(GQDs), carbon nanodots (CNDs) and polymer dots (PDs). GQDs consist of one or a few
layers of graphene stacked together with chemical groups connected at the edges. Thus, GQDs
are anisotropic materials with a width larger than height. Their synthesised is favourable when
using layered carbonaceous starting material. CNDs are spherical aggregates, with chemical
groups connected on the surface (amorphous CNDs are called carbon nanoparticles whereas
the crystalline CNDs are called carbon quantum dots). Similarly, PD are spherical aggregates

but are grafted with polymer chains connected on the surface of the carbon core. [33]

Figure 2-5: Shows CDs in the centre (with a carbon core and functional groups wiggling
on the surface), the appealing properties of CDs (PL is photoluminescence and D/A stands

for donor/acceptor) and a fields where CDs can be applied. [26]

Since their discovery, CDs have been shown to be good semi-conductors that exhibit a number
of appealing optical properties, such as photoluminescence (PL), electrochemiluminescence
and photo-induced electron transfer as depicted in Figure 2-5. Similar characteristics are
exhibited by inorganic quantum dots. However, CDs are superior to their inorganic
counterparts, quantum dots, because CDs are biocompatible, stable and open to modification.
[34] The biocompatibility of CDs is bestowed by the fact that CDs are produced from carbon
nanomaterials or organic building blocks and as a result CDs are mainly comprised of the
element carbon which renders them less toxic to human beings (and other biota) compared to

inorganic quantum dots. Inorganic quantum dots are non-carbon based nanomaterials of 1-10
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nm; they traditionally made from colloidal synthesis and based on elements of the 2" and 6"
group of the periodic table (e.g. cadmium and zinc) and from the 3" and fifth group, phosphides
and indium arsenide. [35] Inorganic quantum dots were discovered in glass matrix and in
colloidal solutions and later named ‘inorganic quantum dots’ in 1986. [36] Since then,
inorganic quantum dots have been a central theme in nanotechnology, being applied in
biomedicine, photovoltaic devices (solar cells), light emitting diodes (LEDs), quantum dots
display, photodetector devices and photo-catalysts. Toxicity is the major obstacle of the
application of inorganic quantum dots, especially in biomedicine. [37] CDs are a green
alternative to inorganic quantum dots, thus they received attention in a vast number of fields
(biomedicine, optoelectronics, catalysis, sensing) were inorganic quantum dots largely fell

shots due to their toxicity.

CDs (and quantum dots) are artificial clusters of semiconducting atoms that can confine the
atoms motion due to their small size. This is just as in an atom, whereby the energy levels are
quantised due to the confinement of electrons. [38] One of the most important selling points of
the CDs is the feasibility to tune their band gap with ease and therefore control the absorption
and emission frequencies; tuning of the bang gap of CDs occurs via varying the size of CDs
which in turn is affected by the preparative method and/or post-treatment of the CDs. [26] In
this way it is possible for the optical properties of CDs to be adjusted according to their purpose
of use without significant cost or without the use of high-end technology. [39]

2.3.2 CDs’ optical properties

2.3.2.1 CDs versus bulk semiconductor

As previously mentioned, CDs are 1 - 10 nm sized semi-conductors, and they perform better
than bulk semiconductors. Materials are classed into three categories based on their electric
conduction, namely conductors, semiconductors and insulators. Semiconductors are comprised
of (1) arange occupied lower-energy levels known as the valence band; (2) a range of forbidden
range of energy levels well known as the band gap; and (3) a of range unoccupied higher-
energy levels known as the conduction band. In bulk semiconductors, the valence and
conduction band are continuum bands (the vibrational energy levels are closely packed) and
the band gap a is fixed parameter for that material. [40], [41] Conversely, in quantum dots, the
valence and conduction band are made up of a manifold of discrete vibrational energy levels

and the band gap is a function of size of that material (Figure 2-6).
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Figure 2-6: Schematic representation of the discrete vibrational energy levels of quantum
dots versus the Continuum vibrational energy levels of bulk semi-conductors. Also,
illustrates the bag-gap dependency of quantum on their particle and emphasis the blue to
red-shift of the emitted light that accompanies the particle size increase of quantum dots.
[38]

As illustrated in Figure 2-6, bulk semi-conductors are three-dimensional 3D structures thus the
electrons are allowed to flow freely around continuum vibrational levels of the conduction and
valence band, respectively. Quantum confinement is a phenomenon where an electron’s
movement is restricted to a respective discrete vibrational level of the conduction or valence
band. Quantum wells express quantum confinement in one of their three dimensions. That is
one of the dimensions have a size of 1-100 nm with the electron of confined propagation while,
the other two dimensions retain their actual size and allow free movement of electrons. Thus,
qguantum wells are two-dimensional (2D) structures. The well-known nanotubes, as well as
nanowires, nanorods and thin films are all classified as 2D structures. Materials that express

confinement in one dimension are known as quantum wires. The one-dimension (1D)
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structures, quantum wires confine electrons (or holes) in two special dimensions and allow free
propagation in the one dimension. Quantum dots express quantum confinement in all three
dimensions. That is, all dimensions of the material have nanoscale size and electrons have
confined propagation in all dimensions (Figure 2-7). Thus, quantum dots are zero-dimension
(OD) structures.[42]-[44]

Bulk 3D D(E)
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Film 20 O(E)
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Figure 2-7: Effect of reduced dimensionality. Electrons are confined in a semiconductor
(red) with a smaller band gap than the cladding semiconductor (blue). The confinement
changes the density of states, depicted as D(E). Ec is the conduction-band edge of a 3D.
[44]

By absorbing energy in a form of heat or electromagnetic radiation, the electron of the semi-
conductors is excited and risen to the conduction band from the valence band. During this
action, the electron leaves the atom and leaves behind a hole in the valence band (a hole and
an electron pair are called an exciton). The average distance between the hole and the electron
is called the exciton Bohr radius. When the size of the semiconductor falls below the Bohr
radius the semiconductor is called quantum dots (recall that carbon-based quantum dots are
called CDs). The exciton has a limited lifetime and the electron will come back to the valance
band and recombine with the hole. The recombination process is normally a radiated process

which includes a photon release, a phenomenon called luminescence. [26], [41]
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Due to three-dimensional confinement, quantum dots can directly absorb incident light,
eliminating the need for special light coupling techniques such as grating. Electrons of quantum
dots have longer lifetimes compared to bulk, quantum wells and wires semiconductors because
they ideally have density of states that is independent of temperature (Figure 2-7), thus electron
distribution is not highly dependent on the temperature. Also, when the band gap energy is
higher than the energy of the photon, then the electrons can absorb multiple phonons in attain
the excited state. This results in reduced efficiency of scattering mechanism, which in turn
counteracts current leakage (also known dark current). [44]

Generally, the smaller the size of the semi-conductor the larger its the band gap. Therefore,
high energy is required to excite the CDs (and inorganic quantum dots) and simultaneously
higher energy is released when the CDs returns to its resting state. This equates to higher
frequencies of light being emitted after excitation of CDs. Moreover, as the semi-conductor
grows smaller, the light emitted exhibits colour shift from red to blue (Figure 2-6). [26], [41]
In the case of photo-excitation, whereby the electron is excited upon absorbing a photon, the
luminescence is referred to as photoluminescence (PL). [38] As anticipated, CDs display
excellent photoluminescence. Moreover, CDs can be excited by a chemical reaction, an
electrochemical reaction and by an electric current; in which case the luminescence is referred
to as chemiluminescence [45], electrochemiluminescence [46], and electroluminescence [47],

respectively.

2.3.2.2 Types of luminescence

The relationship between the energy of the absorbed photon and the energy of the photon
emitted can be used to classify the types of photoluminescence. In a case where the absorbed
and emitted photon has the same energy the photoluminescence is referred to as resonant
radiation. Wherein, emission occurs proximately after absorption with the entire process
completed in an order of 1079 and without any significant internal reformation of the
photoluminescent material. [48] However, when the photoluminescent material is not in
solution or gas phase, an electron band structure may be formed leading to complex secondary
emission involving both coherent (elastic modes with zero energy losses) and non-coherent
contributions. [49] Also, there is phosphorescence which has a longer lifetime of 10 - 102 s.
During phosphorescence, the absorbed photon undergoes intersystem crossing into a state with
a different spin multiplicity, usually a triplet state. This process is very rare and is referred to

as radiative transition. [50] Conversely, fluorescence is the most common type of luminescence
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observed [51]; CDs (and quantum dots) generally exhibit fluorescence [1], specifically
photoluminescence. [39], [52] During fluorescence the emitted photon has less energy
compared to the absorbed photon. This is as a consequence of loss of energy as the
photoluminescent material relaxes back to its ground state conformation; process occurs within
108t0 10™s. [48]

2.3.2.3 Relation between absorption and emission spectra

Absorption and emission transitions
As mentioned above, the band gap is sandwiched by the valence and conduction band which

are made up of vibrational levels. Upon absorbing a photon, the dot is excited from the lowest
vibrational level on the valence band to one of the vibrational levels of the conduction band
(see Figure 2-8). This transition (T+) corresponds to the absorption/excitation energy. [26], [41]
The potential energy of the excited dot increases with the energy of the absorbed photon. Thus,
the dot has more potential to land on a higher vibrational level of the conduction band when
the excitation energy higher. Subsequently, the excited dot rearranges to adapt to a
conformation that is most favourable in the conduction band. The rearrangement results in loss
of energy, thus the excited band drops to a lower vibrational level from the vibrational level it
landed on. Eventually, the excited dot drops to the lowest vibrational level of the conduction
band before it transits (T2) back to the conduction. [26], [41] The dot only fluoresces upon
transitioning from lowest vibrational level of the conduction band to any of the vibrational
levels of the valence band. It is this transition (T3) that correlates to the emission energy. The
dot subsequently goes through rearrangement to adopt to the most favourable conformation of
the valence band namely the ground state. Once the dot is completely relaxed, it resides in the
lowest vibrational level of the valence band (i.e. ground state). [26], [41] Thus, the fluorescence
emission occurs at a lower energy compared to the absorption energy partly due to loss of

energy through vibrational relaxation, geometry and solvation rearrangement.
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Figure 2-8: Energy diagram of CDs. [53]

Stokes shift
The energy difference between absorption peak and fluorescence emission peak is called

Stokes shift. CDs exhibit characteristic large Stokes shift which allow for detection of
fluorescence at signal intensity. [38] In bulk semiconductors where energy levels are generally
equally spaced, the UV-vis absorption and emission spectra are almost mirror images separated
by a small (approximately 10 nm) Stokes shift (Figure 2-9). [54] However, CDs exhibit
characteristic large Stokes shift (Figure 2-10) which allow for detection of fluorescence at

signal intensity. [38]
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Figure 2-10: Absorption and emission spectra of typical quantum dots with large Stokes
shift. [53]
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Fluorescence lifetime

As discussed above the distance between an absorption and an emission peak is referred to as
Stokes shift and it plays a role in the sensitivity with which CDs can detect an analyte. Another
characteristic of CDs that plays a role in the sensitivity feature of CDs sensors is fluorescence
lifetime. Fluorescence lifetime is time elapsed between absorption of a photon by a material
and its subsequent emission. Longer fluorescence lifetimes are favoured as they aid in easily
distinguishing the CDs fluorescence signal and background fluorescence. In general, larger
CDs have fluorescence lifetimes because they have more spaced energy levels where the
electron-hole pair can be trapped and live longer. [53]

2.3.2.4 Efficiency of fluorescence

Fluorescence quantum yield (QY)

It is critical to evaluation of the optical efficiency of CDs, and other photoluminescence
material in general. The optical efficiency of the fluorescence of the semiconductor is
quantified as the fluorescence quantum yield (QY). As shown in Equation 2-1, fluorescence
QY of a material is the fraction of photons absorbed when the light is shone on material that

are emitted as the material luminescence. [53], [56], [57]

number of emitted photon
number of absorbed photons

fluorescence QY = [Equation 2-1]

In other words, fluorescence QY is a measure of the PL strength of a semiconductor. It is
realized that when the fluorescence trait of a material is used for detection of an analyte, then
the material should ideally exhibit a high QY for it to have the lowest limit of detection of the
analyte. In general, the fluorescence QY of materials can be determined via two approaches
namely the absolute and comparative methods. [56], [57] Absolute methods entail either the
use optical methods to directly measure a portion of absorbed photons emitted as luminescence
or calorimetric methods (photoacoustic, thermal lensing) to directly measure a portion of
photons lost by non-radiative recombination. On the other hand, comparative methods are
based on comparison of PL measurements of an investigated sample and a luminescence
standard under identical conditions. For CDs, the comparative technique based on Equation 2-
2 is the most often used method for the determination of fluorescence QY, where a dye with
similar properties as the material of interest is as a reference. [56], [57]

2
QY = QYoo+ Zref [Equation 2-2]

T]ref A Iref
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Where, QY is quantum yield; # is the refractive index; I is integrated emission intensity; A is
the optical density. The subscript Ref refers to the reference fluorophore with known
fluorescence QY. [56], [57]

The maximum value of fluorescence QY is 1 however in reality the value is less than 1 for
virtually all luminescent materials because there is a larger of number of non-radiative
processes that lead to a decrease in the number of emitted photons. The fluorescence QY can
be determined in terms of the rate constants of the radiative (krad) and non-radiative (Knr)
processes according to Equation 2-3. [56], [57]

— _ Xkrada L
QY = T [Equation 2-3]

The krag term includes the rate of fluorescence and phosphorescence while the kqr term includes
the rate constants of all the non-radiative processes. The lifetimes of the photoluminescence
are also related the fluorescence QY of the material. Thus, the fluorescence QY can be
expressed in terms of the luminescence lifetimes as shown in Equation 2-4 (provided that
lifetime = tf=1/kf). [56], [57]

QY = kf+k2fknr = é [Equation 2-4]

Photostability and photobleaching

Over time, the fluorescence QY of fluorescent materials may decrease. The leading cause of
this is photobleaching. Photobleaching is the photochemical modification (such as cleavage of
a covalent bond) of the PL centre of a material that compromises the PL centre’s fluoresce
ability. CDs are appealing for sensing and other fluorescent spectroscopy because they (and
their inorganic counterparts) have been found to be significantly more stable against
photobleaching than organic dye molecules. In other words, CDs are photostable. [53]

2.3.2.5 Origin of CDs photoluminescence

The CDs exhibit photoluminescence due to one or more of its inherent features. Firstly, since
CDs are 10 nm scale materials, the carbon core of CDs possesses condensed energy levels, and
thus exhibit photoluminescence due to quantum confinement. In this case, the PL (in turn the
conductivity) of the CDs will be related to the size of the CDs. Secondly, the PL of the CDs
may originate from the hybridisation of the carbon backbone and the connected chemical
groups i.e. the surface defects introduced by the connections (surface state). This mechanism
of the PL can be investigated by studying the PL behaviour of CDs with varying pH and
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polarity of solvent; whereby, the PL of CDs may drastically change upon protonation but later
be recovered at alkaline conditions. Thirdly, the PL of CDs may rise as a result of the molecule
state of CDs (fluorophores on interior of CDs/ of chemical groups connected on the edge or
surface of CDs). This mechanism is not ideal because it renders the CDs not photostable.
Lastly, PL of CDs may be ascribed to the crosslink-enhanced emission effect (CEE). [31], [58]

To understand the CEE effect, one must appreciate that organic fluorescent materials
traditionally have carbon-based pi-electrons as their PL centre building block. These carbon-
based pi-electrons are carbon-carbon double or triple bonds. [59], [60] On the other hand,
heteroatoms containing double bond (C=0, C=N, N=0, etc.) and single bonds (amino based
groups, C-O, etc.) exhibit weak fluorescence but, can show increased PL with suitable
immobilisation. The suitable immobilisation can be attained via cross-linking and aggregation.
[58], [59] The CEE effect is common in polymer dots (PDs) specifically non-conjugated PDs.
That is, there are two main types of PDs, namely conjugated PDs (with carbon pi-electrons in
PL centre) and non-conjugated PDs. Figure 2-11 compares the two types of PDs and illustrate
the relationship between conjugated PDs and other carbon dots. CEE of non-conjugated PDs
can result from formation of covalent bonds, supramolecular interactions and/or rigidity caused

be aggregation as illustrated in Figure 2-12. [59], [60]
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Figure 2-11: Representation of PDs (the PDs always contain CPDs and NCPDs), and the
relationship between NCPDs and other CDs. [59]
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Figure 2-12: lllustration of the three routes that lead CEE effect of the non-conjugated
linear polymers. [59]

AIQ and AIE
Aggregation is not only important in enhancing the PL of non-conjugated PDs, but also plays

a key role in the PL behaviour of most (if not all) fluorescent materials. This has given rise to
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phenomena such as aggregation induced quenching (AlQ) and aggregation induced emission
(AIE). [61] AIQ iswhen fluorescence QY decreases with an increase in the amount of material.
It has been studied for over half a century since Foerster’s discovery of the concentration
quenching effect in 1954. [61] It has been generally observed that materials with aromatic
luminophores (PL centres) suffer from AIQ. That is traditional luminophores generally emit
significantly strongly in isolation than they do as clusters/aggregates. This is because upon
aggregation, the pi-electrons of the individual molecules became in close proximity with each
and thus partake in strong pi-pi stacking intermolecular forces. This is particularly observed
severely with rod-like or disc like shaped aromatic luminophores. This pi-pi stacking results in
formation of non-radioactive channels through which the excited state of such aggregates often
uses to decay/relax back to ground state. Consequently, the emission of the aromatic
luminophores the aggregated state is extensively quenched. [59], [61]

Often, materials that exhibit AlIQ show excellent results at lab scale but fail dismally in
application because the aggregated state plays vital roles in sensing, bio-imaging, organic light-
emitting diodes, optical waveguide, etc. On the other hand, materials that exhibit aggregation
induced emission (AIE) are appropriate for application. These materials may exhibit little or
no fluorescence at low concentrations but are very fluorescence in solid state or in high
concentrations. The comparison of the AlQ and AIE effect is commonly demonstrated using
Perylene and hexaphenylsilole (HPS). As shown in Figure 2-13, Perylene suffers from AlQ
while the PL of HPS is enhanced through AIE. In both cases, aggregation is induced by
gradually increasing the fraction of water (a poor solvent).[61], [62] As a disc shaped aromatic
molecule, upon aggregation perylene forms intense pi-pi interactions resulting in the observed
AIQ effect.[61]-[63] On the other hand, HPS show has no emission when well dissolved but
emits strongly upon aggregation. [61], [63]
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Figure 2-13: The demonstration the AIQ and AIE effects of Pyrelene and
hexaphenylsilole, respectively, by gradually increasing the fraction of water (a poor
solvent) by Mei et al., [61]

HPS exhibits AIE because in solution sate the active molecular motions along the sigma bonds
that join the phenols to the central unit of the HPS act as non-radioactive channels for energetic
decay from the excited state to the ground state. However, in aggregated state HPS molecules
experience spatial constraints as well as the interact with each other resulting in the restriction
of the sigma bonds motions. Thus, the nonradiative decay channels are blocked and emission
is cultivated. [63] Researchers have established that the AIE effect is due to the restriction of
intramolecular motion which is comprised of the restriction of intramolecular rotations and
vibrations.[63], [64] As illustrated in Figure 2- 14, other typical PL centres that exhibit include
TPE and THBA. [63], [64]
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Figure 2-14: Hlustration on restriction of intramolecular motion. [64]

2.3.2.6 Synthesis of carbon dots (CDs)

Since their accidental discovery as by-products, the synthesis of CDs has grown in the past
decade. As mentioned earlier on, CDs (and any other nanomaterial for that matter), can be
synthesised through chemical, electrochemical or physical techniques. These synthetic
techniques are essentially achieved through two synthetic approaches, namely bottom-up and
top-down procedures which are depicted in Figure 2-15. Moreover, the properties of the CDs
obtained can be optimised during preparation or through post-treatment. Post-treatment of CDs
essentially the modification of CDs and it is very important because it allows tailoring of CDs

for an application.
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Figure 2-15: The two approaches for carbon dots synthesis namely top-down and bottom-
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Top-down approach

Top-down essentially entails the etching of CDs crystals from already existing crystals such as
carbon nanotubes. In this approach, the synthesis precedes under harsh conditions. The top-
down approached proceeds through arc-discharge, laser ablation and electrochemical synthesis
methods. [1], [66] During their discovery, CDs were serendipitously synthesised via a top-
down approached whereby, the CDs were etched out of carbon nanotubes through an arc-
discharge synthesis. [27] In 2006, Sun et al., reported the first synthesis of CDs via laser
ablation. They synthesised CDs through mechanical ablation (i.e. hot-pressing) of mixture of
graphite powder and cement and annealing argon in argon flow. A Q-switched Nd:YAG laser
(1064 nm, 10 Hz) was used for the ablation in the presence of water vapour with argon as
carrier gas at 900 °C and 75 kPa. To achieve bright luminescence emissions, the CDs were
treated with an aqueous nitric acid solution and subsequently passivated with the PEG1s00N and
PPEI-EI, respectively. [67]

Then, in 2007 Zhou et al., reported the synthesis of CDs via an electrochemical treatment of
multi-wall carbon nanotubes. They synthesised carbon nanotubes with a 30-40 nm diameter on
a carbon paper and thereafter subjected them to an electrochemical cell with a degassed
acetonitrile solution, 0.1 M tetrabutylammonium perchlorate (TBAP) supporting electrolyte,
Pt working electrode, Ag/AgCIOs4 reference electrode and an applied potential of cycles
between -2.0 and 2.0 V at a scan rate of 0.5 V/s. The emergence of CDs was indicated by the

colour change of the electrolyte from colourless to brown under day light and to blue under
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UV-lamp. Thus, carbon nanotubes were degraded or rather broken down to form CDs with a
diameter of 2.8 + 0.5 nm in diameter as confirmed by high-resolution transmission electron
microscopy (HR-TEM). [2] Following this, many researchers synthesised CDs via the top-

down approach until they realised the need to implement a greener synthetic method. [68]

Bottom-up approach

Bottom-up approach involves the build-up of CDs crystals from a carbonaceous building block.
Herein the carbonaceous material is subjected to external energy such as heating, microwave
pyrolysis and ultra-sonication. [1] The bottom-up approach is not only favoured because
proceeds via green synthetic procedures but, it also produces nanomaterials with less defects,
more homogeneous chemical composition, better long and short-range ordering. Moreover, it
precedes via facile synthesis procedures with an abundance of carbon materials to serve as
precursors. Thus, the majority of the reported CDs are synthesised through the bottom-up
approach via pyrolysis and solvo-thermal synthesis. [1] Pyrolysis synthesis is the chemical
decomposition of carbon-based materials through application of heat in the absence (or near
absence of oxygen). The synthesis of CDs via pyrolysis normally entails a reflux reaction done
under inert atmosphere such as nitrogen [69], [70], hydrogen and argon. Alternatively, CDs
can be obtained through pyrolysis by subjecting the carbonaceous starting material to
microwave-irradiation; this synthetic process microwave-assisted pyrolysis. [24] Microwave-

assisted pyrolysis has an advantage of short synthesis duration. [71]

Solvo-thermal synthesis entails dissolving a carbonaceous material in solvent under high
pressure (when the solvent is water, the process is called hydrothermal synthesis). During this
process, the carbon source breaks down and upon condensation single nanomaterials are
formed through nucleation. Normally, the functional units of the carbon source are retained on
the surface of the CDs. Thus, for this project the carbon source with pi-acceptor functional
groups will be considered to yield CDs which can interact with the pi-donor analyte, CO. The
summary of advantages and disadvantages of the different synthesis procedures are

summarized in Table 2-2 below.
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Table 2-2: Summary of the advantages and disadvantages of different synthesis methods
[71].

Synthesis method Advantages Disadvantages
Arc discharge Easily producible as by- | Hard to remove impurities
products

Expensive equipment
Laser ablation Simple experimental setup Low yield

Electrochemical approach | Low cost, High output, Easy | Difficult to dope
manipulation of reaction
parameters

Solvo-thermal Low cost Long synthesis duration

Easy = manipulation  of
reaction parameters

Pyrolysis of precursors Simple procedure Difficult to scaled

(and microwave assisted

pyrolysis) Short synthesis duration Broad size distribution
Modification

One of the appealing properties of CDs is their openness to modification. As mentioned above,
CDs properties can be optimised during preparation or post-preparation treatment. The
simplest, most trivial post-treatment is physical post-treatment which has to do with subjecting
as-synthesised CDs though purification to remove impurities and/or promote a narrow particle
size distribution of the CDs. Filtration, centrifugation, gel-electrophoresis and column

chromatography have been widely reported in the purification of CDs. [33]

Also, CDs are generally subjected toward chemical post-treatment whereby the chemical
structure of CDs is altered. The most widely reported form of CDs chemical post-treatment is
surface modification. [1] CDs can be functionalised of passivated depending on type of
functional groups that reside on their surface. Functionalised CDs refer to CDs with chemical
groups such as hydroxyl, amino groups on the surface. Whereas passivated CDs refers to CDs
with polymer chain on the surface. This distinction is necessary because PDs are self-
passivated, whereas the CNDs and CQDs are only passivated upon surface modification.

Surface modification is necessary for enhancing the photoluminescence of CDs and tuning of
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the properties of CDs to make them more suitable for their intended application. For instance,
the above mentioned laser ablation as-synthesised CDs were passivated with PEG1s00N and
PPEI-EI respectively, to enchance/induce their photoluminescence.[67] Then, Tang et al.,
exploited openness to modification property of the CDs they synthesised to couple an

anticancer drug doxorubicin (DOX) as shown in Figure 2-16. [72]
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Figure 2-16: A schematic of the CDs/DOX for FRET mechanism for drug tracking and
delivery. CDs acts as both a drug carrier and a donor and DOX acts as an acceptor. When
DOX is released from the CDs surface, the FRET between CDs and DOX is terminated,
recovering the short wavelength [72]

They were able to apply these CDs in drug delivery and monitoring drug release. The drug
tracking occurred via fluorescence resonance energy transfer (FRET) between CDs and DOX.
In this case, CDs act as a donor chromophore and in their electronic excited state, transfer
energy to DOX (an acceptor chromophore) through non-radiative dipole-dipole coupling. This
FRET resulted in the shift the PL of CDs to longer wavelength. Upon acid catalysed
dissociation of DOX and CDs (drug release) at the target site, the PL of CDs at short
wavelength is recovered. [72] Figure 2-17 is a boastful illustration of the incredible
modifiability of CDs as it shows a more intricate surface modification of CDs conducted by
Cheng et al., [24] They started with NH> functionalised CDs, modified them to yield Br
functionalised CDs, then exchanged the Br chemical group for polymer 1 and lastly linked
polymer 2 forming polymer CDs. [24]
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Figure 2-17: A schematic illustration of the synthetic route of NH2-C-dots, Br-coated C-
dots, and polymer dots. DMSO and PMDETA dimethyl sulfoxide and penta-methyl-
diethyl-enetriamine, respectively, and were used as primers. [24]

2.3.3 CDs in sensing
2.3.3.1 Principle of CDs sensors

The physiochemical property of interest for application of CDs in sensing is PL. PL is the
ability of a material to emit light after absorbing electromagnetic radiation. CDs can sense
analytes because their PL is highly dependent on their environment. It is proposed that the
dependency of the PL of the CDs on their environment is as a result of the surface functional
groups of CDs interacting with molecules (or analytes) in the vicinity CDs via non-covalent or
ionic bonds. This interaction probably alters the nature of the hybridisation between the carbon
backbone and the connected chemical groups of CDs; which would ultimately alter the PL
nature of the CDs. As such, sensing of an analyte (molecule of interest) is achieved through
monitoring the change of PL of the CDs in response to stimuli; whereby the PL of CDs is either
guenched or enhanced in presence of an stimuli (i.e. analyte). [73], [74] In addition, when the
amount of analyte is directly related to the change in PL intensity of CDs, the analyte can be
both detected and quantified (Figure 2-18). CDs have been proven to sense metal ions and
inorganic salts such as Hg?*, Cu?*, Fe3*, Pb?*, Ag*, Cr (VI), C204%, POs*, CN", F, ClO"and I
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. Further, CDs have proved to detect complex molecules such as DNA, methyl parathion and
ascorbic acid. [73], [75], [33], [76]
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Figure 2-18: Illustrated Fe®* concentration dependent PL quenching of CDs. Whereby
CDs PL intensity decreases with increasing Fe3* concentration. [73]

The change in PL nature of the CDs-based fluorescence sensing manifest via one of three major
mechanisms, namely photo-induced electron transfer (PET), Forster resonance energy transfer
(FRET), and inner filter effect (IFE). PET and FRET are the most common manifestations of
PL change of the CDs-based fluorescence sensing, with IFE mostly limited to material with
extremely high optical density such as quinine sulphate. PET manifests when the interaction
between CDs and the analyte form a complex. Reductive PET is when the CDs acts as an
electron acceptor for the electron donor analyte. Whereas, oxidative PET is when the CDs acts
as an electron donor for the electron acceptor analyte. PL quenching of CDs occurs during
oxidative PET whereby the excited electron on CDs are transferred (along with their energy)
from the conduction band of CDs to valence band of the analyte, resulting in reduced fraction
of the electromagnetic radiation being emitted when CDs return to the ground state. PL
enhancement occurs during reductive PET whereby electron of the analyte are transferred to

valence band of the CDs resulting in a higher of electrons excited, which in-turn increase the
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ratio of electromagnetic radiation being emitted. It’s worth noting that the excited complex can

return to the ground state without the release of photons. [71]

Another commonest manifestation of PL change of CD-based fluorescence sensors is FRET.
FRET is a non-radiative energy transfer process originating from dipole—dipole interactions
between donor and acceptor molecules. As seen in the earlier on discussed CDs/DOX drug
tracking and delivery scenario, quenching occurs when CDs act as an electron donor and donate
electrons from their conduction band to an analyte. FRET results in reduced fraction of the
electromagnetic radiation being emitted when CDs return to the ground state. Conversely, PL
enhancement occurs when CDs act as electron acceptors during FRET and gain electron
analyte. [71]

PL Quenching can be either be static or dynamic. Dynamic quenching process occurs in the
excited state only and thus is not observed in emission spectra of CDs. On the other hand, Static
quenching affects the ground-state of CDs and is apparent on the emission spectra of CDs. [71]
Also, PL quenching can occur in two ways (1) the PL wavelength can be increased i.e. decrease
in energy of photon being emitted, and (2) the PL intensity can be decreased (i.e. decrease in
number of photons being emitted. In CDs/DOX, FRET resulted in long wavelength emission
by the CDs . [72] Conversely, during detection of Fe** FRET resulted in reduced PL intensity
of the CDs. [73]

2.3.3.2 Sensing mechanism of CDs

The simplest sensing mechanism is when the PL is either turned-off (quenched) or turned-on
(enhanced) in the presence of an analyte (Scheme 2-4.a). The sensing mechanism of CDs can
be complex as observed with an “off-on” CDs type of sensor. In this system, the PL intensity
of the CDs is quenched by one molecule and recovered by the analyte. The off-on CDs sensors
were established through the observation that the PL of CDs may be switched off by metals
and recovered upon introduction of chelators to the system (Figure 2-19a).
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Figure 2-19: Illustration of the AA sensor based on the off-on fluorescent probe of CDs
adjusted with Fe®*, [73]

Several molecules have been detected using this system. This includes the detection of
glutathione where Ag (I11) was the PL off switcher. It has been suggested that the metals quench
the PL intensity of CDs by causing the CDs to aggregate and that the chelators recover the PL
by forming complexes with the metals. However, the mechanism of sensor functionality is
specific to the system. For instance, ascorbic acid has been detected through PL recovery which
was earlier quenched by Fe3*, in this system the PL quenching by Fe®" is not through
aggregation of the CDs but rather it is attributed to non-radiative electron transfer from an
excited state of CDs to the d orbital of the Fe** ion. However, upon addition of ascorbic acid,

the PL of CDs is recovered because Fe** is reduced to Fe?*. [73]

2.4 Characterisation of carbon nanodots (CDs)

Transmission electron microscopy (TEM) is the primary technique for proving CDs. It gives

information on particle morphology, size distribution and crystal organisation. With better

resolution, high-resolution TEM (HRTEM) permits the visualisation of graphite lattice planes

of the carbon core. X-ray diffraction (XRD) evaluates the crystallinity of the crystalline carbon
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core of CDs by providing information upon unit cell dimensions and crystal spacing. Raman
spectroscopy is used to determine the graphitic nature of the carbon nature of CDs carbon core
and the relative abundance of the core carbon atoms and surface atoms. This is achieved
through assessing the ratio of intensities of the D and G band (D band which arises from
disoriented sp? carbon whereas G band rises from crystalline graphite carbons, they occur

around 1350 and 1600 cm respectively. [1]

The nature of the surface of CDs can be studied using X-ray photoelectron spectroscopy (XPS)
and Fourier transform infrared (FTIR) spectroscopy. XPS can be used to determine the atomic
units on the surface of CDs. On the other hand, an FTIR spectrum has vibrational band which
are characteristic of functional units on the surface the CDs. The optical property of the CDs is
probed by UV-vis spectroscopy and Photoluminescence spectroscopy the absorption of light
and photo excitation-emission properties of the CDs are evaluated. This photoluminescence
(PL) property of the CDs is exploited for sensing application, by monitoring it in the presence
of an analyte. [15], [25]

The PL strength of the material is measured by Fluorescence Quantum Yield (%QY); which is
the ratio of number of photons absorbed to number of photons that are subsequently emitted
by a photoluminescent material. The %QY of CDs is determined in reference to a dye with
known %QY. It is important to note that even though UV-vis and PL spectroscopy

measurements are concentration depended, %QY is concentration independent.
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3 Experimental procedure

3.1 Introduction

This chapter details the experimental procedure followed to synthesise and characterise CDs
in this project. There are two main sections to this work. Firstly, the development of the
synthesis method of highly photoluminescent CDs is tackled where CDs are synthesised from
three carbon precursors (sucrose, chitosan and PEGaoo). In this section, the synthesis proceeded
via the autoclave, microwave and the reflux method. The second section is a paramedic study
of the hydrothermal synthesis of highly photoluminescent CDs using PEG and is comprised of
four sub-sections wherein the concentration of PEG, the reaction time, solvent and molecular
weight of PEG are respectively varied. All the materials were purchased at Sigma Aldrich,
while all the synthesis was done at the Wits University. On the other hand, characterisation of
the synthesised CDs was done at Wits University, North-West University (NWU) and Council
for Scientific and Industrial Research (CSIR).

3.2 Development of the synthesis method of highly photo luminescent CDs
3.2.1 Sucrose

Three solutions were prepared by dissolving a mass of 20 g of sucrose in a volume of 40 mL
oleic acid. The first solution was placed in a Teflon cup, and heated at 215 °C in an autoclave
for 5 hours. The second solution was subjected to an irradiation treatment in a microwave oven
for 20 minutes at 700 W. The third solution was placed in three-neck round bottom flask and
refluxed in an oil bath at 215 °C under nitrogen protection and vigorous stirring for 5 hours
(Figure 3-1). After cooling to room temperature, volumes of 100 mL water were added to the
reaction contents in order to disperse CDs in the respective colloidal solutions. Excess oleic
acid was extracted by washing solution 3 times with 30 mL fractions of hexane for each of the
reaction contents. The resulting respective brick-red CDs solutions were purified by filtering
with a micro-filter of 0. 22 um pore-size and dried in an oven at 60 °C to obtain orange-brown
and dark brown solid products for the reflux and microwave synthesised CDs respectively. The

autoclave synthesised CDs remained suspended in water.
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Figure 3-1: Schematic representation of the reflux method set-up.

3.2.2 Chitosan

A mass of 0.3 g of chitosan was added to a volume 30 mL 2% acetic acid solution. The contents
were placed in a microwave oven for 18 minutes at 700 W. On the other hand, a mass of 0.7 g
of chitosan was dissolved in a volume of 25 mL ethanol placed in a Teflon cup, and the contents
were heated at 200 °C in an autoclave for 6 hours. After cooling to room temperature, both
resulting solutions were respectively centrifuged for 15 minutes at 14000 rpm; the supernatant
was filtered through a micro-filter with a pore size of 0.22 um. The resulting brick red solutions
(green under UV light) were heated to boil and evaporate the solution, water. Thereafter, black
solid products were obtained. In addition, a mass of 10 g chitosan was added to 150 mL 2%
acetic acid solution. The contents placed in three-neck round bottom flask and refluxed in an
oil bath at 200 °C under nitrogen and vigorous stirring for 6 hours. The produced colloidal
solution was cooled to room temperature and filtered with a micro-filter of 0. 22 um pore size
to purify the CDs. The resulting yellow solution was dried in the oven at 60 °C for 36 hours to

obtain a dark brown gel-like product.

3.2.3 PEG

A 1:1 volume ratio solution of PEGaq0 and water was placed in a Teflon cup, and heated at 215
°C in an autoclave for 5 hours. Then, two solutions were prepared by mixing a PEGao and
water in a 3:1 volume ratio (9 ml of PEGa00 and 3ml of water). The first solution was subjected
to irradiation treatment in a microwave oven for 5 minutes at 700 W. The second solution was

refluxed in an oil bath at 215 °C under nitrogen protection and vigorous stirring for 5 hours.
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After cooling to room temperature, the resulting respective brick-red CDs solutions were
purified by filtering with a micro-filter of 0.22 um pore size. The resulting, respective brick-

red CDs remained dispersed in water after being left to dry in an oven at 60 °C for several days.

3.3 Hydrothermal synthesis of highly photo luminescent CDs using PEG: A
paramedic study
3.3.1 Variation of volume percentage of PE G4, to Water

In order to study the effect of the concentration of the precursor on the production of CDs,
mixtures of PEGaoo and water were made at varied volume % PEGuaqo (25 %, 33 %, 50 %, 67
%, 75 % and 100 % PEGao) and respectively subjected to hydrothermal treatment. The
mixtures were placed in a Teflon cup, heated in an autoclave at 215 °C for 5 hours. Once the
reactions were done and had cooled to room temperature, the resulting colloidal solution was

filtered with a micro-filter (pore size= 0. 22 um) to yield purer CDs dispersed in water.

3.3.2 Variation of reaction time

On the other hand, mixtures of 25 % PEGaoo and water were also placed in a Teflon cup, heated
in an autoclave at 215 °C for various reaction times (1, 2, 3, 4, 5 and 12 hours) in order to
investigate the effect of reaction time on CDs synthesis. Once the reactions were done and had
cooled to room temperature, the resulting colloidal solution was filtered with a micro-filter

(pore size= 0. 22 um) to yield pure CDs dispersed in water.

3.3.3 Variation of solvent used during synthesis

Mixtures of 25 volume % PEGaoo with various solvents (DCM, acetonitrile, ethylene glycol,
Chloroform, DMSO, 1-butanol, 2-butanol and ethanol) were prepared and subjected to solvo-
thermal treatment in order to probe the role of different solvents on CDs synthesis. The
mixtures were placed in a Teflon cup, heated in an autoclave at 215 °C for 5 hours. Once the
reactions were finished and had cooled to room temperature, water was added on the resulting
colloidal solutions. The excess solvent was extracted using hexane fractions to yield CDs
dispersed in water. Then the excess water was evaporated with a rota- evaporator and resulting

brown contents was left in an oven (set at 70°C ) to dry.

3.3.4 Variation of molecular weight of the PEG precursor

A mass of 0.2 g PEG (of varying molecular weight of 1500, 4000, 6000, 10 000, 12 000 and
35 000 respectively) was mixed with a mass of 0.4 g citric acid. It should be noted that these

high molecular weight PEGs are in solid phase at room temperature. As such, the mixture was
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first ground to yield a uniform powder. The powder was placed in the oven which was ramped
to 215°C for 45 minutes and the reaction was run for 1 hour and 30 minutes at this temperature.
Thereafter, the reaction was allowed to naturally cool to room temperature. The resulting
brown product was dissolved in water, the bigger particles were separated out using
sedimentation, then the excess water was evaporated with a rota- evaporator and resulting

viscous liquid was left in an oven (set at 70°C ) to dry.

3.4 Characterization
341 TEM

CDs samples were prepared by dispersing a small amount in a solvent and drop casted onto a
carbon coated copper grid, and the grid was dried in ambient air for 45 min before inserting it
in the transmission electron microscope (Tecnai Spirit T12 instrument at 120 kV). On the other
hand, the solid phase synthesised CDs samples were analysed by high-resolution transmission
electron microscopy (HRTEM) using a Tecnai G2 30ST at 200 kV. The captured images were
processed and analysed using Image J 1.48v software and the image analysis results were

interpreted using the Origin 8.50 software.

3.4.2 PL and UV-vis spectra
The CDs samples were diluted in water and the UV-vis absorption spectrum was measured

using the Varian Cary 500 UV-vis NIR spectrophotometer. Subsequently, the
photoluminescence emission was measured using Cary Eclipse Photoluminescence

spectrometer for each CDs sample, respectively.

3.43 FTIR spectra
The FTIR spectrum was measured using the Bruker Vector 22 FT-IR spectrometer. The

measurements were done under ambient conditions, scanning the CDs sample 4000 and 500
cmL. The analysis of the resulting FTIR spectra was done to determine the functional groups
of CDs.

3.4.4 Quantum yield measurements
The quantum yield of the CDs was determined using the ale freeware which calculates QY

using following equation [56], [57]:

2
n° 1 Arer
Y = Y —_—
Q Q ref n%ef A Ires
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The quinine sulphate was dissolved in 0.1 M HzSOg4 (refractive index (i) of 1.33) and CDs
were dissolved in deionized water (7 =1.33). Where, QY is quantum yield; | is integrated
emission intensity; # is the refractive index; A is the optical density. The subscript R refers to
the reference fluorophore of known QY. At room temperature and 350 nm excitation
wavelength, quinine sulphate in 0.1 M H>SO4 has a QY of 58%. The ale freeware is a function
that runs on MatLab.

3.4.5 %By-product determination

Since, the TEM images revealed the presence of relatively larger particles, carbon nanospheres
(CNS), in CDs samples. The percentage of the by-product in the TEM images was determined
using the equation below where #CNS is the number of CNS, #CDs is the number of CDs and
k is the ratio of the CNS to CDs particle size. K accounts for the fact that the differently sized
particle occupy different areas on the TEM image. An illustration of the determination of the

%by-product is shown in Figure 3-2.

#CNS
#CNS4+CEDs
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° CDs, 2nm particle size

#CNS
%by-product (CNS)= FCNSLTCD ‘ CNS, 20nm particle size

k

k =  20nm/2nm =10

Count of particles CDs =100, CNS =10 CDs= 328, CNS= 14
%by-product 50 % 30%

Figure 3-2: Illustration of the %by-product calculation
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4 Development of the synthesis method to make highly
photoluminescent CDs

4.1 Introduction

It has been realised that the properties of CDs depend on the reaction conditions as well as the
purification procedures used post synthesis. [77]-[84] Even though, CDs are relatively new
materials, there are many reports on their synthesis in literature. [1], [85] However, there are
few reports on the optimisation of the conditions used to achieve the best synthesis conditions.
[1], [86] Moreover, there is no well-developed standardised methods for the synthesis and/or
modification approach for tuning the properties of CDs. [1], [86] In this study, the synthesis
procedure to make CDs was explored by investigating three different preparative methods.
These were an autoclave, a microwave and a reflux set-up method. Three different precursors
namely, sucrose, chitosan and polyethylene glycol, were also used in the three synthesis
procedures. The method-precursor couples that produced CDs with high fluorescence quantum
yield and purity were used in further optimisation studies (Chapter 5).

As discussed in the literature review (Chapter 2), the bottom-up synthesis to make carbon dots
entails the use carbonaceous precursors to build-up CDs. With the many carbon-based
materials that earth offers, researchers have used many different carbon precursors to make
CDs. [1], [58], [86], [87] Conjugated carbon precursors, such as saccharides, have been
explored extensively for the synthesis photoluminescent CDs since carbon based conjugated
chemical groups are well known photophores. [86] Though, the synthesis of CDs from non-
conjugated carbon precursors such as citric acid and linear polymers have also been reported.
[58]

In an effort of synthesising CDs that can interact and detect CO, the choice of precursor was
narrowed down to carbon precursors with pi-acceptor functional groups since CO is a pi-donor.
[88], [89] Following this, sucrose, chitosan and poly(ethylene) (PEG) which have -OH as the
pi-acceptor functional groups were chosen to be explored as carbon precursors for the synthesis
of CDs in this study (Figure 4-1). [89] Sucrose is a commonly found disaccharide consisting
of two carbon rings, namely glucose and fructose. [86] CDs synthesised from sucrose have
been reported to highly photoluminescent. [70], [86] An important issue relating to CDs is their
environmentally friendly nature. [1], [90] As such, it comes as no surprise that reports of CDs
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synthesised from waste material is substantial in literature. [90]-[93] Following this trend,
chitosan was investigated for CDs synthesis in this study. Chitosan is a polysaccharide made
from treating the chitin shell of lobsters, crabs, shrimps and other crustaceans with an alkaline
solution. [94] Conversely to sucrose and chitosan, PEG is a linear (polymer) carbon precursor.
[95] PEG is commonly used as a capping agent and was chosen to be explored as a carbon
precursor for CDs due to its readily availability and the growing interest of using polymers to
synthesise self-passivated CDs.[86], [96]
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Figure 4-1: The carbon precursors investigated for the synthesis of CDs

The synthesis proceeded via three methods namely, the autoclave method, the microwave and
the reflux method. The microwave assisted hydrothermal synthesis is very popular method for
synthesising CDs as it involves very short reaction times. [1], [85], [87] The autoclave method
has been commonly used in the synthesis of carbon nanoparticles alongside the CVD and reflux
method, thus it comes as no surprise that CDs synthesised using the autoclave method are
substantially reported in literature. [1], [71], [97]-[99] On the other hand, the CDs synthesised
from the reflux method are not commonly reported in literature. [70], [87] Nonetheless, of the
chosen methods, the reflux method allows easy adjustment of the gas type/flow under the
reaction conditions. See Figure 4-2 below for the reactors used to investigate the synthesis of

CDs; the reaction set-ups are described in chapter 3.
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Figure 4-2: The reactors investigated for the synthesis of CDs

4.2 Results and discussion

The experimental procedure used to synthesis CDs from sucrose, chitosan and PEG,
respectively, using the autoclave method was detailed in chapter 3 and summarised in Figure
4-3. As shown by the schematic diagram in Figure 4-3, the synthesised CDs appeared brick red
under day light and milky green under UV light exposure due to their particle size dependent
fluorescence. [86], [100]-[102] Crystallising CDs out of solution proved to be a challenge.
Thus, majority of the CDs samples were not obtained in solid phase. In cases were the CDs
were obtained in solid state, the yields were very low (Table 4-1). Nonetheless, the obtained
%yields were comparative with %yields of CDs that are reported in literature. The
characterisation of these CDs was thus limited to liquid state characterisation techniques; these
techniques could be used to give qualitative data. Ideally, the product is required in solid state
as this makes characterisation of the CDs easier and more importantly, this phase is desired for

the testing of CO-sensing ability of the CDs.
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Figure 4-3: Schematic diagram showing the synthesis of CDs from three different
precursors.

Table 4-1: The physical state and % yield of the CDs.

method/precursor Autoclave Microwave Reflux

Sucrose Gel (yield~5 %) Solid, (yield=10 %) Solid (yield=7.5 %)
Chitosan Solid (yield=7.1 %) | Gel (yield~2 %) Solid (yield=8%)
PEGuaoo In solution In solution In solution

41.1 CBDs from sucrose
4.1.1.1 Synthesis

As mentioned above, sucrose was used as a precursor to synthesise CDs via the solvothermal
reactions which proceeded using three different rectors (autoclave, microwave and reflux).
Oleic acid served as a “hot solvent” during the synthesis of CDs similar to reports on
caramelisation of sucrose, hydrothermal reactions of glucose, and production of CDs from
other sucrose analogues. [70], [103], [104] Other fatty acids can be selectively used as a solvent
depending on the melting point of the saccharide precursor. [70] A high concentration of
sucrose was used to promote a single burst of nucleation to yield uniformly sized nanoparticles.
[70] CDs were produced across all three explored methods at yields of 5, 10 and 7.5% for the

autoclave, microwave and the reflux method, respectively. Though these yields are small, they
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are comparative with yields most reported for CDs synthesis. [100], [105]-[108] However,
they fall short on the CDs vyield of 41.8% that is reported by Cheng et. al., where a similar
reflux method of the synthesis of CDs from sucrose was conducted [70]. It is not clear why the
values obtained in this study were so much lower than those of Cheng et. al., under similar
reaction conditions (sucrose as carbon precursor, oleic acid as solvent and refluxing under

nitrogen purging). [70]

4.1.1.2 TEM images

The synthesised CDs were visualised under TEM, and the captured micrographs are shown in
Figure 4-4 alongside the particle size distribution curves of the synthesised CDs. CDs with
particle sizes of 10.41+2.42 nm, 2.83+0.62 nm, and 6.31+1.62 nm were produced using the
autoclave, the microwave and the reflux reactors, respectively. TEM images revealed that the
autoclave method vyielded well-dispersed sucrose synthesised CDs, whereas the CDs
synthesised using microwave showed some aggregation. TEM images also revealed that the
reflux method yielded CDs that were largely contaminated with an elongated carbon by-

product material which has not been described in the similar literature. [109], [110]
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Figure 4-4: TEM images and corresponding particle size distribution curves of Sucrose-
CDs synthesised using (a) autoclave, (b) microwave and (c) reflux, respectively.
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4.1.1.3 UV-vis absorption and PL emission spectra

The optical properties of the sucrose synthesised CDs were probed with UV-vis spectroscopy.
The resulting UV-vis absorption and fluorescence spectra are shown in Figure 4-5. All the
sucrose synthesised CDs had similar UV-vis absorption spectra, exhibiting three distinct
absorption bands at 200 nm, 230 nm and 280 nm (Figure 4-5a). Table 4-2 shows the summary
of the observed UV-vis spectra peaks and their corresponding assignments. The band at 200
nm was attributed to n—o* transitions of the aromatic C-C bonds while the band at
approximately 230 nm is due to the n- «* transition. [31], [31], [111], [111]-[113]The peak
around 280 nm was the main peak and is attributed to the = —n* transitions in the —C=C bond
of aromatic rings in the CDs. [114]-[116] This confirms the presence of conjugated cyclic
carbons in the product. There was also an observable tail in the UV-vis spectrum that extends

into the visible region.

All the explored methods yielded photoluminescent products as shown by the manifestation of
an emission peak upon excitation of the samples with a wavelength of 350 nm (Figure 4-5a).
Like other reports in the literature, these sucrose synthesised CDs emitted at approximately 460
nm when excited at 350 nm. [70] The similarities of the UV-vis absorption and emission data
infers that the optical properties of the three samples are of the same nature. [85] Given that
the optical properties of the CDs are related to their chemical structures [85], it can be deduced
that sucrose gives products with similar chemical structures irrespective of the reactor used for
the hydrothermal synthesis. However, the different methods produce products with different

size.
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Figure 4-5: (a) UV-Vis absorption and PL spectra of Sucrose-CDs at 350 nm excitation wavelength. PL spectra of (b) autoclave, (c)
microwave and (d) reflux synthesised Sucrose--CDs, respectively, at various excitation wavelengths
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Table 4-2: UV-Vis and PL emission peaks of Sucrose-CDs, with corresponding spectral
assignments and particle size of the CDs.

. PL emission .
Sample UV-Vis peak/ edge (nm) peak (nm), at Size of CDs (nm)
n— n— T —m* 350. nm
precursor  method excitation 4
o* 7*
Sucrose autoclave 191 230 288,351 458 10.41+2.42
microwave 200 233 288 454 2.83£0.62
Reflux 196 231 290; 376 459 6.31 + 0.62

The optical properties of the sucrose synthesised CDs were probed further by monitoring the
PL emission of the CDs at various excitation wavelengths. The sucrose synthesised CDs
samples were excited at 300 — 430 nm at 10 nm increments and the resulting spectra are shown
in Figure 4-1 a, b and c for the autoclave, microwave and reflux synthesised CDs, respectively.
Additionally, the trend of the emission peak with increasing excitation wavelength was plotted
and shown below in Figure 4-6 (black curves). An increase in the excitation wavelength was
accompanied by a shift of the emission peak of CDs to higher values. This observed blue shift
(shift of PL emission peak to longer wavelengths) is an indication of the excitation dependent
emission behaviour of CDs that have been frequently reported in the literature. [19], [117]-
[122] This feature has been attributed to CDs possessing multiple surface states that are excited
at different wavelengths —following that CDs have been dubbed multicolour CDs and deemed
as potential candidates for use as inks for inkjet-printing multicolor patterns, sensitizers in solar
cells, etc. [123]
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Figure 4-6: The excitation wavelength vs emission peak position (black) and the excitation
wavelength vs emission peak intensity(blue) of (a) autoclave, (b) microwave, and (C)
reflux synthesised Sucrose-CDs, respectively.

It was noticed that the intensity of the PL emission also varies with the excitation wavelengths.

The plots of the intensity of the PL emission against the excitation wavelength yielded inverted

U-shaped curves for the sucrose synthesised CDs, as shown in Figure 4-6 (blue curves). It was

inferred that the vertex of the curve is the optimal PL emission peak of the respective sucrose

synthesised CDs sample. The optimal PL emission peaks of the synthesised CDs occurred at

different positions and were yielded by different excitation wavelengths see Table 4-3 below.

It was noticed that the position of the optimal PL emission peak and the corresponding

54

(n"e) Ajsuaju| yead uoissiwg



excitation wavelength of the different CDs have a linear relationship that correlated with the
particle size of the CDs, respectively (Figure 4-7). For the smaller CDs, the higher excitation
wavelengths produced the optimal PL emission peak. Also, the optimal PL emission peak
occurs at positions of higher wavelengths for smaller CDs. Following this, it can be inferred
that the particle size of the synthesised CDs informs the PL intensity of the sucrose synthesised
CDs at a given excitation wavelength, which in turn informs the PL intensity of the %QY of
the CDs (see later). In a nutshell, the optimal PL emission peak of smaller sucrose synthesised
CDs manifests at longer wavelengths and results from excitation with longer wavelengths. As
such, it can be deduced that smaller sucrose synthesised CDs are more suitable for applications
where long-wavelength emitting CDs are preferred and vice versa. This is agreement with
reports where larger CDs (and higher nitrogen content where applicable) contribute to efficient
long-wavelength emissions of CDs. [124], [125]

Table 4-3: The strongest PL emission at varying excitation wavelengths with the
corresponding excitation wavelength and size of the sucrose- CDs sample

Sample Strongest PL peak CDs size (nm)
precursor method Aexcitation (NM) Aemission (NM)
Sucrose autoclave 330 430 10.41 +2.42
Reflux 350 450 6.31 +£0.62
microwave 360 460 2.83+0.62
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Figure 4-7: Particle size of sucrose synthesised CDs versus their optimal PL emission and
the corresponding excitation wavelength

4.1.1.4 FTIR spectra

The chemical structure and the surface functional groups of the synthesised CDs were
investigated using FTIR spectroscopy. The recorded spectra are shown in Figure 4-8. The FTIR
spectra of the synthesised CDs are similar to one another but are different from the FTIR
spectrum of the sucrose precursor. These differences indicate that the solvothermal treatments
caused a change in the structure of the sucrose resulting in the formation of CDs. The most
significant change is the presence of more pronounced and bigger peaks at 2920 cm™, and 2820
cm* for the CDs compared to the raw sucrose where these peaks are smaller. The larger peaks
in the CDs indicate that there is more terminal CH, and —CHjs groups in the CDs compared to
the raw material sucrose. The other notable change is the reduction in the number of FTIR
vibrational peaks in the 750 cm™ to 1200 cm™ region in the CDs compared to sucrose. This

region is where the sucrose —CO.H, and the —COH vibrational modes reside. [126] Upon

56



pyrolysis of the sucrose, there is a reduction in the area under the peaks between number 750-
1200 cm™. The peaks in CDs at about 3400 cm™ is due to terminal OH groups. [127]-[130] It
is broad due to the hydrogen bonding between the CDs and the solvent used in the synthesis
procedure. As mentioned above, the FTIR spectra of the three sucrose synthesised CDs are
similar (Figure 4-8). Importantly they all have similar absorptions at ~ 3400 cm-1, 2950 - 2800
cm™and large peak at 1020 cm™. This infers that the sucrose synthesised CDs have similar
chemical structures which agree with the findings of the UV-vis spectra analysis. The
significant changes are observed in the ratio of the 1020 cm™ peak to the peak between 1600 -
1100 cm™. This suggests that the larger CDs (autoclave method synthesised) contain more
OH/COO/CO2H on their surface than smaller CDs. In other words, larger CDs have more O-
related surface defects than smaller CDs. [131]Perhaps, this plays a role in the variation of the
optimal PL emission peak position and excitation wavelengths that are observed between

sucrose synthesised CDs of various sizes.
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Figure 4-8: FTIR spectra of Sucrose-CDs synthesised via reflux, microwave, autoclave
and the FTIR spectra of Sucrose respectively
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4.1.1.5 Fluorescence %QY

The UV-vis spectroscopy data were used to determine the %QY of the synthesised CDs. As
discussed above, %QY measures the photoluminescence efficiency of the CDs. %QY is a ratio
of the emitted photons to the absorbed photons. Additionally, quinine sulphate (QY=58) in 0.1
M sulphuric acid was used as a standard at an excitation wavelength of 350 nm. The %QY of
the samples was determined to be 0.4%, 4,3% and 1.0 % for the autoclave, microwave and
reflux synthesised CDs, respectively (Table 4-4). The low %QYs of less than 10% are not
unexpected for sucrose synthesised CDs as sucrose generally produces bare CDs (without
passivation) which often exhibit low %QY. This can be improved significantly through
passivation and doping. [100], [105]-[108] With that said, there are several reports of sucrose
synthesised CDs that exhibit high %QY of up to 26%. [70] It was also found that the %QY
increases with a decrease in particle size (for instance, %QY increasing by 760% following a
particle size decrease of 73%). This observed inverse proportionality relationship between the
particle size of the sucrose synthesised CDs and the %QY is well reported in the literature. [1],
[132] Moreover, it ascribed to the quantum size effects as smaller CDs have bigger band gaps

and thus has the potential to exhibit very strong emission. [1], [132]

Table 4-4: Fluorescence %QY of the sucrose synthesised CDs

method Autoclave Microwave Reflux
CDs size (nm) 1041 +2.42 2.83+0.62 6.31 £ 0.62
%QY 0.5% 4.3% 1.0%

4.1.1.6 Summary

Sucrose formed well dispersed CDs when the autoclave method was used. However, the use
of a microwave yielded CDs with aggregation, while CDs from the reflux method had severe
contamination. Across all three methods, sucrose formed CDs with 5-10 % yield which is much
lower that what was expected yield for bulk synthesis using sucrose. The excess oleic acid
which served as a solvent for CDs synthesis from sucrose was laborious to separate from the
resulting CDs. In summary, it was found that sucrose is not a precursor of choice for CDs

synthesis
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4.1.2 CDs from Chitosan
4.1.2.1 Synthesis

As a waste product, chitin, is a very appealing carbon precursor. [94] However, as is, chitin is
insoluble in conventional solvents due to its crystalline structure with a highly aggregated
three-dimensional network held together by strong hydrogen bonds and cohesive forces. [94]
Thus, chitosan which is derived from treating chitin with an alkaline solution, was used instead
as a carbon precursor for synthesis of CDs using the autoclave, microwave and reflux method,
respectively. [94] Similarly, to most reports in literature, a mixture of water and acetic acid
were used a solvate chitosan in the microwave and the reflux method [94], [96], [133]-[135];
acetic acid was added to promotes the solubility of chitosan in water. [94] In contrast, ethanol
was used as a solvent for the autoclave method since alcohols have also been reported to be
good at dissolving chitosan. [136] All the individual work-up reactions of the different methods
were relatively laborious as the crude products were a slurry that required intensive
sedimentation and decantation. Nevertheless, CDs were obtained across all three methods as
confirmed by various characterisation techniques discussed below. The microwave method had
the lowest %yield of 2%, while the autoclave and reflux methods had %yields which was

comparable to those reported in literature. [1], [134]

4.1.2.2 TEM images
Chitosan was explored as a carbon precursor for the synthesis of CDs via three methods,

namely the autoclave, microwave and the reflux method as detailed in chapter 3. The resulting
TEM images and corresponding particle size distributions are shown below in Figure 4-9. The
autoclave method yielded chitosan synthesised CDs with a small particle size of 6.29 £1.17
nm. The sample was obtained in solid form at a low yield of 7.1%. Moreover, TEM revealed
that the sample comprised mainly of elongated carbon sheets that resemble aggregated onion-
like carbons. [137] The synthesis of CDs from chitosan using the microwave method also
followed the same trend as the synthesised sample had a low yield of ~2% with most of the
sample existing as aggregated and elongated carbon sheets. The measured particle size of the
elongated carbon sheets was 57+14nm. Unlike the autoclave method, no Chitosan-CDs were

revealed in the TEM images.
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Figure 4-9: TEM images and corresponding particle size distribution curves of Chitosan-
CDs synthesised using (a) autoclave, (b) microwave and (c) reflux methods, respectively.

On the other hand, the reflux method yielded chitosan synthesised CDs with good mono-
dispersion and spherical morphology as shown in Figure 4-9 (c). The refluxed synthesised CDs
were crystallized out of solution forming a small amount of CDs with a yield of 8% which is
comparative to yields reported in literature. [134] This method yielded the smallest chitosan
synthesised CDs with a particle size of 1.4+0.4 nm. In a nutshell, when chitosan is used as a
precursor, the reflux method yielded CDs sample with appealing properties as compared to the
autoclave and microwave. Though it is worth mentioning that the reproducibility of this reflux
synthesised CDs proved to be challenging (Figure S1).

4.1.2.3 UV-vis absorption and PL emission spectra

UV-Vis absorption and emission spectroscopy were carried out on the synthesised samples,
and resulting spectra are shown in Figure 4-10. As seen in Figure 4-10a, the synthesised
samples have multiple absorption peaks spanning across 200 — 350 nm and are an indication
of the diversity of the sizes and possibly functional groups of the CDs. [102], [138], [139] It
was noted that the UV-Vis absorption spectra of the chitosan synthesised CDs were very
different from each other. The assignments of the UV-Vis absorption peaks are shown in Table
4-2. The peak at approximately 200 nm is attributed to transitions associated with the C = O

61



bonds [33], [119], [140], [141] whereas the peak at 240 nm is attributed to n—x* transitions of
aromatic sp? domains and confirms the existence of aromatic components. [45], [142]-[144]
The strong absorption band at about 270 nm can be attributed to the = —z* transitions of the
C=C bonds. The absorption peak at about 350 nm is attributable to the weak w aromatic orbitals

of Chitosan-CDs. [45], [144]
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Table 4-5: UV-Vis and PL emission peaks of chitosan-CDs, with corresponding spectral
assignments and particle size of the CDs.

\/i PL emission peak .
Sample tJn\r/n)\/ls peak/ edge (nm), at 350 nm Size of CDs (nm)
excitation 4
Precursor method n-c*  n-n* wn-n*
Chitosan @ autoclave @ 200 240 300 440 6.29 +1.78
microwave 200 - 285 418 -
Reflux 202 238 285,350 408 1.38+ 0.38

The samples made by the autoclave and the reflux synthesis methods emitted wavelengths of
440 nm and 408 nm, respectively, when excited at a wavelength of 350 nm Figure 4-10 (a).
These emission peaks are consistent with literature as the emission peak of CDs generally
occurs between 400-600 nm wavelengths. [145] Interestingly, even though the chitosan and
microwave synthesised sample had no visible CDs under TEM, the produced sample is also
photoluminescent, emitting a wavelength of 418 nm when excited at 350 nm excitation
wavelength. Thus, it suggests that they may be buried in the apparent elongated carbon sheets.

[1]

The synthesised CDs were subjected to excitation at various excitation wavelengths in order to
investigate whether the synthesised CDs exhibit the well-reported excitation-dependent
emission CDs. [146]-[152] The resulting spectra of the samples produced by the autoclave,
microwave and reflux methods are shown in Figure 4-10 b, c, and d respectively. The reflux
synthesised Chitosan-CDs exhibit two PL maxima between the excitation wavelengths of 280-
340 nm. The higher wavelengths PL maxima occurred at 330 nm, and the other is found at 420
nm Figure 4-10 (d). This double PL maxima emission indicates that the sample either contains
different sizes of CDs or the CDs different functional group. [67], [153][26], [87], [154] Since
the TEM data indicated that the CDs are mono-dispersed, the effect is ascribed to CDs bearing
varying functional group on their surface (i.e. surface defects). Moreover, the increase of the
excitation wavelengths at 280-340 nm is not accompanied by a significant change in the
positions of these two PL emission peaks. Thus, it can be inferred that at excitation wavelengths
below 340 nm, the regular blue-shift feature of most CDs is not observed. The excitation-
independent wavelength behaviour has been reported for nitrogen-doped CDs, where the C-O-
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C/C-0-H surface defects are relatively fewer. [124], [155]-[158] It should be noted that
chitosan bears nitrogen containing group, and as such, this behaviour could be attributed to
nitrogen doping of the CDs. [134] The double PL emission maxima peak converges to one
peak at excitation wavelengths beyond 340 nm. Additionally, the PL emission starts to exhibit
the excitation-depended emission as indicated by the shifting of the PL emission peak to higher
wavelengths as the excitation wavelength was gradually increased to 400 nm. This mixed
behaviour of the PL emission infers that the reflux (and chitosan) synthesised CDs exhibited
PL emission that arises from various origins (i.e. quantum confinement and surface states). [1],
[33]

When the autoclave and the microwave synthesised CDs were respectively excited at
wavelengths of 200 nm to 350 nm, the corresponding emission peaks gradually shifted to
higher wavelengths exhibiting the well-reported excitation-dependent PL emission of CDs
(Figure 4-10 a and b, respectively). [1] The plot of the PL emission peak position against the
excitation wavelength is shown in Figure 4-11 (black curves), as seen the plots are exponential
curves. The excitation independent-emission nature of the reflux synthesised CDs was
manifested a long tail along the growth region of the exponentials curve (Figure 4-11a, black

curves).
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Figure 4-11: The excitation wavelength vs emission peak position (black) and the
excitation wavelength vs emission peak intensity(blue) of (a) autoclave, (b) microwave,
and (C) reflux synthesised Chitosan-CDs, respectively.

As like in many literature reports, it was noted that the intensity of the PL emission peak also
varies as the excitation wavelength was varied. [1] The plots of the intensity of the PL emission
peak against the excitation wavelength show an inverted U-shaped curve where the vertex
corresponds to the optimal PL emission, as shown in Figure 4-11 (blue curves). The optimal
peak of all the synthesised CDs occurred at an excitation wavelength of 330 nm and resides
around 410 - 420 nm.

4.1.2.4 FTIR spectra

The FTIR spectra of the synthesised CDs were recorded to elucidate their chemical structure
and surface functional groups (Figure 4-5). The broad peak at about 3430 cm™ is assigned to
the —OH groups. While peaks at 2900 cm™ and 2820 cm™ originates from the -CH2 and —CH
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vibrational modes, respectively. The broad shoulder at about 3200 cm™ is assigned to aromatic
C=C vibrational modes. The peak at 1618 cm™ arises from a -C=0 stretching mode. The sharp
peaks at about 1390 cm arise from symmetric carboxylate stretches confirming the existence
of —OH, and —CO2H functional groups on the surfaces of the CDs. The sharp bands at about
1020 cm* originates from -C-O bond vibrations. The bands at about 1060 cm™ are understood
to be due to —C-O-C bonds. The sharp peaks at 1441 cm-1 and 1590 cm™ are attributable to the
vibrations of the —C=C of aromatic rings. [127]-[130]

The FTIR data of the microwave synthesised CDs suggests that the product is similar to that
of the chitosan precursor, which indicates that very small amounts of CDs were produced. On
the other hand, autoclave synthesised CDs had a much smaller chitosan peak which resides
around 1060 cm™. [134] In contrast, the refluxed synthesised CDs do not exhibit a chitosan
peak at all. Thus, the FTIR spectra data infer that during the reflux method, the chitosan
precursor is wholly transformed into CDs, while during the autoclave method has some residual
chitosan retained on the CDs sample. These results are in agreement with the TEM data as the
reflux synthesised sample was comprised of CDs particles, while the autoclave synthesised

sample exhibited very few CDs with the majority of the sample being a by-product.
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Figure 4-12: FTIR spectra of Chitosan-CDs/nanoparticles synthesised via reflux,
microwave, autoclave and the FTIR spectra of Chitosan respectively.
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4.1.2.5 Fluorescence %QY

The %QY of the chitosan synthesised was determined using quinone sulphate as a reference
dye. The %QY of the autoclave and microwave synthesised CDs was determined to be only
0.4%. This %QY is very low, especially when considering that as a polymer, chitosan is
expected to yield highly photoluminescent self-passivated CDs. [1] Nevertheless, the chitosan
synthesised CDs follows the inverse proportionality relationship of the particle size and the
%QY as the %QY increases from 0.4% to 16 % following particle size decrease from 6.29 nm
to 1.38 (Table 4-7). Thus, the high %QY of this reflux synthesised CDs is not only ascribed
their small particle size but, is also ascribed to the presence of the nitrogen element in the CDs
structure. [132] The main difference between low %QY and the high %QY chitosan
synthesised CDs is the quality of the sample, as observed in TEM. Thus, it is inferred that the
low %QY is partly due to the non-radiative interactions between the CDs and the majority
sample, which is elongated carbon sheets.

Table 4-6: Fluorescence %QY of the chitosan synthesised CDs

Method Autoclave Microwave
CDs size (nm) 6.29 +1.78 - 1.384+ 0.38
%QY 0.4% 0.4% 16%

4.1.2.6 Summary

When chitosan was used as a carbon precursor, the autoclave and microwave method formed
samples that show less or no CDs particles on TEM. The %QY of the produced CDs was also
very low. On the other hand, reflux method synthesised well dispersed CDs with a narrow
particle size and a high %QY. The high %QY was ascribed to nitrogen-doping since chitosan
is both a carbon and a nitrogen source. However, this synthesis of CDs from the reflux method
was not reproducible. As such, similarly to sucrose, chitosan was also found to not be an ideal

carbon precursor for CDs synthesis.

4.1.3 CDs from PEGuag
4.1.3.1 Synthesis

Conversely, to the other precursors (sucrose and chitosan) which are solid, PEGaqo is a viscous
liquid at ambient temperature and pressure. [95] Water was used as a solvent during the
hydrothermal treatment of PEGaoo like other reports in literature where PEG is used for CDs
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synthesis [159], [160]. The autoclave, microwave and reflux reactions proceeded with ease and
yielded a crude product that required minimal work-up treatment. The evaporation of the
solvent through use of a rota-evaporation was not successful, thus the final CDs products were
suspended in solution. Following this, the %yield of the CDs could not be determined.

4132 TEM
TEM analysis of the synthesised sample revealed that PEG yielded well-dispersed CDs across

all three explored synthesis methods (Figure 4-13). The autoclave method yielded the smallest
CDs with a particle size of 2.52 +0.8 nm, followed by the microwave method which yielded
CDs of 3.3+ 1.5 nm, and lastly the reflux method the largest particle CDs size at 4.8 £ 1.0 nm.
TEM images also revealed that the CDs synthesised using the microwave and the reflux
methods had small carbon nanospheres (CNSs) as a by-product. The CNSs are well dispersed
with a particle size of 20-40 nm. This material is not the target product for this study and will
thus not be discussed further. However, it has potential for application in a vast number of
fields as its size bridges the gap between well-reported carbon nanospheres (50 nm to 1um?)
and carbon dots. [161], [162] Thus, it is worth being studied further in future.
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Figure 4-13: TEM images and corresponding particle size distribution curves of PEG-
CDs synthesised using (g) autoclave, (h) microwave and (i) reflux, respectively
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4.1.3.3 UV-vis absorption and PL emission spectra
The obtained PEG synthesised CDs were characterised using UV-vis absorption and emission

spectroscopy. The recorded UV-vis spectra are shown in figure 4-14, and the peak assignments
are shown in Table 4-7. The strongest absorption peak of the synthesised CDs was around 200
nm. This peak was attributed to the n—o* transitions of the aromatic C-C bonds. [31], [31],
[111], [111]-[113] After that, the UV-vis absorption spectra have tails that extend to 330 nm
for the microwave and reflux synthesised CDs, whereas it extends to 430 nm for the autoclave
synthesised CDs. Moreover, there are absorption edges along the tail. The microwave and
reflux synthesised CDs have an absorption edge at 285 nm, while the autoclave CDs have an
absorption edge at 350 nm. The absorption edges around 285 nm were ascribed to the n —z*
transitions of the C=0 bonds. [24], [50], [119], [163], [164]While the absorption edge around
350 nm was attributed to the = —* transitions in the —C=C of the CDs aromatic rings. [114]-
[116] The observed absorption spectra are similar to other PEG synthesised CDs [165].
However, in some reports, the UV-vis absorption spectra of the PEG synthesised CDs have
two distinctive peaks, one at 200 nm and another 350 nm. [166] Chen et al. found that the peak

around 350 nm diminishes with an increased reaction time of the synthesised CDs. [167]
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Table 4-7: UV-Vis and PL emission peaks of PEG-CDs, with corresponding spectral
assignments and particle of the CDs

PL emission peak

Sample UV-Vis peak/ edge (nm) (nm), at 350 nm Size of CDs (nm)
n-o* n-n* m-m* excitation 4

PEG autoclave 200 - 350 430 2.52+0.83

microwave 200 285 - 442 3.34+1.54

Reflux 200 265 - 448 4.80+0.99

When bearing in mind that the PEG precursor is not photoluminescent, it can be inferred that
the PL emission peaks manifested upon excitation of the samples is due to the conversion of
PEG precursor to CDs upon synthesis. [168]At 350 nm excitation wavelength, the autoclave,
microwave and reflux synthesised CDs emit at 430 nm, 442 nm and 488 nm wavelengths,
respectively. This infers that the synthesised CDs have slightly different optical properties
among each other, which in turn infers that they have slightly different chemical structures.
The reflux synthesised CDs are more conjugated than the other synthesised CDs as displayed
by their red-shifted emission peak. [167]

After that, the synthesised CDs were excited at varying excitation wavelengths, and the
resulting spectra are shown in Figure 4-14 a, b, and c for the autoclave, microwave and reflux
synthesised CDs, respectively. As expected, the excitation-depended photoluminescence was
observed across all the synthesised CDs samples. [33], [111], [111], [169]-[171] That means,
the PL emission peak changed position and intensity in response to a change in the excitation
wavelength. Firstly, there was a noticeable blue shift on the PL emission peak that accompanied
the increase of the excitation wavelength (Figure 4-15, black curves). Secondly, as the
excitation wavelength was increased, the intensity of the PL emission peak was generally
increased, and then gradually decreased. The observed excitation dependent
photoluminescence is ascribed to C-O-C/C-O-H surface defects and the presence of aromatic
n orbitals from bigger particles will have larger effect than from smaller CDs. [131]
Alternatively, the observed blue-shift can be ascribed to size-dependent absorption. [125],
[172], [172]-[175] Also, other studies have ascribed the decrease in PL intensity to an increase
in the excitation wavelength. [125], [172], [172]-[175] Though, this alternative explanation
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may only be applicable where the by-product (small CNS) is also photoluminescent since the

CDs are were found to be monodispersed.
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Figure 4-15: The excitation wavelength vs emission peak position (black) and the

excitation wavelength vs emission peak intensity (blue) of (a) autoclave, (b) microwave,

and (C) reflux synthesised PEG-CDs, respectively.

As depicted in Figure 4-15, over a range of excitation wavelengths the PL emission of the

autoclave, microwave and reflux synthesised CDs had a maxima excitation wavelength of 310

nm, 330 nm and 350 nm, respectively. Following this, the optimal PL emission peak was found

at wavelengths of 505 nm, 470 nm and 440 nm for the autoclave, microwave and reflux
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synthesised CDs, respectively. The results are summarised below in Table 4-8. As illustrated
in Figure 4-16 the particle size of the CDs is directly proportional to the excitation wavelength
at which the optimal PL emission peak is produced. That is the smaller the PEG synthesised
CDs, the lower the wavelength required to yield the optimal PL emission peak and vice versa.
This observed linear relationship, is the inverse of the linear relationship that was established
for the sucrose synthesised CDs. As such, it can be inferred that the optical nature of the PEG
synthesised CDs varies significantly from that of the sucrose synthesised CDs. Furthermore,
the particle size of the PEG synthesised CDs is inversely proportional to position of the optimal
PL emission peak. That is the optimal PL emission peak occurs at longer wavelengths for
smaller CDs and vice versa. A similar relationship was observed for the sucrose synthesised
CDs. Thus, for both sucrose and PEG synthesised CDs, smaller CDs are more suitable for long-
wavelength emitting CDs applications and vice versa.

Table 4-8: UV-Vis and PL emission peaks of PEG-CDs, with corresponding spectral
assignments and particle size of the CDs

Sample Strongest PL peak CDs size (nm)
precursor method Aexcitation (NM) Aemission (NM)
Sucrose autoclave 310 505 2.521+0.83
microwave 330 470 3.34+1.54
Reflux 350 440 4.80+£0.99
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Figure 4-16: Particle size of PEG synthesised CDs versus their optimal PL emission and
the corresponding excitation wavelength

4134 FTIR
The PEG synthesised CDs were characterized by FTIR spectroscopy and the results are in

shown in Figure 4-17. The broad peak at about 3400 cm™* was due to the terminal -OH groups
on the surface of the CDs. [52], [176]-[179]The broadening of the peak could be due to the
hydrogen bonding occurring between the hydrogens of the CDs, the solvent and some of the
unreacted PEG. The Peak with a shoulder at about 2810 cm™ and 2910 cm™ are due to the —
CH: and —CH stretches. [180] The peaks at about 900 cm™ are due to the aromatic out of plane
—CH stretches. [180] The rest of the peak is of similar assignments to those of the Chitosan and
Sucrose CDs. There is no observable significant change in the FTIR spectra of the PEG and
that of the PEG CDs, an indication that the functionalization of the CDs is not significantly
different from that of the precursor.

76



4000 3500 3000 2500 2000 1500 1000 500

I ' I ' I
. — PEG -Reflux
=
O
>
‘»
C
Q
£
I 1 I 1 I 1 L I L I
R PEG -Microwave
3
L
=
(2}
C
Q
£
L I L I L I L I L I L I
. — PEG -Autoclave
3
L
2>
‘»
C
)
=
L L L | | |
—— PEG - Precursor
El
L
>
‘»
C
O
e
=
| L | L | L | L | L |

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™1)
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77



4.1.3.5 Fluorescence %QY

The %QY was determined at excitation of 350 nm using quinone sulphate as photoluminescent
reference material. The %QY was determined to be 2.8% for the smallest CDs of sizes 2.52
nm, 6.6% for the medium-sized CDs of 3.34 nm in size, and 11.4% for the largest CDs od sizes
4.80 nm (Table 4-11). It is apparent that unlike the sucrose and chitosan synthesised CDs, the
PEG synthesised CDs exhibit a direct proportion relationship between the CDs particle size
and the %QY . Herein, larger CDs have higher %QY'. This suggests that the photoluminescence
of the synthesised CDs is mostly generated from surface defects, which more course and larger
CDs having more of. Also, as discussed above the study of varying excitation wavelength
revealed that the optimal PL emission of the PEG synthesised CDs occurred at 310, 330 and
350 nm excitation wavelength for the autoclave, microwave and reflux synthesised CDs.
Following this, it is not unexpected that the reflux synthesised CDs exhibit a superior %QY at
an excitation of 350 nm.

Table 4-9: Fluorescence %QY of the sucrose synthesised CDs

method Autoclave Microwave Reflux
CDs size (nm) 2.521+0.83 3.34+1.54 4.80+0.99
%QY 2.8% 6.6% 11.4%

4.1.3.6 Summary

Well-distributed CDs with a narrow particle size distribution and a modest %QY were
synthesised across all three methods when PEG was used as a carbon precursor. It was found
that CNS were expressed as by-products. Moreover, the synthesised CDs remained in solution.
Thus, future studies should entail eliminating the production of by-products as well as
obtaining CDs as a solid product. In a nutshell, PEG was chosen as a good carbon precursor
for CDs synthesis.

4.2 Conclusion
421 Methods

Of all the reaction methods explored, the microwave method proved to have the shortest
reaction times. However, the reaction was tedious as the pressure fluctuations were challenging
to monitor, meaning that the reaction times were difficult to control. Thus, rendering the

reaction times challenging to maintain and/or simulate. On the other hand, the reflux method
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was easy to set-up and to maintain. However, the reproducibility of the results proved to be
poor. The autoclave method yielded reproducible CDs samples at reaction times of 5-6 hours.
This was attributed to the ease at which reaction conditions of the autoclave method can be

controlled.

4.2.2 Precursors

The use of sucrose yielded CDs sample with either aggregation or severe contamination. At
the same time, the use of chitosan yielded CDs samples with CDs particle as a minority. As
such, the %QY's of these CDs were found to be less than 1%. However, it is worth highlighting
that the synthesis of CDs from chitosan using the autoclave method, yielded the smallest CDs
throughout this study with the highest determined %QY of 16%. Though this CDs sample is
appealing, attempts to reproduce the sample proved very difficult. Of all the investigated
carbon precursors, PEG yielded CDs samples of good quality across the three synthesis
methods. That is, all PEG synthesised CDs samples were well-dispersed with a narrow particle
size distribution. Thus, it can be deduced that PEG is a robust carbon precursor for the synthesis
of CDs. With that said, it was found that the small carbon spheres were expressed as by-
products on the PEG synthesised CDs samples. Though the contamination of the PEG
synthesised CDs is not as severe as that of the chitosan synthesised CDs, it is still necessary to
pursue the synthesise of purer PEG synthesised CDs. In point of fact, it has been substantially
argued that the observed PL of most reported CDs may be due to the by-products that present
in CDs samples. As such, the synthesis of purer CDs is necessary in order to be able to account
for observed %QY.

4.2.3 Summary

In a nutshell, this study showed, that in comparison, PEG is a robust carbon precursor for the
synthesis of CDs. The PEG synthesised CDs had %QY of up to 11%. These CDs also had
excitation dependent photoluminescence which in turn would enable them to be applied in
sensing, imaging and other photo-response dependent applications. More importantly, the CDs
were found to be highly functionalised with OH groups which are sought after because it is
believed that the OH group will interact with CO and thus play a crucial role in the detection
of CO by CDs. However, further studies are necessary in order to obtain pure, solid-state CDs
with high %QY. As such, a thorough investigation of the reaction parameters of CDs synthesis
from PEG will be investigated in the following chapter in order to map out the feature

engineering of CDs. Since the autoclave method proceeds via facile experimental procedures,
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the investigation of various reaction parameters will be conducted using the autoclave method.

The experiments are discussed in Chapter 5.
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5 Hydrothermal synthesis of highly photo luminescent CDs
using PEG: A paramedic study

5.1 Introduction

For the successful application of CDs, the synthesis of highly photoluminescent CDs must be
reproducible and up scalable. It was noted in chapter 4 that the use of PEGaoo as a CDs precursor
gave CDs with appealing properties using three different synthesis procedures. In this study,
the synthesis of CDs from PEG using the autoclave method is investigated further to evaluate
the optimal synthesis reaction conditions. The autoclave method was chosen because (1) it uses
a simple reaction set-up, and (2) the reaction is relatively easier to monitor, which in turn allows
for (3) easy manipulation of reaction parameters. PEG is a non-toxic, non-immunogenic
molecule that can be easily conjugated to other molecules through facile chemistry methods.
[122], [176]-[179], [181] As a consequence, PEG is often used as a passivation agent [176],
[182] or capping agent [183], [184] to enhance the biocompatibility of the synthesised carbon
dots and other nanoparticles. The current synthesis trend is to yield passivated CDs in a one-
pot synthesis procedure, either through the addition PEG as a passivation agent into the reaction
vessel or a one-pot synthesis method where the precursor is both the starting material and
source of passivation. [166], [167], [185] As such, there are numerous reports on the use of the
one-pot hydrothermal synthesis of PEG surface-passivated CDs in which saccharides were
used as the carbon precursor. [29], [52], [186]-[188][189] As discussed in chapter 2, To date,
the type of CDs that have been reported to be fabricated with self-passivation from one
precursor are the poly dots (PDs) which are synthesised from polymers. PEG is a linear
polymer with varying molecular weights depending on the length of the chain. Thus, it has
been used as the sole precursor to successfully synthesise surface-passivated CDs (i.e. PDs) in
a one-pot method. [149], [166], [190], [191] In this work, we report the effects of various

reaction parameters on the synthesis of self-passivated CDs using PEG as a starting material.

The experimental procedure was described in detail in chapter 3 and summarised below in
Figure 5-1. Two synthesis routes were explored over four studies to elucidate the optimal
conditions needed to synthesise PEG-CDs. The synthesis routes are (i) liquid state synthesis
route whereby the starting materials are in a liquid state and (ii) solid-state synthesis reaction
route whereby the starting materials are in solid-state. The reaction parameters investigated
through these four studies were: (1) the precursor and solvent volume ratios, (2) reaction time,

(3) solvent, and (4) molecular weight of PEG precursor. The first three studies were carried out
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through the liquid state type of synthesis, and the general reaction conditions were: (1) liquid
state PEG precursor with a molecular weight of 400 g/mol* (denoted as PEGaao), (2) the solvent
used was water at 1:3 volume ratio of precursor to solvent, (3) the reaction time was 5 hours
and (4) reaction temperatures and 200 -215°C was used. As such, with every investigation,
only one reaction parameter of interest (i.e. solvent for the solvent study) was varied while the
rest remained constant. Further, the study of the variation of molecular weight of the PEG
precursor was carried out through solid-state synthesis. Herein, solid-state PEG was used as
the carbon precursor. The solid-state reaction was aided by citric acid and was mixed with PEG

of various molecular weights in a 2:1 mass ratio.
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Figure 5-1: Schematic showing how PEG-CDs synthesis using different reaction
conditions

The separation of the solid-state CDs from the reactants continued to be a challenge as the
synthesised CDs remained suspended in solution. Consequently, the %yield of the products is
unknown, and thus, a concentration-dependent analysis could not be done on the prepared CDs.
Although a suitable process for the crystallisation of the PEG-CDs out of solution has not been
found, various approaches were explored, namely such as dying in an oven, freeze-drying, and
solid-state synthesis. Drying in an oven at 60 °C for over three months and freeze-drying
resulted in a reduction of the volume of CDs suspension solution, but no solids were obtained.

The colour of the CDs solutions increased in intensity upon drying attempts which were
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indicative of an increase in the concentration of CDs. The solid-state reaction resulted in CDs
that are suspended in a viscous (gel-like) solution. Following that PEG is a well-known capping
agent, it is believed that residual PEG chains caps the CDs and force them to stay in solution.
To date, obtaining the CDs as a solid-phase product has not been possible. It should be noted
that in many studies PEG synthesised CDs are applied whilst suspended in solution,
nonetheless, they were reported to have been obtained in solid-state. [29], [52], [186]-[188],
[189] The search for a means of obtaining PEG synthesised CDs in the solid-state in our group
is still ongoing.

5.2 Results and discussion
5.2.1 Variation of volume percentage of PE G4, to Water

In chapter 4, it was proven that different carbon precursors yielded CDs with different
properties. Herein, an evaluation of whether different concentrations of the carbon precursor
yields CDs with different properties is continued. The different concentrations of the PEG
precursor were attained by mixing liquid state PEGaoo with water at different volume ratios.
The explored ratios were 25 %, 33%, 50%, 67%, 75% and 100% volume percentage of PEGaoo
to water. As detailed in Chapter 3, the solutions with different volume percentage (vol%) were

studied using the autoclave method.

5.2.1.1 TEM images

The synthesised materials were visualised using TEM, and the micrographs are shown in
Figure 5-2. All the synthesised CDs are well dispersed with a narrow particle size distribution
and a bell-shaped particle size distribution curve. TEM images revealed that at varying vol%
of the PEG,o precursor mixed with water; the synthesized CDs are approximately 2.7 nm
(Table 5-1 and Figure 5-2). These results differ from the work of Lin et al., where larger CDs
were formed at a higher concentration of the precursor. [124] TEM images also revealed that
the synthesised CDs samples were contaminated by carbon nano-spheres (CNSs) of
approximately 22 nm in size, which were described in chapter 4 (the %by-product is shown in
Figure S2). However, an exception was observed at 33 vol% of PEG,,, precursor to water
ratio. Wherein two sets of CDs were formed, smaller CDs of 1.69 + 0.34 nm in size and larger
CDs of 10.61 £+ 2.81 nm in size (at a 50/50 ratio, see Figure S3). It is important to note that
even though the 33vol% PEG,,/water sample had a bimodal distribution of CDs particle sizes;
both were in the CDs particle size range (Figure 5-2 b). A thorough study of this reaction system
was used in a bid to understand the growth mechanism of the CDs. Additionally, CDs were

also synthesised from use of solely PEG,,, as a starting material (i.e. not mixed with water).
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The CDs were 4.91 + 1.62 nm in size, which is almost double the size of CDs produced with
water present (Table 5-1). Also, no contamination or by-product was observed on the TEM

images (Figure 5-2 f).

Table 5-1: The volume ratio of PEG,y,, to water used during synthesised and
corresponding particle size of the produced CDs

volume ratio of PEGuao0 CDs Particle size
PEGao0: water %Volume (nm)
25:75 25% 2.61 + 0.65
1.69 + 0.34
33:67 33%
10.61 + 2.81
50:50 50% 2.68 + 0.85
67:33 67% 2.69 + 0.92
75:25 75% 2.67 +0.43
100:0 100% 491+ 162
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Figure 5-2: TEM images and corresponding particle size distribution curve of PEG-CDs synthesised with (a)25vol%, (b)33vol? Ovol%, (d
(e)75vol% and (F)100vol% of the PEG400 precursor was mixed with water, respectively




5.2.1.2 FTIR Spectra
The CDs synthesised from various volume ratio of PEGaqo to water were subjected to FTIR

spectroscopy analysis to determine their chemical structure and the functional groups on their
surfaces. The FTIR spectra are shown in Figure 5-3. It was observed that the synthesised CDs
had FTIR spectra like that of the PEGao0 precursor, with differences in the intensities ascribed
to dilution effects. A broad peak around 3400 cm™ and a sharp peak around 2950 cm™ n were
attributed to the —OH groups [127]-[130] and C-H stretch bonds [180], respectively. Upon
transformation from precursor to CDs sample, the ratio of the —O-H/ C-H peaks is significantly
increased. This observation is ascribed to decreased exposed CH> groups and/or increased -O-
H groups on the surface of CDs compared to a polymer chain of PEGaqo (a long chain with

repeating -O-CH2-CH2- monomer and terminal -O-H groups).

The peak at about 1021 cm™ is the major peak detected in the samples and was attributed to
the vibrational modes of the —C—O bonds. Smaller peaks were also detected on the fingerprint
region (below 1500 cm™* wavenumber). The peak at 1441 cm™ and was attributed to aromatic
—C=C bands, while the peak at 1200 cm™ was ascribed to the C-O-C bonds. Above the
fingerprint region, peaks at 1635 cm™ and 1590 cm™ were attributed to the aromatic C=0

carbonyls and the —C-H bond bends, respectively. [180]
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Figure 5-3: FTIR spectra of PEG-CD synthesised using various PEG%o starting materials

5.2.1.3 UV-Vis absorption and PL emission spectra
The resulting CDs studied by to UV-vis spectroscopy to determine their absorbance and

emission behaviour. The analysed spectra were shown in Figure 5-4. There was an observed
absorption peak around 200 nm wavelength for all CDs samples which was attributed to
transitions of the C= O bonds. [33], [119], [140], [141] Additionally, the CDs synthesised at
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67vol% of PEGaoo had an absorption peak just above 250 nm wavelength. The peak is attributed
to the w —nt* transitions of the C=C bonds in the CDs. [114]-[116]
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Figure 5-4: UV-Vis absorption and fluorescence spectra of CDs synthesised using various
PEGuoo to water volume ratios at 350 nm excitation wavelength

The synthesised CDs exhibit photoluminescence emission peaks. It is essential to note the
PEGao0 precursor is not photoluminescent. Thus, the observed photoluminescence is ascribed
to the CD nanoparticles. When excited at 350 nm, the synthesised CDs emitted at short
wavelengths of approximately 425-430 nm. The lack of change in the peak position of the CDs
samples synthesised at various vol% of PEGaoo/water infers that the nature of the PL of PEG
synthesised CDs is independent of the concentration of the precursor used during synthesis.
[192]-[195] These results are in accordance the findings of Lin et al., where the different
concentrations of p-phenylenediamine yielded CDs with similar PL (though, conversely to this
study the particle size of their CDs varied). [124]

5.2.1.4 Fluorescence Quantum Yield

Quinine sulphate dissolved in 0.1 M sulfuric acid was used as a reference dye to determine the
quantum yield of the synthesised CDs [119], [163], [196], [197] and results are shown in Table
5-2 below. Overall, the QY was determined to be approximately 10 % for CDs synthesised at
varying vol% of PEGaoo/water. Though, it is deduced that the presence of the by-product may
enhance the %QY. This is supported by the following findings: The %QY dropped to less than
4% (i) at a low percentage of the by-product (67vol% PEGaeo/water sample) and (ii) absence
of the by-product (33vol% PEGaeo/water) (Table 5-3 and Figure 5-5). However, further studies
that separate the by-product and the CDs and investigate the %QY of the materials
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independently are necessary to confirm these findings. In a nutshell, it is deduced that the
difficulty in establishing a relation between the vol% PEGaoo/water of the starting material and

the resulting CDs is due to the presence and the lack of consistency in the %yield of the by-

product.

Table 5-2: Particle sizes of vol%PEG-CDs and corresponding fluorescence quantum

% Volume

PEGa00 25% 33% 50%

1.69 +0.34

Parz'ncr'ﬁ)s'ze 2.61 + 0.65 & 2684085 | 2.69+0.92 | 2.67 +0.43 | 4.91 + 1.62
10.61 + 2.81
%QY 10.4 3.1 9.9 3.5 10.4 7.0

It has been suggested in previous studies that particle size effects play a significant role in the
%QY with smaller CDs generally exhibiting higher %QY compared to bigger CDs. [34] Thus,
the observed decrease in QY on the 33vol% PEG sample is ascribed to the presence of the
bigger CDs particles of the size 10.9 nm at 33vol% PEG. [102], [120], [198]-[200] Also, it is
suspected that the dynamic interaction of the differently sized CDs negatively impacts the
determined %QY, perhaps due to the quenching effect. [61], [201] On the other hand, the %QY
7% of the CDs synthesised at 100vol% PEGaoo can be attributed to CDs since no by-products

(CNS) were observed on this sample.

Table 5-3: The %by-product observed on TEM images

The %by-product

[0)
PEGa0 %Volume | b ed on TEM

25% 30%
33% Not applicable
50% 50%
67% 67%
75% 42%
100% Not applicable
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Figure 5-5: Vol%PEG / water ratio of the starting material versus particle size of
resulting PEG-CDs

5.2.1.5 Summary

In a nutshell, the use of various volume percentage of PEGao to water yielded CDs of
approximately 2.7 nm, which almost doubles to 4.9 nm at 100 vol% of PEGao0 when no water
is present. The spectroscopy analysis of these CDs suggested they have similar chemical
structures. The quantum yield of the synthesised CDs was determined to be approximately
10%. However, it drops to 7% accompanying a particle size increase of 45% for CDs
synthesised with no water present. This inverse proportional correlation of CDs particle size
and quantum yield has been widely reported in the literature. [34] The CDs samples synthesised
when water was present had by-products which seem to be partly responsible for the

determined %QY though further studies are necessary to confirm this.

Interestingly, CDs sample synthesised with 33 vol% PEGaoo/water was different from the other
CDs samples; it consists of a binomial particle size distribution of CDs of smaller CDs of 1.69
nm and bigger CDs of 10.4 nm in size. The sample exhibited a low quantum yield of 3%.
Nevertheless, a careful study of this reaction might give insights into the nucleation and growth
mechanism of CDs.
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5.2.2 Variation of reaction time

5.2.2.1 TEM images
Herein, the effect of the duration of the synthesis on the properties of the PEG synthesised CDs

was investigated. The reaction time was varied from 1 — 12 h and the synthesised CD were
visualised using TEM. The captured TEM images and the corresponding particle size
distribution are shown in Figure 5-6. The summary of the particle size of the CDs produced
after various reaction times is shown in Table 5-4 below. Additionally, the correlation of the
particle size of the CDs produced after various reaction times is shown in Figure S4. It was
found that there is no significant change in particle size from 1h to 5 h of reaction time and the
particles remain at approximately 2.0 nm throughout. However, at t = 12h, a substantial change
in CDs size was observed as the CDs size doubled to 4.15 nm. Also, the intensity of the colour
of the solutions increased with increasing reaction time, suggesting that the concentration of

CDs increased with increasing reaction time.

Table 5-4: The particle of CDs synthesised after various reaction times

Reaction time (h) CDs Particle size (nm)

1 1.82 + 0.56
2 2.81+ 0.50
3 2.04 £ 0.63
4
5

2114 0.53
2.05 +0.45
12 4.15 +1.54

All the synthesised CDs samples were well dispersed. However, as detected in the TEM
images, when reaction time is higher than 4h, some small CNSs by-product was produced.
There is an observed 233% increase in particle size growth between the CDs synthesised after
1 hour compared to those synthesised after 12 hours. Increasing the reaction time to 12 hours
is also accompanied by a decrease in the interparticle distance of the CDs due to an increase in
the concentration of the CDs. That is nanoparticle aggregation occurs which might be the

mechanism of growth of the larger nanoparticles.[202]-[205]
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Figure 5-6: TEM images and corresponding particle size distribution curve of PEG-CDs synthesised at (a) 1 h (b) 2 hrs, (c) 3 hrs, (d) 4
hrs, (e) 5 hrs and (F) 12 hrs of reaction time, respectively
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5.2.2.2 UV-Vis absorption and PL emission spectra
Figure 5-7 shows the UV absorption of the CDs synthesised after varying reaction times and

their corresponding PL emission spectra at 350 nm excitation wavelength. For all the samples
synthesised between 1 — 12 hours, there was an observed sharp absorption peak at
approximately 200 nm which was assigned to the n—o* transitions of the aromatic C-C bonds
on the CDs [31], [31], [111], [111]-[113]. Weaker absorption bands around 200 nm and 300
nm were also observed. These which could be attributed to a = —n* transition of the —-C=C
aromatic bonds and an n— z * transition of C=0 bonds, respectively. [24], [50], [119], [163],
[164] An absorption tail of low intensity that extends into the visible region of the spectrum
was observed. The absorption tail is attributed to defects which may arise from the functional

group on the surface of CDs. [206]
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Figure 5-7: UV-Vis absorption and fluorescence spectra of various PEG-CDs synthesised
after various reaction time, recorded using 350 nm excitation wavelength.

It is important to state that synthesis of the CDs was done at 200 °C and that the synthesis
followed a common 3-step route: (step 1) the reaction temperature is achieved to gradual
ramping, (Step 2) the reaction is run at the reaction temperature and (step 3) the reaction is
cooled off to room temperature. Normally, the duration of step 2 is the recorded as the reaction

time (Figure 5-8).
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Figure 5-8: General course of reaction: step 1 is the heating up of the reaction to the
desired rection temperature, step 2 is the synthesis (the duration of step 2 is generally
noted as the reaction time) and lastly step 3 is the cooling of the reaction.

Interestingly, when step 2 was omitted (Figure S5), whereby the reaction vessel was heated to
200 °C (at a ramping rate of 10 °C/min) subsequently cooled to room temperature without
holding the reaction at the set temperature, CDs were still produced (Figure S6 and S7).This
experiment shows that the synthesis of CDs from PEG starts at a temperature below 200 °C and
could influence the autoclave the results from the autoclave method. With that said, it is
imported to note that the absorption spectrum of these CDs was different from all other PEG
synthesised CDs. This sample exhibited three distinguishable absorption peaks at 200, 240 and
280 nm as opposed one peak around 200nm and a band around 200 — 350 nm.

All the synthesised CDs samples were PL responsive when excited at a 350 nm wavelength.
The PL emission maxima all occurred around 425 nm showing no variation in peak position
with reaction time. This is not unexpected as the CDs size did not vary as well. However, the
results are not in accordance with the results of Chen et al., whereby a reaction of 1h yielded
CDs that emit at a significantly different wavelength compared to CDs synthesised after 4h.
[131] Chen et al., used p-phenylenediamine as a carbon precursor and formamide as a solvent.
[131] It is suspected that the effects of reaction time on the synthesis of CDs are unique to the

carbon precursor and/or solvent used. However, further studies are necessary to confirm this.

94



5.2.2.3 FTIR Spectra

The chemical structure and surface functional groups of the synthesised CDs was investigated
using FTIR and the results are shown in Figure 5-9. Similarly to the previously discussed CDs,
the synthesised CDs at varying synthesis duration exhibit FTIR peaks at 3400 cm-1, 2950 cm-
1, 1600 cm-1 and 1200 cm-1 which are ascribed to -OH, C-H, -C=/-C=0 and —C-O bonds,
respectively. [127]-[130], [180] The bands around 1600 cm-1 are be ascribed to the -C=C and
—C=0 vibrational modes of the aromatic rings in the CDs. The FTIR spectra of the synthesised
CDs and the carbon precursor are similar, with the majority of the differences ascribed to
dilution effects. [180] This finding is ubiquitous in the literature of CDs. It is generally
attributed to functional groups of the carbon precursor being retained on the surface of CDs
during the hydrothermal synthesis. However, the similarities between the FTIR spectra of the
CDs and its carbon precursor may be due to the presence of the residual PEG on the CDs
sample since the synthesised CDs remained suspended in solution.
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Figure 5-9: FTIR spectra of PEG CDs synthesised at various reaction times

5.2.2.4 Fluorescence Quantum Yield

The quantum yield of the synthesised CDs was determined using quinine sulphate as a
reference dye, and the results are shown in Table 5-5. Moreover, the plot of the reaction
duration versus the %QY of the resulting CDs is shown in Figure 5-10. As discussed above,
the particle sizes of CDs did not significantly change with varying reaction time between of 1
and 5 hours of reaction time. They maintained a particle size of approximately 2 nm throughout.
The %QY however was unusual but could relate to uncontrolled experimental artefacts. At 1 h
reaction time, the %QY is 1 % which increases as the reaction time is increased and more
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particles are formed in the solution. As per the FTIR spectra analysis, the chemical structure of
the synthesised CDs has constant across the varying reaction time. It is also inferred that the
origin of the PL of the CDs has remained constant across varying reaction times since the UV-
vis and PL spectra remained the same. [33] It can be concluded that with regards to samples
produced after 1-4 hours what changed was the number of CDs particles in solution. Following
this, together with the fact that %QY is not a function time, the observed increase in %QY is
attributed to the aggregation-induced emission (AIE) phenomenon. [61], [201] AIE occurs
when the photoluminescence of materials is enhanced by increase concentration or density of
the material. [61], [201] The %QY then peaks at 3h, reaching a high %QY of 15.1% and after
that decreases with increasing reaction time. The %QY decreases by 67% from 3h to 4h
reaction time, even though the samples have relatively similar particle size (Figure S8). This

behaviour was not expected and requires further studies to be understood.

Table 5-5: Particle sizes PEG-CDs and correponding fluorescence quantum of CDs

synthesised after various reaction times

Reaction

time(h)

Size (nm)

Quantum 1.0 9.0 15.1 6.5 9.0 6.2
Yield
(%)
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Figure 5-10: The quantum yield of CDs synthesised after reaction times

5.2.2.5 Summary
The synthesised CDs after 1-5 h are approximately 2 nm in size. The particle size of CDs

increased by 102% when the reaction time was 12h. At reaction time beyond 4h the synthesised
CDs samples have by-product (CNSs) as detected and seen on the TEM images. The %QY of
the synthesised CDs did not correlate with their particle size, and further studies are required
to understand these findings. The synthesised CDs after 3, had a particle size of 2nm with no
detected by-product and a high %QY of 15%

5.2.3 Variation of solvent used during synthesis
It has been reported that different solvents (having various properties) yield CDs with different

characteristics. The solvation system during synthesis plays a role in the aggregation,
dehydration, carbonisation, core formation, and growth process that occur during CDs
synthesis. The properties of the solvent, i.e. boiling point, solubility, polarity and protic/non-
protic properties, dehydrating ability contribute to the characteristics of synthesised CDs.
[207], [208] Thus, a study of the variation of the solvent used during the synthesis of CDs from
PEGuao0o Was conducted. The study of varying solvents on the synthesis CDs was done to achieve
the following:

() To explore the role solvent of the PEG synthesised CDs
(b) To search means for means of yielding more solid CDs

(c) To find a solvent that yielded CDs with less by-product, i.e. CNS
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The explored solvents were 2-butanol, acetonitrile, chloroform, dichloromethane and ethylene
glycol. The solvents were chosen due to their low boiling points and the degree at which the
carbon precursor dissolved PEGao0. The boiling point of all the solvents was below 200 °C,
and molecular weights were also below 120 g per mol. Low boiling point solvents are easy to
work with as they do not require sophisticated equipment for their removal by evaporation. The
chosen solvents exhibit a high relative polarity with a minimum of 0.259 and low molecular
weight; this is associated with good polarity. In addition to the advantages, PEGaso0 was soluble
in the chosen solvents, which exhibits good dissolution and solubility of the carbon precursor
reagents in the solvent. A summary of the properties of the solvents is shown below in Table
5.6. PEG-CDs with various properties were produced form the different solvents. However,
the products formed were not solids and the PEG-CDs remained suspended in the solvents or
formed liquids due to excess PEG.

Table 5-6: Some of the properties of the solvents used in making PEGaoo CDs. [209]

olve B0 g Po olecula P 400 Relative
elg g pe olub Pola
ole

Ethylene glycol 197.6 62.1 Soluble 0.790
Dichloromethane 39.6 84.9 Soluble 0.309
2-butanol 100 74.1 Soluble 0.327
Acetonitrile 82 411 Soluble 0.460
Chloroform 61.2 119.4 Soluble 0.259
Water* 100 18 Soluble 1.000

5.2.3.1 TEM images
The TEM images of the respective PEG-CDs products and corresponding particle size

distribution curves are shown in Figure 5-11. All solvents yielded mono-dispersed PEG-CDs
except for dichloromethane, where the CDs were clustered in one area and had a wider particle
size distribution. It is worth pointing out that dichloromethane yielded PEG-CDs that were
significantly larger than CDs yielded from the use of all the other explored solvents It was also
noticed that chloroform yielded CDs that expressed mild aggregation and a small amount
fibrous material. The use of ethylene glycol, dichloromethane, 2-butanol, acetonitrile and
chloroform, yielded PEG-CDs with particle sizes of 2.35 £0.48 nm, 5.93 + 2.48 nm, 1.66 +
0.57 nm, 2.68 = 0.89 nm and 2.94 + 1.18 nm, respectively as shown below in Table 5.7 and

Figure S9. For comparison purposes, the use of water in the (a) variation of %PEG study @25%
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vol PEG and (b) the variation of reaction time at 5 hours is also included in Table 5.5 and in

future discussions.

Table 5-7: The solvent used during synthesis and the particle size of the synthesised CDs

Solvent Particle size/nm

Ethylene glycol 2.35+0.48
Dichloromethane 5.93+2.48
2-butanol 1.66 + 0.57
Acetonitrile 2.68 £ 0.89
Chloroform 294 +1.18
Water(a) 2.61 + 0.65
Water(b) 2.05+0.45
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Figure 5-11: TEM images and corresponding particle size distribution curve of PEG-CDs synthesised using different solvent namely (a)
ethylene glycol, (b) dichloromethane, (c) 2-butanol, (d) acetonitrile and (e) chloroform, respectively
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A correlation matrix was plotted and shown in Table 5.8. A correlation coefficient of 0 suggests
that there is no linear relationship between the two variables. [210] A negative sign occurs
when one variable increases and the other decreases and a positive sign occurs when one
variable increases the other also increases. [210] As shown in Table 5.8, the particle size of the
yielded CDs exhibited correlation coefficients of -0.70, 0.15 and -3.9 towards the boiling point,
molecular weight and relative polarity of the solvents used during synthesis, respectively. Some
correlation between the particle size of the synthesised CDs and the boiling point of the solvent
used is seen. As such, the higher the boiling point of the solvent, the smaller the particle size
of the synthesised CDs.

Table 5-8: Correlation Matrix of the properties of the solvent used during synthesis and
the particle size of the resulting PEG-CDs

Boiling Molecular Relative polarity Particle size
Point (°C) weight (nm)
g per mole

Boiling Point

(°C) 1.00 0.45 0.02 -0.70

Molecular
weight

g per mole 0.45 1.00 -0.72 0.15

Relative
polarity 0.02 -0.72 1.00 -0.39

Particle size
(hm) -0.70 0.15 -0.39 1.00

Figure 5-12 is a visual representation of the particle size of the synthesised PEG-CDs against
the boiling points of the corresponding solvent that was used during synthesis. The second
cluster of data points in Figure 5-12 are of PEG-CDs with particle sizes between 2-3 nm, these
CDs were yielded using solvents with a boiling point between 60 — 100 °C. Meanwhile, the use
of 2-butanol, which has a high boiling point of 197.6 °C yielded the smallest PEG-CDs of 1.66

+ 0.57 nm size.
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Figure 5-12: Particle size vs boiling point of solvent used. The size of the sphere correlates
to the particle size of the CDs

A similar result has been observed by Ding et al., here the smaller CDs size correlated with
higher boiling points. [208] Ding et al., explored a ‘solvent-engineering’ approach through use
of formamide, DMF/ formamide, H2SO4/H20 used to produce CDs with tuned optical
properties. [208] Formamide which has a high boiling point (210 °C) compared to all the others
used gave the smallest CDs of 1.5 nm in size. [208] A mixture of DMF and formamide gave
CDs with d=3-5 nm. DMF had a medium boiling point of 153 °C. Lastly, H2SO4/H2O which
had the lowest boiling point of approximately 100 °C yielded the largest CDs of 7 nm. [208]
In contrast, Chen et al., obtained no correlation between the boiling point of the solvents used
and the particle size of the produced CDs (of sizes 3 -13 nm). [211] Instead,
dimethylformamide, methanol and water all formed CDs with extremely similar particle size
and particle size distribution even though their boiling points are significantly different (see
Figure 5-13 below). [211]
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Figure 5-13: TEM image (50 nm scale bar) and corresponding particle size distribution
of CDs synthesised by Chen et al., CDs-w, CDs-m, CDs-d were synthesised using water,
methanol and dimethylformamide respectively. [211]

5.2.3.2 UV-Vis absorption and PL emission spectra
Figure 5-14 shows the UV-vis absorption and the emission spectroscopy of the PEG-CDs

synthesised using various solvents. There was an observed absorption peak below 200 nm in
all the synthesised CDs while varying solvent. This peak was ascribed n—c* transitions. [31],
[31], [111], [111]-[113] There was also an absorption seen between 200 nm to 350 nm which
was ascribed to the n—* or © —n* transitions. [24], [50], [119], [163], [164] Conversely, to the
varying %PEG and reaction time studies, when the solvent used during the preparation of CDs
is varied, the emission peak at 350 nm excitation wavelength changes. The emission peak at
350 nm excitation wavelength is 545 nm, 545 nm, 448, 449 nm, and 480 nm for 2-butanol,
acetonitrile, chloroform, dichloromethane and ethylene glycol synthesised PEG-CDs,
respectively (see Table 5-9). It worth highlighting that, the used the solvents 2-butanol, and
acetonitrile yields CDs has only one absorption peak below 200 nm and exhibited no tail that
extended towards 350 nm as seen with other solvents explored under similar reaction
conditions. Moreover, with these solvents, 2-butanol and acetonitrile, the produced CDs
exhibited emission peaks that are slightly outside the normal range of 400 — 500 nm. It is worth
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noting that no established correlation between the particle sizes of the PEG-CDs and the

wavelengths of the emitted light at varying solvent was found.

Chloroform

= E Ihhane glycol (EG)

Wavelength /nm

Figure 5-14: UV-Vis absorption and fluorescence spectra of various PEG-CDs
synthesised using various solvents, recorded using 350 nm excitation wavelength

Table 5-9: UV-Vis and PL emission peaks of PEG-CDs, with corresponding spectral
assignments and particle of the PEG-CDs synthesised using various solvents

sample UV-Vis  UV-Vis tail P('a-aﬁ”(‘rifr;i)or;t Size of CDs (nm)

peak (hm)  (nm) 250 am '

n-o* n-m* or ® — excitation 4

TE*

Ethylene glycol <200 200 - 350 480 2.35+0.48
Dichloromethane <200 200 - 350 449 593 +2.48
2-butanol <200 - 545 1.66 + 0.57
acetonitrile <200 - 545 2.68 £ 0.89
Chloroform <200 200 - 350 448 2.94+1.18
Water @ <200 200 - 350 430 2.61+0.65
Water P <200 200 - 350 440 2.05+0.45
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In summary, at 350 nm excitation wavelength 2-butanol and acetonitrile synthesised CDs emit
at a long-wavelength of 545 nm (green light). On the other hand, EG synthesised CDs emit at
a medium wavelength light of 480 nm (blue light), while chloroform, DCM and water
synthesised CDs emit at a short-wavelength of 430 - 450 nm (violet light). [212] The
synthesised CDs can then be classified as green-CDs, blue-CDs, or violet-CDs based on their
PL maxima (Table 5-10). Since the emission of CDs is related to the CDs chemical structure,
it can be thus deduced that the type of solvent used plays a significant role in the nucleation
and growth of the CDs. Thus, it can be inferred that the solvation nature of DCM and
chloroform towards PEGaoo during the autoclave method are similar to each other and distinctly
different to that of 2-butanol, acetonitrile and EG. [207] Additionally, the solvation property
of 2-butanol and acetonitrile towards PEGaoo are similar. [207]

The boiling points of 2-butanol (100 °C) and acetonitrile (82 °C) are both low. [207], [208] The
polarity does not appear to be important as the polar protic nature of 2-butanol [207], [213] and
the nonpolar protic acetonitrile give similar results. [207] Both chloroform (61.2 °C) and DCM
(39.6 °C) do not give hydrogen bonding. [207], [208] EG is a polar protic solvent with high
boiling point (197 °C) and high polarity and was not expected to form CDs that emitted at a
wavelength 480 nm. It is worth noting that the molecular mass of the solvent has a modest
correlation (0.51) with the emission peak maxima compared to the boiling point and the relative
polarity of the solvent (Table 5-11). Thus, the molecular mass of the solvent plays a minor role

during the synthesis of CDs.

Table 5-10: Classification of CDs synthesised using varying solvent based on the PL
maxima wavelength they exhibit at an excitation wavelength of 350 nm

Solvent Acetonitrile | 2-butanol DCM | Chloroform | Water (a) | Water (b)

PL emission
@350 nm
excitation
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Table 5-11: The correlation matrix of the properties of the solvent used during synthesis
and the emission wavelength of the resulting PEG-CDs at 350 nm excitation wavelength

Boiling Point Molgcular Relative Particle size | Emission peak
o weight .
(°C) o per mole polarity (nm) (nm)
1.00 0.02 0.42

0.45 -0.70

Boiling Point
(C)
Molecular

weight 0.45 1.00 -0.72 0.15 0.51

(g per mole)
0.02 -0.72 1.00 -0.39 -0.44
polarity
Emission peak 0.42 0.51 -0.44 -0.33 1.00

nm

5.2.3.3 FTIR Spectra

FTIR spectroscopy was carried out on CDs synthesised from PEGaqo as a precursor and various
solvents using the autoclave method. The resulting FTIR spectra is below shown in Figure 5-
15. The FTIR spectra of the synthesised CDs exhibit three distinct pattern and supports the
classification of the synthesised CDs into three groups, namely green CDs (EG synthesised),
blue CDs (2-butanol and acetonitrile synthesised) and violet CDs (DCM and chloroform
synthesised). The transformation of the sample from precursor to CDs can see through
formation of a second C-H stretch peak around 2850-3000 cm™ region. [180] That is the PEGaoo
exhibits one C-H stretch peak while CDs have two C-H stretch peaks. These two peaks are less
defined on spectra of the DCM and chloroformed synthesised CDs (violet CDs). Similarly, to
the precursor, the green (EG synthesised) and violent CDs (DCM and chloroformed
synthesised) exhibit broad O-H peak around 3300 cm™[127]-[130] and C=0 stretch peak was
observed around 1635 cm™. [180] The broadening of these O-H peaks reflects H hydrogen
bonding. Conversely, the blue CDs (2-butanol and acetonitrile synthesised CDs) exhibited a
sharp O-H peak around 3600 cm™* which suggests that they do not partake in hydrogen bonding.
[214]-[216] which suggest that the H protons are sterically hindered from freely interchanging
and partake in hydrogen bonding. This could have impact on UV-vis absorption tail that

extends from 200 nm the towards 350 nm.
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Figure 5-15: FTIR spectra of PEG CDs synthesised using various solvents

The FTIR spectra fingerprint region (>1500 cm™) of the green, blue and violet dots is also

distinguishable. The fingerprint region of the violet CDs (DCM and Chloroform synthesised)

is very similar to the fingerprint region of the PEGaoo precursor with differences ascribed to
dilution effects. The blue CDs (EG synthesised), is slightly different in that the C-O peak

around 1021 cm-1 is a twin peak as opposed to a singlet peak. Conversely, the fingerprint

region of the green CDs (2-butanol and acetonitrile synthesised) is different because (1) the C-

O peak around 1021 cm™ is a complex, (2) lacks a broad peak below 750 cm-1 and (3) has two
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distinct multiplet peaks at 1250 and 1435 cm™ as opposed to expressing continuous steam of
peaks along 1500-1021 cm™* wavenumber. These multiple peaks are assigned to aromatic ring
C=C stretch, while the peaks along 1500-1021 cm™ ascribed to C-H and C-O stretches. The
FTIR spectra fingerprint region analysis also revealed that the 2-butanol CDs also express some
C-H bond bends peaks.

5.2.3.4 Fluorescence Quantum Yield

The UV-vis absorption and emission were used to determine the fluorescence quantum yield
(%QY) of CDs synthesised using various solvents. CDs were suspended in water for the
spectroscopy analysis, it is worth bearing in mind that the determined %QY is independent of
the concentration of CDs. The determined %QY are shown in Table 5-12 and plotted in Figure
5-16.

Table 5-12: Corresponding particle sizes and fluorescence quantum vyield % as the
synthesis solvent was varied as starting conditions

Blue CDs Green CDs
Solvent Acetonitrile | 2-butanol Chloroform | Water (a)
13 2.4 3.8 5.0 49 10.4
(W 2.34 2.68 1.66 5.93 2.94 2.61 2.05
size
(nm)
14
12
10
8 4
6 4
4 4
2 4
0
EG Acetonitrile  2-butanol DCM Chloroform  Water (a) Water (b)
Solvent
Particle size (nm) %QY

Figure 5-16: Particle size distribution and quantum yield at various reaction times
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The use of EG as a solvent produced CDs that exhibit the highest %QY of 13% for the solvent
engineering study. As apparent in Table 5-12 and Figure 5-16, when analysed globally, the
CDs produced in this study do not exhibit a size-dependent %QY. However, when analysed
within their different ‘types’, the general trend that is reported in literature of smaller CDs

exhibiting higher %QY and vice versa is observed. [34]

The correlation coefficient of the particle size of violet CDs and the %QY was determined to
be only -0.65 (Table 5-13) which is indicative of a modest inverse correlation. [151] The
discrepancies associated with this moderate correlation are seen where the %QY of DCM and
chloroform synthesised CDs is similar even though there is a 100% particle size difference
between them. Moreover, the water synthesised CDs express a direct correlation instead of an

inverse correlation.

Table 5-13: The correlation matrix of the particle size of violet CDs and their %QY

Particle size of violet CDs (nm) %QY of violet CDs (%)

Particle size of violet CDs 1.00 -0.65
(nm)
%QY of violet CDs

Among all synthesised CDs, the green CDs exhibited the lowest QY despite having the smallest

CDs of size 1.66 nm, which were yielded from the use of 2-butanol as a solvent. This low
quantum yield may be ascribed to the long emission wavelength expressed by this CDs. [210]
This low quantum yield may also be ascribed to lack of expression of n—n* or & —* transitions
as evident on the UV-vis absorption spectra. This low quantum yield may be also ascribed be
ascribed to lack of expression of n—n* or © —* transitions as evident on the UV-vis absorption

spectra.
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Table 5-14: The correlation matrix of the properties of the solvent used during synthesis
and the properties of the resulting PEG-CDs

Molecular
Boiling Point weight Relative | Particle size Emission
(°C) polarity (nm) peak (nm)
(g per mole)

%QY (%)

Boiling Point
(°0)

Molecular
weight (g per
mole)

Relative
polarity
Particle size
(nm)
Emission
peak (nm)

%QY (%)

It was also noticed that EG and water produced CDs with highest %QYs. Since these two
solvents have high relative polarity, it can be deduced that solvents with high relative polarity
yield CDs with high %QY's. The above was further supported by a correlation coefficient of
0.79 (shown in Table 5-14) which is indicative a week relationship between the polarity of the

solvent used during synthesis and the %QY of the resulting CDs. [210]

5.2.3.5 Summary

CDs size decreases with increasing boiling point solvent with 2-butanol (boiling point = 197.6
°C) producing the smallest CDs of 1.66 nm in size and DCM (boiling point = 39.6°C) producing
the largest CDs of 5.93 nm in size. The solvent used during synthesis plays major role in the
UV-vis absorption and emission nature of the resulting CDs, which in turn suggests that the
salvation system during synthesis plays an important role in the nucleation, growth and

chemical structure of the resulting CDs.

This was linked to the molecular mass of the solvent (correlation coefficient = 0.51) and

supported by the FTIR spectroscopy study. The resulting CDs were classed into three groups
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based on the PL maxima wavelength at an excitation wavelength of 350 nm. The groups are
green CDs (EG synthesised CDs with Aemission,,,,= 545 nm), blue CDs (2-butanol and
acetonitrile synthesised CDs with Aemission,,4,,= 480 nm) and violet CDs (DCM, chloroform
and water synthesised CDs with Aemission,,,, 0f 430 - 450 nm). It was deduced that solvents
with high boiling and high relative polarity point yield a long-wavelength emitting PEG
synthesised CDs, while solvents with low boiling point and low relative polarity favour a short-
wavelength emitting PEG synthesised CDs. Also, polar protic solvents form long-wavelength

emitting CDs, where CDs with no hydrogen bonding are observed.

The %QY is inversely correlated to the relative polarity of CDs (correlation coefficient = 0.79)
with water (relative polarity = 1.000) and EG (relative polarity = 0.790) producing CDs with
the highest %QY of ~10% and 13%, respectively. The blue CDs exhibit the lowest %QY owing
to an inverse correlation between the PL maxima wavelength and the %QY of the CDs
(correlation coefficient = -0.54). There correlation between the particle size and their
corresponding %QY not observed (correlation coefficient = -0.22). However, there is
correlation between particle size and %QY of CDs within their groups, i.e. violet CDs have
correlation coefficient = -0.65. As such, within a class of CDs (i.e. green, blue or violet CDs),

the smaller the CDs, the larger the %QY and vice versa.

5.2.4 Variation of molecular weight of the PEG precursor

The effect of using PEG precursors of various molecular masse s on the synthesis of CDs was
investigated. In the previous studies, the synthesis of the CDs proceeded via liquid state
hydrothermal reactions where liquid state PEGaoo (molecular weight of 400 g/mol ) was mixed
with a liquid solvent. However, in this study, the synthesis proceeded via a solid-state reaction
with respect to having solid state staring materials. It is important to note that the physical state
of PEG is a function of its molecular weight. PEG with less than 1000 g/mol™* molecular weight
is a liquid at ambient room temperature and atmospheric pressure while PEG with a molecular
weight greater 1000 g/mol-1 is in solid. It was also noticed that as the molecular weight of PEG
increases the solid-state PEG the becomes more dense (from lightweight, fluffy flakes to

granules).

As such, to ensure that the starting material of the synthesis was in a solid-state, PEGs with a
molecular greater than 1000 g/mol used the carbon precursor in the presence of citric acid as
solid-state co-reagent. The reactants were mixed in a 1:2 of citric acid to PEG. After that, the

reactants were ground to powder and subjected to high temperature and high-pressure synthesis
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in an autoclave reactor. Citric acid has been reported to be good at aiding the hydrolysis of
PEG. [159] Citric acid is generally act as an acid that catalysis the cleavage of chemical bonds
during acid hydrolysis. [217]-[219] Herein, PEG with molecular weights of 1500, 4000, 6000,
10000, 12000 and 35000 g/mol-1 were investigated as carbon precursors, respectively.

5.2.4.1 TEM images
An attempt to view the synthesised PEG-CDs under TEM was not possible as the synthesised

PEG-CDs have a low Z-contract. After that, the synthesised PEG-CDs were viewed under HR-
TEM, and the micrographs are shown in Figure 5-17, while the determined particle sizes are
shown in Table 5-15. The synthesised PEG-CDs has a particle size range of 1.00 to 2.88 nm;
with the PEG,,00 precursor yielding smallest PEG-CDs while PEG3s40, precursor yielding
the largest CDs (Table 5-15). As shown in Figure S10, the particle size is slowly increased with
increasing molecular mass of the PEG precursor. That is the established linear relationship has
a very small slope. It was also noted that the correlation is weak as the error bars are wide and
the lightest PEG precursor, PEG; 50, did not necessarily yield the smallest CDs (Table 5-15 &
Figure S10).

Table 5-15: The molecular weight of the PEG precursor and the particle size of the
synthesised CDs

PEG molecular weight (g/mol) Particle size/nm
1500 1.70 £0.53
4000 2.13+0.36
6000 1.83+£0.65
10 000 2.88 £ 1.00
12 000 1.00£0.35
35000 2.47 +0.63
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Figure 5-17: HR-TEM images and corresponding particle size distribution curve of PEG-CDs synthesised using PEG of different
molecular weights as starting material namely a PEG with MW of (a) 1500 g/mol, (b) 4000 g/mol, (c) 6000 g/mol, (d) 10 000 g/mol, (e) 12
000 g/m, and (f) 35 000 g/mol, respectively
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The synthesised PEG-CDs samples show good dispersion, with an exception when the
PEG, 000 and PEGss000 Were used as PEG precursors see Figure 5-17 d and f, respectively.
Moreover, the use of PEGsso0o Yielded CDs samples with mild aggregation. It is also worth
pointing that though the majority of the synthesised CDs have a good particle size distribution,
the PEGgg00 and the PEG, 000 Synthesised CDs samples do not exhibit a bell-shaped particle
size distribution curve which is an indication of a good particle size distribution. Following
that the use of heavier PEG precursors yields CDs with poor dispersion or poor particle size
distribution. Furthermore, a high magnification HR-TEM image (Figure S11) revealed that the
CDs synthesised from PEG;,00 are highly crystalline as they exhibit lattice fringes with d-
spacing of approximately 0.2 nm, which is ascribed to the 102-diffraction plane of graphitic
sp? carbon. [159], [220]

5.2.4.2 UV-Vis absorption and PL emission spectra

UV-vis absorption and the emission spectroscopy of the PEG-synthesised using PEG
precursors of various molecular shown in Figure 5-18. Like the other synthesised PEG-CDs in
this work, all the synthesised PEG-CDs using PEG precursor of varying molecular weight
exhibit absorption peaks at a wavelength of approximately 200 nm. The peak is attributed to
the m —m* transitions in the —C=C of the aromatic rings in the CDs [114]-[116]. The emission
peak at 350 nm excitation wavelength is 450 nm for CDs synthesised from PEG with a
molecular weight of 1500, 4000, 6000, 10 000 and 12 000 g/mol-1. Conversely, for the CDs
synthesised from PEG of 35 000 g/mol-1, the emission peak is at 460 nm. Following that the
emission of CDs is related to its chemical structure, it can be deduced, with a varying molecular

weight of PEG, the synthesised CDs have similar chemical structures.
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Figure 5-18: UV-Vis absorption and fluorescence spectra of various PEG-CDs
synthesised using PEG precursors of various molecular weight

5.24.3 FTIR Spectra

The synthesised CDs were subjected to FTIR spectroscopy analysis, and the resulting spectra
are plotted in Figure 5-19. The peak at about 3400 cm-1 was ascribed to the vibrational modes
of the —OH surface groups of CDs. The peak at 1200 cm-1 was ascribed to the C-O-C bonds.
The peaks at about 1600cm-1 were ascribed to the vibrational modes of the aromatic C=C and
the carbonyl C=0 bonds. [160] The bands at about 2800 cm-1 were assigned as peaks due to
the terminal —C-H bonds. The bands at about 2800 cm™ were assigned as peaks due to the
terminal —C-H bonds. [221]

116



Intensity (a.u)

Figure 5-19:

4000

3500

3000

2500 2000

1500

1000

200

— 35000 MW

—— 12000 MW

—— 10000 MW

—— 6000 MW

—— 4000 MW

—— 1500 MW

4000

3500

3000 2500 2000

1500

Wavenumber (cm™)

5.2.4.4 Fluorescence Quantum Yield

As discussed previously, at varying molecular mass of the PEG precursor, the synthesised CDs
had particle sizes of 1-3nm. Though the particle size did not vary significantly, the %QY of
these synthesised CDs was varied considerably (Table 5-16). As such the determined %QY
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showed no correlation to the particle size of CDs. However, a non-linear correlation was
established between %QY of the synthesised CDs and the molecular of the PEG precursor.
The %QY increased with increasing molecular mass of the PEG precursor, peaked to 18.0% at
the use of PEGeono as a precursor, and thereafter decreased (Figure 5-20).

Table 5-16: Corresponding particle sizes and fluorescence quantum yield % as the PEG
molecular weight was varied as a starting condition

PEG MW
(g/mol?)
Particle Size

(nm)

1500 4000 6000 10000 12000 35000

1.70+0.53 | 2.13+0.36 A 1.83+0.65 2.88+1.00 | 1.00+0.35 | 2.47 +0.63

Quantum Yield
(%)

3.0 8.3 18.0 8.4 4.2

N
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Figure 5-20: The molecular mass of the PEG precursor versus the quantum yield of the
resulting CDs

These results are not in agreement with the results of Fan and his research group. [160]When
Fan et al., explored the effect of varying the molecular weight of PEG precursor through they
yielded CDs where both the particle size and %QY that did not differ significantly (Table 5-
17). [160] Perhaps the difference in results of the two studies was brought about by the
differences in the synthesis method; Fan et al., used liquid-phase synthesis to synthesise the
CDs where they dissolved PEGaoo, PEG1s00 and PEGeooo in water, respectively. [160] Fan et
al., yielded PEG1s00 synthesised CDs that measured 3.0 nm in size and %QY of 2.5%, while
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PEGis00 Synthesised CDs of 2.13 nm in particle size and a %QY of 8.3% were produced in this
study. [160] Additionally, Fan et al., yielded PEG6000 synthesised CDs that measured 3.5 nm
in size with a %QY of 2.3%, while CDs of 1.83nm in particle size and %QY of 18% were
produced in this study. [160] Thus, it can be deduced that for solid-state PEG precursors, solid-
phase synthesis yields CDs with higher %QY. Maybe Zhang et al., synthesised CDs via a solid-
phase method similar to this study they obtained CDs with %QY that are comparative to this
study and higher than %QY found by Fan et al., where liquid phase synthesis was conducted
(see Table 5-18 for comparison of results). [159], [160] Zhang et al., formed CDs with particle
size of 2-4 nm and %QY of 9% when using PEGzo00. [159]1t can be deduced that PEGeooo is the
optimal PEG precursor of the solid-phase synthesis as the use of PEGeooo Yielded an optimal
%QY of 18%. Though, further optimisation studies are necessary to confirm this. It is also
worth noting that, even though 18% is the highest %QY observed for PEG synthesised CDs to
date, the record is limited to CDs that are free of doping. Zhang et al., synthesised nitrogen-
doped CDs from PEG2q00-diamine with a particle of 1.7 nm and %QY of 31%, which was
a 244% %QY increase compared to the non-doped CDs which were synthesised from PEG2000
.[159]

Table 5-17: Summary of results of Zhang et al., [159] and Fan et al., [155]

Synthesis

PEGy precursor

Reference Phase (x=molecular weight)

Liquid PEGano :
Fan et. al (water used as PEGis00 3.3 2.5
solved) PEGeono 35 2.3
Solid PEG2000 1-2 9
Zang et al (citric acid
K used as co- PEGz000-amine 1.7 31
reagent)

5245 Summary

The use PEG precursors of various molecular weights during synthesis yields CDs of
approximately 1-3 nm in size. It was found that the dispersion of the synthesised CDs gets
compromised as the molecular weight the PEG precursor was increased. The synthesised CDs
exhibit similar UV-vis absorption, emission and FTIR spectra which suggest that their chemical
structure of the synthesised CDs is similar. Though the CDs synthesised from PEGzso00 emitted
at a slightly longer wavelength. There was no established linear correlation between the %QY

of the synthesised CDs and their particle size. However, even though the particle size of the
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CDs remains at approximately 2 nm with a varying molecular weight of the PEG precursor,
the %QY increased with increasing molecular weight of the PEG precursor, peaks at molecular
of 6000 g/mol-1 and then decreases. Thus, PEGeooo Was identified as the optimal solid-state
PEG precursor yielding CDs with a high %QY of 18%.

5.3 Conclusion

The synthesised CDs remained suspended in solution, thus were only characterised using TEM
(or HR TEM), UV-vis absorption, UV-vis emission, FTIR spectroscopy and %QY. The FTIR
spectra indicated that the PEG CDs were highly functionalised with the terminal —OH groups
and the aromatic C=C and C=0 being the most prominent bonds present. Most of the

synthesised CDs were well dispersed with a narrow particle size distribution.

The variation of vol% PEGaoo/water, reaction time and molecular weight of PEG precursor do
not play a significant role in the particle size and chemical structure engineering of CDs with
respect to the use autoclave method. Thus, the average particle size of the synthesised CDs is
2.7 nm, 2.0 nm and 2.0 nm for at varying vol% PEGaoo/water, reaction time and molecular
weight of PEGaoo precursor, respectively. With that said, it was noted that the particle size of
CDs increased significantly to 4.15 nm after 12 h of synthesis. It was also found that the CDs
produced after a reaction time of 5h (or above), express small carbon nanospheres of
approximately 22 nm as by-products. Thus, to obtained purer CDs, the synthesised CDs must
be produced under 5h reaction time when using 25 vol% of PEGuaqo as a precursor and water as
a solvent via the autoclave method. It was also found that when water is not present, and
PEGaoo is used as the sole starting material, the particle size of the synthesised CDs increases

from 2.7 nm t0 4.9 nm.

The %QY of the CDs synthesised at varying volume percentage of PEGao to water was
determined to be approximately 10%. However, the %QY of the CDs at varying reaction time
and at varying molecular weight of the PEG precursor varied even though the particle size of
CDs remained constant. Thus, the CDs particles formed with increasing reaction time showed
that %QY is not a function of concentration. It was deduced that the synthesised CDs express
aggregation-induced emission at lower concentrations of CDs. However, further studies are

necessary to confirm this.

Conversely, varying the solvent used during synthesis plays a significant role in the particle
size and chemical structure engineering of the synthesised CDs. It was found that solvents with

higher boiling points yield smaller CDs. It was also found that solvents with high relative
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polarity yield CDs with high %QY. The molecular weight, boiling point and relative polarity
of the solvent were found to be correlated to the emission wavelength of the synthesised CDs,
which is in turn related to the chemical structure of the synthesised CDs as confirmed by the
FTIR spectra. Long-wavelength emitting PEG synthesised CDs are favoured by synthesis
through the use of solvents with the ability to form hydrogen bonds, high boiling point, high
relative polarity and high molecular weight. On the other hand, short-wavelength emitting PEG
synthesised CDs are favoured by synthesis through the use of solvents with non-hydrogen
bonding properties, low boiling point, low relative polarity and low molecular weight. It was
also found that for CDs of similar chemical structures and optical behaviour, the %QY has an

inverse linear relationship with the particle size of CDs.
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6 Sensing ability of CDs: Preliminary testing and proof of
concept

6.1 Introduction

Since their discovery in 2010, CDs have been applauded for displaying well-known sensing
fluorescent properties such as energy transfer, fluorescence quenching and the sensitivity of
fluorescent spectra to molecular environments. [1] As such it is of no surprise that there are
numerous reports showing the broad applications of CDs in bio- and chemo-sensing. [1] There
are several technical procedures reported in literature on how the sensing ability of CDs is
tested. [1], [87] The commonly reported procedure, and probably the simplest procedure, is the
monitoring of the PL intensity of CDs upon exposure to an analyte through use of a
spectrometer. In general, this testing entails varying the concentration of the analyte to produce
a plot illustrating how the PL intensity of the CDs vary with varying concentration of the CDs.
[1], [73] Another simple, but less common, testing procedure monitors at the change of the PL
peak position on the PL spectra or the fluorescence colour under UV light upon exposure of
CDs to an analyte. This method is normally complimented by use of spectroscopy. [1], [222]
There are also reports on radiometric fluorescence assays conducted to probe the sensing ability
of CDs. These assays look at the change in the relationship of two PL peaks of CDs upon
exposure to an analyte. [1] Another testing procedure proceeds via an electrochemical reaction.
In this testing procedure, electrodes are made from CDs and the current is monitored following

exposure of the electrochemical cell to an analyte. [1]

As discussed in the previous chapters, it was difficult to obtain the synthesised CDs as a solid
product in this study. As such, the CO-sensing ability of the synthesised CDs was not
investigated in detail because the concentration of the CDs in suspension is unknown.
Nevertheless, preliminary testing was done as proof of concept. The testing experiment of
choice was one hypothesised to proceed via the ‘on-off-on” mechanism that had been described
in previous chapters whereby the PL of CDs is switched off by first material and recovered by
the second material. As such, herein the PL change was monitored by observing the

fluorescence of CDs under the UV-lamp irradiation.

6.2 Preliminary results
The step-by-step methodology used in the preliminary testing is outlined in Figure 6-1. To

kickstart the procedure, a filter paper was viewed under the UV-lamp to ensure that it did not
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show photoluminescence. Thereafter, the filter paper was coated with CDs by inserting the
filter paper into a stirred CDs solution under controlled conditions. After stirring for thirty
minutes, the filter paper was taken out of the solution and allowed to dry under ambient
temperature and pressure. At this point, the filter paper was photoluminescent under the UV-
lamp which inferred that the paper/CDs material was successfully produced. The integration
of the filter paper and CDs allows for CDs to be probed for sensing in their solid state. Filter
paper-based PL sensors are commonly reported in literature.[223]-[226] Patir and Gogoi
employed the use of a filter paper based microfluidic device loaded with nitrogen-doped CDs
as proof of principle that the CDs they synthesised could be used for parallel detection of Hg?*
and Cu?* ions in water. [222] It is important to mention that, the device the fabricated by Patir
and Gogoi was more complex and used candle wax channels and other agents to enable the
discerning of Hg?* and Cu?* ions. [222] Thereafter, the paper/CDs material was exposed to a
Pt solution, upon which the photoluminescence of the paper/CDs was switched off. This
behaviour of metal ions switching off the photoluminescence of CDs is not unexpected since
it has been well reported in literature. [1], [73], [138] The PL turns off because the metal ion
binds to the functional groups of CDs forming non-radiative pathways onto which the CDs’
excited state relaxes. [1], [73], [138]

To tie up the preliminary testing, the paper/CDs/Pt material was exposed to CO under ambient
temperature and pressure. It was hypothesised that the CO would bind Pt and alter PL of the
CDs. However, no PL change was observed under the UV-lamp after exposing the
paper/CDs/Pt material to CO. A more appropriate PL monitoring technique could involve a
PL spectrometer employed in order to monitor the surface and the changes in PL of the CDs .
[1] In further testing, the CO exposure experiment should be conducted at 80 — 120 °C to
promote the binding of CO to CDs. [4] These would be slightly more favoured testing
conditions as they resemble the operating temperature of fuel cells where these CDs are ought
to be applied. [4], [13], [15]
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Figure 6-1: Schematic representation of the sensing ability testing of the synthesised CD
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6.3 Conclusion

The fabrication of a paper-based sensor from CDs was successful, that is the CDs were
incorporated onto the filter paper, as evidenced by the newly acquired photoluminescence of
the paper. It was found that the PL of the synthesised CDs is switched off upon exposure to Pt
solution. It is deduced that the PL of the synthesised CDs is responsive to Pt and as such can
be used a Pt detector. On the other hand, no PL change was observed when the Pt/CDs/paper
material was exposed to CO. It is clear that better testing procedures are necessary to show any
impact CO may have on the Pt/CDs/paper. In conclusion, these preliminary results indicate a
proof of concept approach to produce sensing device using CDs that can be tailored for CO
detection. However, thorough testing will be necessary to ensure that the CDs can also be used

as CO sensors for application in fuel cells.
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7 Conclusion and Future work

7.1 Conclusion

Three methods were explored for the synthesis of CDs from three different carbon precursors.
CDs were synthesised using the autoclave, microwave and reflux methods from sucrose,
chitosan and PEG as carbon precursors, respectively. The microwave method required short
reaction times. However, the equipment pressure fluctuations were difficult to control, making
for an unreliable synthesis method. The reflux method was easier to control but difficulties
were experienced with reproducing the results. The autoclave method was found to yield good
quality, monodispersed CDs samples that were reproducibly produced. Although generally the
autoclave method can require long reaction times, it was found that CDs were produced in
under 30 minutes using the autoclave method used in this study. As such the autoclave method
was chosen as the superior method for synthesising CDs and used in further studies.

The three different carbon precursors (sucrose, chitosan and PEG) all have in common pi-
acceptor functional groups. This feature was chosen in order to tailor the resulting CDs for
sensing of CO with pi-acceptor functional groups which can interact with a pi-donor analyte
i.e. CO. Indeed, all the produced CDs had OH pi-acceptor functional groups. This CD-CO
interaction is a very weak interaction and it was anticipated that a metal might be required to
assist in the CO detection process. Sucrose yielded aggregated CDs samples, while the chitosan
mostly produced samples with CDs as the minority product. Chitosan produced promising CDs
when the reflux method was used; the CDs were well-dispersed with a narrow particle size
distribution. Moreover, the CDs were highly photoluminescent scoring a high %QY of 16%.
However, the method-precursor pair showed lack of reproducibility.

PEG was found to be a robust carbon precursor for synthesising CDs. PEG produced CDs
across all three synthesis methods. The PEG synthesised CDs were well-dispersed, with a
narrow particle size distribution. The autoclave, microwave and reflux methods yielded PEG
synthesised CDs of sizes 2.52 nm, 3.30 nm and 4.8 nm, respectively. It is worth mentioning
that the PEG synthesised CDs also gave carbon nanospheres (20 - 40 nm) as by-products. All

the PEG synthesised CDs could not be successfully crystallised out of solution.

Nevertheless, the CDs were photoluminescent with %QY of up to 11%. Interestingly, unlike

most reports in literature, the bigger CDs had the higher %QY which was attributed to a higher
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degree of cross-linking enhanced emission in comparison to smaller CDs. The PL spectra of
the CDs was found to be dependent on the excitation wavelength. It was found with PEG
synthesised CDs, i.e. smaller CDs had their optimal PL at shorter excitation wavelengths, while
larger CDs had their optimal PL at longer excitation wavelengths. Since, PEG was shown to
be a more robust precursor for CDs synthesis than sucrose and chitosan, it was the precursor

of choice for further studies.

Of the investigated methods and precursors, the autoclave method coupled with the use of PEG
as a carbon precursor were selected as the best method for the synthesis of CDs. Following
this, the synthesis of CDs from PEG via the autoclave method was investigated further in order
to explore the effect of various reaction parameters on the synthesis of CDs as well as to
eliminate the production of CNS as by-products and attain CDs in the solid state. The reaction
parameters studied were (1) the precursor and solvent volume ratios, (2) reaction time, (3)
solvent, and (4) molecular weight of the PEG precursor. Interesting findings were leveraged
from this study. Moreover, CDs that were free of CNSs were successfully synthesised.
However, obtaining CDs as a solid product remained a challenge.

It was found that varying the ratio of the precursor (PEG), to water did not affect the size of
CDs nor did it affect the %QY of the CDs and all the synthesised CDs were approximately 2.7
nm in size and had %QY of approximately 10%. As such, it can be deduced that the variation
of the volume ratio of PEG to water has no effect on the chemical structure nor optical
properties of the resulting CDs as confirmed by the FTIR and UV-vis spectra analysis.
Moreover, varying the volume ratio of PEG to water did not affect the production of CNSs as
by-products as CNS were found in all the samples where water was used a solvent. An
exception was observed at 33%vol PEG to water, where no by-products were formed but rather
two sets of CDs were produced — larger CDs of sizes 10.9 nm and smaller CDs at 1.6 nm. It
was deduced that the by-product, CNSs, may enhance %QY of the CDs as it drops to below
4% when less or no by-product is present in the CDs samples.

Variation of the reaction time did not affect the size of CDs but did affect the %QY of the
resulting CDs as well as the formation of CNSs. It was inferred that the size of the CDs changed
at a very slow rate with varying reaction time as the size of the resulting CDs stayed near
constant at 2 nm over 1 — 6 hours reaction time, and only doubled in size after 12 hours reaction
time. It was also found that CNSs are only formed after 4 hours reaction time. A U-shaped
curve was obtained from the plot %QY of the resulting CDs against reaction time and %QY
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peaked to 15% after 3 hours. The increasing part of the peak was ascribed to AIE (aggregation

induced emission), while the cause of decreasing part of the peak is unclear.

The synthesised CDs had a similar chemical structures and optical nature as shown by their
FTIR, UV-vis and PL spectra. Conversely, the variation of solvent had a significant effect on
the particle size of CDs as well as the chemical structures and optical nature of the CDs.
Solvents with higher boiling points produced smaller CDs. The molecular weight, boiling point
and relative polarity of the solvent were found to be correlated to the emission wavelength of
the synthesised CDs, which was in turn related to the chemical structure of the synthesised
CDs, as confirmed by the FTIR spectra. The solvents with the ability to form hydrogen bonds,
and of high boiling point, high relative polarity and high molecular weight favoured the
synthesis of long-wavelength emitting PEG synthesised CDs. On the other hand, the short-
wavelength emitting PEG synthesised CDs were favoured by synthesis through the use of
solvents with non-hydrogen bonding properties, low boiling point, low relative polarity and
low molecular weight. It was also found that for CDs of similar chemical structures and optical
behaviour, the %QY showed an inverse linear relationship with the particle size of the CDs. In

general, solvents with high relative polarity were found to yield CDs with high %QY.

The variation of the PEG molecular mass study gave similar results as found for both precursor
concentration and reaction time variation studies. That is, varying the molecular mass of the
precursor also had no effect on the particle size nor the chemical structure of the synthesised
CDs. As such, the synthesised CDs were all approximately 1-3 nm in size with similar FTIR,
UV-vis and PL spectra. Interestingly, even though the particle size of the CDs remained
constant, the %QY increased with increasing molecular weight of the PEG precursor, peaking

at 18% at a molecular of 6000 g/mol?; it then decreased.

It is important to note that the investigation of the effect of the molecular mass of the precursor
on the synthesis of CDs proceeded via a solid phase synthesis. For this study, citric acid was
used as a co-reagent to the PEGs with a molecular mass greater than 1000 g/mol, to facilitate
the hydrolysis of the PEGs. Even using this method, CDs could not be obtained as a solid
product but rather were obtained as a brown gel. The search for a means of obtaining CDs in

as a solid state is still ongoing.

Preliminary testing of the CO-sensing ability of CDs was done by fabricating a
photoluminescent CDs/paper-based sensor. Pt was also added to this paper. It was found that
Pt switched the PL of the CDs/paper-based sensor off. The PL of the CDs was expected to be
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recovered after CO exposure. However, no PL change was observed upon CO exposure. It
was deduced that better testing conditions are necessary to uncover the effect of the CO
exposure to the CDs. These preliminary results served as a proof of concept that the synthesised
CDs can be used as a sensor. However, tuning of CDs properties and thorough testing will be

necessary to ensure that the CDs can also be used as CO sensors for application in fuel cells.

7.2 Future Work

Interestingly, a sample synthesised from 33 vol% PEGaoo/water (reaction time = 5 h and
temperature = 215 °C) yielded CDs with a binomial particle size of CDs, with smaller CDs at
a particle size 1.66 nm size and bigger CDs at a particle size of 10.4 nm. Further studies of this
reaction may be necessary to understand the nucleation and growth mechanism of CDs. The
study of the variation of the reaction time and molecular weight of the PEG precursor
respectively had %QY that did not correlate with the particle size of the CDs. It was suspected
that aggregation-induced emission was partly behind the observations. Thus, careful studies of
the emission of the PEG synthesised CDs are necessary to uncover both the photoluminescence
origin and emission nature of these materials. Furthermore, other studies by numerous authors
have shown that N-doping significantly improves the %QY of CDs. Thus, further studies would
entail exploring N-doping of CDs using (1) various PEG-amine precursors and (2) using PEG
and varying N-doping reagents. With that said, the most pressing quest is the ongoing search
of crystallising the PEG synthesised CDs out of the solution. Subsequently, the thorough testing
of the CO-sensing ability of the CDs would be done.

Testing in this study was done by fabricating a photoluminescent paper-based device and
thereafter monitoring the PL change in response to an analyte using a UV-lamp. This approach
offers limitations for instance using the UV-lamp entails use of the naked-eye to observe PL
changes which may be inadequate in establishing small PL changes. As such, in further studies
a solid-phase photoluminescence spectrometer which programmatically records the PL of
specimen will be used instead. To complement this, the resistance of entails paper-based device
will be monitored as well. Simultaneously, to promote the binding of Pt to CO as well as
simulate operational temperatures of fuel cells, the CO exposure experiment will be done at 80
— 120 °C. Additionally, further testing will involve CO-sensitivity, CO-selectivity, humidity

compatibility studies.
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Appendix: Supplementary Information
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Figure S 1: TEM image of the reflux and chitosan synthesised sample that was not
reproducible
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Figure S 2: TEM image of CDs sample with CNS expressed as by-product. CDs have
particle sizes of 1-10nm, while the expressed CNS are relatively bigger at 20 — 40 nm
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Figure S 3: The vol% of the PEG precursor to water (solvent) ratio versus the particle
size of the resulting CDs
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Figure S 4: Particle size of CDs synthesised after various reaction times
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Figure S 5: The course of the ‘ramp-only’ reaction
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Figure S 6: TEM image of CDs sample synthesised with ramping only
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Figure S 7: FTIR spectra the PEG precursor and the CDs sample synthesised after
ramping only
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Figure S 8: The quantum yield of CDs synthesised after reaction times with a trend line
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Figure S 9: The particle size of the CDs against solvent used during synthesis

160



[any
o

Particle size of CDs (nm)

O B N W b U1 O N 0 VO
L L 1

0 5000 10000 15000 20000 25000 30000 35000 40000
Molecular Mass of PEG precursor (g/mol)

®  Particle Size (nm)  ceceeeees Linear (Particle Size (nm))

Figure S 10: The molecular mass of the PEG precursor versus the particle size of the
resulting CDs

Figure S 11: high magnification HR-TEM image of CDs synthesised from PEG12000 and

corresponding d-spacing plot
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