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Abstract

Recently, luminescent carbdmasedots(CDs)havereceived more and more attention
because of their excellent performance, such as tunabl®lpmmnescence (PL),
simple synthesis, easyrface functionalizatigrgood biocompatibility, no heavy metal

element and various potential applications.

In this thesis, two kinds of luminescent CDs were successfully synthesized by
employing two differat approaches, respectively. At firatseries of graphene oxide
guantum dots (GOQDs) were preparfdm graphite powdewia the chemical
oxidation methodisingdifferent reaction condition and procedunéaious techniques
were used to characterize thmeanoparticles, such astomic force microscopy
transmission electron microscopyFouriertransform infrared spectroscqpy
Ultraviolefi visible spectroscopy-ray photoelectron spectroscopitray diffraction
Raman spectroscopy antgioluminescence speascopy The resultant GOQDs had
a size distribution from 30 to 120 nm in diameter and abundant ooa@aining
functional groups. The GOQDs showed brigiteenyellow fluorescencewith a
guantum yield (QY) of 0.41%. With the help of further hydrothenmedtment, the QY
could be increased to 5.15%. By changing the reaction condition and modifying the
experimental procedure, the difference in the structure of all GOQDs was investigated,
and their relationship between the structure and PL propertiesvalyzed. It has been
confirmed that some oxygerontainingfunctional groups like ketone and carboxyl
groups are able to influence the PL properties. Cell viability pindtodynamic
therapeuticeffect of the GOQDswere also investigated. Low toxicity andgh
production of reactive singlet oxygen make the GOQDs have potential in applications

in bioimaging anghotodynamic therapy.

Another series of carbon dots samples were synthesizedthvitle different
phenylenediamine monomessa a coupling processwith the help of potassium

persulfate.The coupling process of the three isomefsphenylenediaminevas
I



significantly different, resulting in different structusef carbonnanalots (CNDs).
These three kinds of CNDs had a size distribution from 30 tanfr®th diameter and
exhibited blue, green, yellow and orange, even light red fluorescence, which make them

promising in various imaging fields.
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1 Introduction and overview of the thesis

1.1 Introduction

Carbonelement is one of the most comnmeemensgin natureand it appears in a large
number of materials inatling graphite, coal, diamond, carbon fibers and polymiers.

the last three decades, researchers have put a lot of efforts in -bad®h
nanomaterials, such as carbon nanotubes and graphene because of their excellent
mechanical, thermal and electrical propertiéRecently, luminescent carbdrased

dots (CDs), a new form of carbonaceous nanomaterials, have received extensive
attention because oheir outstanding properties including good photoluminescence
(PL) properties, easy synthesis, low cestyironmental friendlinessbundance of raw
materialsgood water dispersibilitgnd relatively good biocompatibilif§/:> Until now,
researchers have carried out much work regarding the synthesis methods, properties,
photoluminescent mechanism and applications of CDs, and have receagd m

progressd 22

Generally, CDs contain two kinds of carbonaceous nanomaterials including
graphenebased quantum dotsand carbon nanodot§CNDs)>® Graphenebased
guantum dotsincluding graphene quantum dots (GQDs) and graphene oxide quantum
dots (GOQDshave graphene lattice structure axdmainly derivel from graphene
based materials, such as graphene shgetphite powder and graphite oxide top-
down approaches including chemical oxidation and electrochemiettiod!4242’
Carbonnanodots an be regar ded sia,s vedredymthesizedonvith A pol ym
small carbonaceousoleculesvia bottomup approaches.g. hydrothermalmethod
and selpolymerizatior?®3° CDs have much difference in size, structure and PL
properties. While there have been various explanations about their PL mechanism, there

is still a need t@ontinue the research in CDs and their fundamental PL mechanism.



The overall aims of this work are to prepare luminescent CDs with enhanced and
tunable photoluminescent properties and gain a better understanding of the PL
mechanism for future applicationsf CDs in healthcare such as bioimaging and
photodynamic therapy. Their objectives are as follows:

(1) To prepare and characterize GOQDs with tunable photoluminescent properties

by varying the raw materials, preparation procedure and reaction conditions.

(2) To enhance the quantum yield of GOQDs by applying a hydrothermal

treatment and varying the treatment conditions.

(3) To investigate the cell toxicity and photodynamic therapeutic effetts

GOQDs.
(4) To summarize the PL mechanism and some influence factors of GOQDs.
(5) To develop a new route tprepare CNDs with tunable photoluminescent

properties and study their structypeperty relationships.

1.2 Overview of the thesis

This thesis is divided inteevenchaptersThe Ghapters are organized as follows:

Chapter 1 makes larief introduction and overview of the thesis.

Chapter 2 presents a literature review of the luminescent chds®ddots regarding

their preparation methogdproperties, and applications.

Chapter 3 presents theexperimental methods including materiadéd various

characterization and analysis techniques used in this thesis.

Chapter 4 isconcerned with Ipotoluminescent graphetiised nanoparticles derived

from graphite powdevia different reaction conditionghotoluminescent graphene



based nanopadiesare studied in three steps. The first step is to investigate a basic
kind of GOQDs derived from graphite powdesingmethod available in the literature
with some modificationsThe second step is to change the preparation conditions
(reaction time ad reaction temperaturg) make a comparison and anayhe changes

in the structure and PL properties. The last step is to furtherGO@Dsby modifying

the preparatiomprocedures (changing acid dosage and reaction .tifoehe resultant
modified GOQB (GOQDsM) show better PL behaviour. At the end of this chapter,

cell toxicity andphotodynamic therapgffectof GOQDs are also investigated.

Chapter Ss concerned with theydrothermal treatment of graphene oxide quantum
dots and theregulation oftheir photoluminescence propertied builds upon the
previous chaptebny using the basic kind of GOQDs as raw materials. By changing the
condition of hydrothermal treatment, different hydrothermal GOQDs (GOQDRwere
obtained and their structure and Pojperties were analyzed. Combined with the results
and conclusion in the previous chapter, the mechanism of PL in graphsed

nanoparticles is illustrated.

Chapter 6 is on thergpardion and characterization ¢diminescent carbonanalots

with varyingPL properties. The bottomp method is used to prepa@bonnanalots
derived from phenylenediamine. The resultingrbon nanalots show good PL
properties and their emission range is across the visible light spectrum. Meanwhile,
different kinds of carbomanodots derived from different isomers are significantly
different in PL properties. The coupling process and oxygertaining functional

groups are the main factors affecting PL properties.

Chapter 7 summarises the main conclusions of the work irthtbggs and proposes

directions for future work on the basis of the results in this thesis.



2 Literature r eview

2.1 Introduction

Luminescent carbebased dots refer to carbon particles with nanoscale size and
fluorescent properties, including graphene quantatg graphene oxide quantum dots

and carbon nanodots. Since the first report in 2004 that luminescent CDs were
accidentally obtained during the purification of singlalled carbon nanotubesa the
arc-discharge methdd the study of luminescent CDs has attracted more and more
attention. Due to their exceptional and outstanding properties, such as obvious
luminescence, relatilyee good biocompatibility, the abundance @w materials in
nature, low cost, simple preparation process, and potential applications, researchers

have focused on this kind of materials for since tH&a3236

At the samdime, singlelayer graphene (@imension) was firstly obtained by
Geim and Novoselov from the University of Manchester by using a sticky tape to
mechanically peel the yars of graphene from bulk graphiteGraphene is a single
layer of sp-hybridized carbon atoms arranged in a hexagonal lattice structure. Because
of its special structure, graphene possesses excellent mechanical, thermal and electronic
propertieslti s t he strongest materi al ever tested
intrinsic grength of 130 GP# Its thermal conductivity could reach 5300AWh ¥ K-
1 at room temperatur€.lt shows remarkable electron mobility at room temperature
with measured values over 150002V 1¥ s1.°Due to these excellent properties and
abundantaw material, graphene has been widely studied for many applications, such

as energy storage, polymer composites and healtfft¢re.

Pristine graphene is a zebandgap semiconductor material because its valence
and conduction bands overlap slightly at the Dirac P9iin. theory, there is no

transition between the valence and conduction bands. The electron transport can be

4



unrestricted in the atomic monolay€eFherefore, it is impossible to observe the

luminescence properties in pristine graphene.

However, researchers have tried to make use of quantum confinement effect to
change the energy level structure of graphene. In principle, the bandgap of graphene
can be increased from 0 eV by modifying its st2@long with the reduction in the size
of the partcle to be comparable to the wavelength of the electron, graphene gradually
produces quantum confinement effétThe valence and conductionrus become
discrete and bandgap appe®&r&nce the bandgap exists and becomes large enough,
the electron can transit between the valence and conduction bands under a specific
condition, and then the luminescent properties can be observed if the electron transport
happens. Therefore, luminescgmaphendbased nanoparticles, including functional
graphene nanopatrticles (GNP®raphene quantum dots (GQDs) or graphene oxide
guantum dots (GOQDs), derived from graphbased raw materials, are a new class
of nanomaterials that have fluorescence iditah to other properties GQDs have
graphene lattice structure with nanoscale size and usually possess less than 10 layers of
graphené! The feature of luminescence properties makes it possible to replace
traditional semiconductor quantum dots as contrasting agents for infatylegnwhile,
their advantages of low toxicity, low cost, large specific surface area, easy
functiomalization and simple synthetic methods make them highly suitable for

biomedical applications.

Compared with GQDs which were mainly prepared from carbonaceous compounds,
such as graphite powdércandle shodt and Go>°, some CNDs can be considered to
be "polymers" which are synthesized from oligomeric species or monomers as the
carbon sources, such as ammonium citPatehenylenediamirg, and glucos®.
Hundreds of otheraw materials have also been reported for the preparation of CNDs
including eg@®, honey?, sugaf! and citric acif?. For example, Guaat al%® reported

that folic acid molecules dissolved in diethylene glycol were treated in microwave to
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prepare CNDsThis onestep microwavassisted approach just needs 40 seconds.
Transmissia electron microscopy (TEM) shows that thepaspared blue luminescent

CNDs have an average size of around 4.5 nm (see Figure 2.1). The CNDs possess about
18.9% of quantum yield. Zhuet al®* used citric acid and glutathione as precursors to
prepare CNDs at 200 for 10 min. The resultant watepluble CNDs have diameters

of 2.53 nm and can emit blue fluorescence with a high quantum yield of about 80%

(see Figure 2.2).
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Figure2.1. (a)TEM imge of CNDs and (b) Ws absorption and PL emission spectra of GNDs.
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CNDs, typically composed of carbon, oxygen, hydrogen and nitrogen, are usually
spherical structures. Some of them have apparent lattice structure, which shows the
effect of quantum size dependefieeFor other carbon nanodotsith less lattice
structure, surface functional groups have much influence on the luminescence
propertie® Many methods can be used for preparing carbon nanodots, including laser
ablatiorf®, arc dischard¥, electrochemical approa®h plasma treatmeft and

pyrolytic proces¥.

Photoluminescence (PL) is one of the mo#taative properties for a functional
material. Researchers have tried to use different raw materials and different approaches
to synthesize CDs with a higher PL efficiency and tunable PL. So far, much significant
progress has been obtained. In this reviewjll mainly review some of the latest
research in GQDs and CNDs in the aspects of synthesis approaches, properties and

applications.



2.2 Synthesis strategies of luminescent carbon dots

In order to obtain sizeontrollable, higkhguality CDs with high PL erformance, a
variety of approaches have been studied and modified. According to the relationship
between the raw materials and products, these synthetic approaches can be mainly
classified into topdown or bottorrup methodg$”’®72 For the former strategy, the
cutting of carbonaceous materials from the big size into the small size is essential. As
mentioned in the introduction, GQDs can be seen as fragments of graphene. Preparing
and cutting of graphene into slingarts using chemical or physical methods belong to
top-down approaches. Conversely, bottam approaches involve the synthesis of
luminescent carbon dots from small conjugated carbon atoms or molecules to assemble
the large and complicated polymer. Ravaterials and synthesis conditions such as
reaction time, reaction temperature, and further treatment can affesttubtireand

properties of CDs.

2.2.1Top-down approaches

Chemical oxidation method

Chemical oxidation method is an easy process in 4{scgée production for broad
applications of luminescent graphem@sed nanoparticles from many kinds of
carbonaceous materials. Bulk graphéased materials, such as grapHjtearbon
nanotube¥, graphene oxide (G®’®or carbon fibes?* are treated in harsh conditions
including concentrated acids, strongly oxidizing environment, and high reaction
temperatue. With the help of strong acids, such as nitric acid and sulphuric acid, the
bulk raw materials could break down into small parts. Meanwhile, high concentration
acid oxidizes the raw materials and produces abundant oxygen functional groups, for
instance,-OH, -COOH and epoxy groups, which make CDs have good water
dispersibility. However, the disadvantage of this method is that the excess amount of

oxidants (mainly strong acids) is difficult to be removed from the solution or the



generated powders.h&€ nangarticles need to be purified by removing the excess
oxidants and after the reaction, which involves several techniques such as neutralization,
filtration, centrifugation and dialysi®&esides, it is difficult to precisely control the size

distribution andmorphology of the product.

Liu et al”® successfully prepared GQDs and GOQDs by using chemical exfoliation
of graphite nanoparticles (GNPs), which had antter of 4 nm. To study of the PL
origin of nanesized graphene, GQDs and GOQDs were produced as-ayghed and
less than 4 nm in lateral size. However, the former just hddaspon crystalline
structure and the latter were rich with oxygen funaiagroups on the surface. Bright
blue and green emissions of GQDs and GOQDs could be seen separately. They
concluded that blue luminescence of GQDs originates from intrinsic states ir?the sp
carbon crystalline structure and green fluorescence of GOQDasdoom defect states

with oxygen functional groups.

Penget al?* synthesizd GQDs derived from carbon fitserAfter mixed acids
(H2SOQy/HNO3=3:1 v/v ratio) treatment and chemical exfoliation of iiadal pitch
based carbon fibsrfor 24h, GQDs were obtained with a size rangf 210 nm in
diameter and zigzag edge structure. While increasing reaction temperature from 80 to
120 the emission colour of an agueous sus
yellow to blue (see Figure 2.3). This work providedights into the prepation of

GQDs with different colours by changing the reaction condition.
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Figure2.3 (a) UWVis spectra of GQDs, and (b) PL spectra of @QBsand G;orrespondhg to the

reaction temperatureat 120, 1@, and 80C, respectively*
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Using the similar mixed acid treatment method, &al’® chose graphite, single
and multiwalled carbon nanotubes as starting materials for treating in a harsh oxidation
condition (BHSQY/HNOs=3:1 v/v ratio) for 24h at 80 to prepare photoluminescent
carbon dots. Carbon dots with diameters-éfrfim were produced and could emit strong

yellow fluorescence under UV irradiation.

Dong et al’” used carbon black as raw material. Only nitric acid (high
concentration) was used as the oxidant agent and the mixture was refluxedh far 24
prepare singleand multilayer graphene quantum dots. After the reaction, the acid was
removed by centrifugation and evaporated at 20Both suspensions of the resulting
graphene quantum dots (GQDs1 and GQDs2) could emit green and yellow colour
separately under a UV beam of 365 nm, as shown in Figure 2.4. The GQDs1 was single
layered and & average diameter was abounbd. After furtrer washing and dispersion
in water, GQDs2 with an average diameter of 18 nm were obtained and found to have
multi-layers. The difference in layers and size made them show different emission

ranges.
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Figure2.4. U\tvis absorption and PL emission speofr&QDs in water suspensitn.
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Tian et al’® reported that nanosized carbon particles were prepared lyadtd
treatment of natural gas soot for b2 The carbon nanoparticles have an average
diameter of 4.8 nm with crystalline lattices through TEM (Begire 2.5), and emit

photoluminescence with a quantum yield of about 0.43%.

Figure2.5. TEMimagesof carbon nanoparticles at (A) low and (B) high resoldtion.

Hydrothermal method

The hydrothermal method is regarded as another common and simple treatment route
to ficuto the raw material and prepare CDs.
and the reaction tempure is over 150 .%7® Under the high temperature and

pressure, the precursor can be broke into small pieces quickly. Therefore, compared
with the acidic method, this method can reduce reaction time considerably, be easily

controlled, and cause little harm to the environie

Panet al?® developed a hydrotheral method to prepare GQDs with strong blue
emission. Preoxidized graphene sheets were oxidized in an acid environment and
transferred into an autoclave and heated at 20fbr 10 h. According to the Xay
diffraction (XRD), Fourietransform infrared (FTIR) spectroscopy, -rXy
photoelectron spectroscopy (XPS) and-U¥ spectroscopy, the authors investigated
what happened during the oxidatibpdrothermal process and theohanism of strong
blue emission. When treated in acid, epoxy groups preferred to form a line on a carbon
lattice and lead to a break of theGCbonds with more stable carbonyl pairs appearing.

These defects surrounded by graphene sheets were easilgattack epoxy groups

11



may break up continuously. In addition, O atoms were removed during the
hydrothermal process allowing the eventual production of GQDs. They proposed that
the strong luminescence may come from the high concentration of free zigzagtkites

a carbindlike triplet ground state because of small diametet35m) and it was

supported by the observed fuldpendent PL (see Figure 2.6).

: pH: 13— 1
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Figure2.6 pH-dependent PL spectra when pH is switcheaveen 13 and #°

Microwave-assisted mé&od

While acidic and hydrothermal methods have been used to prepare luminescent
grapheneébased nanoparticles by many researchers. They still have some disadvantages,
such as the long reaction process. To reduce the reaction time,-dmgngy

technologis have been used to synthesize GQDs. Because of the rapid heating source

and energy, microwavassisted synthesis of GQDs has been rep&te€henet al®

reported that a very fast method to prepare GOQDs, as shown in Figure 2.7. GO in
agueous suspensiovas put in a Teflon vessel with tworkis of strong acids SOy

and HNQ). Under the condition of microwave irradiationat200 it j ust t ook
to obtain the GQDs with an average diameter of 3 nm. Atomic force microscopy image
shows that the height is less than 0.7 nm, which means tREPG@ave a singlayer

structure.
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Oxygen plasma treatment

As mentioned in the previous, pristine graphene does not have a bandgap, so PL cannot
be observed. However, using oxygen plasma treatment, PL was induced ifegiagle
graphene by Gokust al®3 Graphene was prepared with microcleavage of graphite on

a silicon substrate and was treated by oxygen/argon RF plasma for a certain amount of
time (1-6 s). The results presented that sidglger graphene exhibited strong PL, with

a broadband at red range (5800 nm). The PL emission should origin from electron
quantum confinement in smaller?splusters, which were produced during oxygen
plasma etchig. However, multlayer grapheneremain no PL emission even after
treatment. This can be considered that untreated layers below would quench PL
emission from the topmost layer because treatment is layer by layer from top to

bottom?3

Electrochemical synthesis

Zhou et al’™ firstly prepared blue luminescent CDs by using the electrochemical
synthesiof multi-walled carbon nanotubes, which was used as the working electrode

in the electrochemical cel” Pt wire acted & counter electrode, and an Ag/AgGIO

was the reference electrode. A cyclic curr.
solution containing tetrabutylammonium perchlorate, which led to the colourless

solution changing to yellow and finally brown, indting the formation of CDs peeled
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from the multiwalled carbon nanotubes and their accumulation in solution. Using this
method, CDs have a narrow size distribution of around 2.8 nm in diametet Z&h
prepared smakized red fluorescent GQDs with a diameter of approximately 3 nm by
electrochemical peeling of graphite in 0.BILK S0 aqueous solution & potential

of 3V. Denget al® used alcohols as precursors to prepare carbon nanodots through the
electrochemical synthesis in NaOH/EtOH solution at a potential €8.8.0 for 3-4 h.

The resultant CDs displayed differesme, within a diameter of 2:4.3 nm, due to the
various applied potential. A bright blue luminescence could be observed for the CDs,
but the brightness of CDs was changed following changing the applied potential,

indicating that the size of CDs affect®thuantum yield.

In addition to choosing different raw materials as the electrode, changing the
electrolyte and synthetic condition also can fabricate different CDs with tunable PL
emissiort®®’ The advantages of electrochemical synthesis are simple and easy

controllable. Usually, no complicated purification or passivation proceduresdsaee

2.2.2Bottom-up approaches

For the bottorrup approaches, the suitable organic precursors are generally regarded

as nanoscale fiseedso to be assembled toget
as heat®>®The provided energy can result in transformation and connection between

the molecular structure. Compared with-tigovn goproaches, the bottoom class have

some advantages including diversified and low requirements of carbon sources, and

relatively precisecontrol over the size and the structure of the products.

A bottomup seltassembly method for preparing GQDs hasimveloped by Liu
et al® with hexaperirhexabenzocoronene (HBC) as precursors. Figure 2.8 shows the
whole process for the preparation of GQDs. After-asffembly, pyrolysis, oxidative
exfoliation, surface functionalization, @meduction, blue luminescent GQDs with a

diameter of around 60 nm and32nm thickness were synthesized. Optical property
14



characterization indicated that the GQDs possess a PL quantum yield of 3.8%. Although
this research provides a new method to pre@P®s with a bottorup approach, the

complete synthetic process is still relatively complicated.

- - Self-assembly

HBC 1 HBCs with columnar stacking

‘ Pyrolysis

> D

, -> 1. Oxidative exfoilation

‘a ’ ' 2. Functionalization
‘ and reduction

graphene quantum dots
(D = 60 nm)

Figure2.8 Schematic for the preparation of photoluminescent GQDs by using HBC as carbofsource.

Hydrothermal and microwavassisted methods also can be used in the batfpm

approaches. In 2010, Zhaagal®° reported a new and simple hydrothermal method to

prepare CDs by using ascorbic acid as precursors.

ethanol was heated in an autoclave at 180f chr, 4and t he resul tant
CDs with a diameter of about 2 nmhéhited a relatively good photoluminescence
efficiency (6.79%). Yanget al®® synthesized highly photoluminescent CDs with a

guantum yield of 13.5% through the hydrothermal carbonizati@mmonium citrate

at atemperatureof 160 f or 6 h. Through the character:i

approximately 2.14 nm in diameter with a nearly spherical shape.

To further reduce the reaction time, some researchers report that the miecrowave
asssted method is also used in the bottopnclass. Litet al fabricated CDs by using
glutaraldehyde and poly(ethylenimine) under microwave irradiation at 180 or 15

min. The fluorescence emissions of the CDs were in the range of 464 to 556 nm,
15



depending on usage of the amount of the glutaraldehyde eZh&i? chosecitric acid

and various amine molecules as precursors to prepare CDs by heating in a microwave
oven (700 W) for 24 min and obtained a red colour suspension. The CDs had a narrow
size distribution of around 2.5 nm in diameter and exhibited PL emissibe irange

of 460530 nm with a quantum vyield of 30.6%. By comparison with different amine
molecules, researchers summarized thakolNing can contribute to the fluorescence

enhancement.
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2.3 Properties

2.3.1Morphology and gructure

The morphology of the CDs, indlingthe latter size and height,affected by synthetic
methods. Most CDs are the quapherical or disk shape and typically less than 10 nm

in diametef46393% However, a larger diameter of GQDs has also been reported. For
example, Sheet al® collected GQDs with a diameter of 25 nm. kiual®® reported

that their GQDs was around 60 nm in diameter. The height of GQDs generally is less
than 5 nmgorresponding to no more than 10 layers of grapReH€8AFM and high
resolution transmission electron microscopy (HRTEM) are two common techniques to
characterize and evaluate the morphology, size distribution and height of synthesized
CDs. Xray diffraction (XRD) and Raman spectroscopy can be used to assist the
investigation of the crystalline structure of some GQDs. Some reported that GQDs
derived fromgraphitebased materials still maintain the crystalline structtiré! Two
broad peaks at 2d around 5A and ?%é& corres,|
Raman spectra, two peaks at around 1356 amd 1580 cm are attributed to the
disordered D band and the crystalline G band, respegtiMed relative intensity ¢f1c)

of the D band and G band is used to investigate the degree of graphitization and
crystallization for GQDs. For example, thelt for GQDs derived from carbon fiber

is 0.912* On the contrary, the structure of CNDs synthesized from small mekgal
bottomup method is mainly related to its precursor's structure. In general, CDs
fundamentally consist of C, O, and H elements. Sometimesgihg was used to help
enhance PL efficienc} Therefore, XPS is a good technique to identify the elemental
composition and surface functional groups of CDs. FTIR can be used for qualitative
analysis of functional groups. Similar results are reported that the prefeDCOH,

C=0, GO-C, and OH bonds indicates that the oxygentaining functional groups
were introduced to GOQDs during the oxidatfoi’10%10806 The oxidation level of

GOQDs can be evaluated from Calomic ratio obtained from XPS spectra. For
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example, the C:O atomic ratio of GOQDs prepared with the hydrothermal method,

mixed acids oxidation method and electrochemical method was 2.54, 3.22 and 3.70,

respectively*°®1%" The resulting indicates that different methods can obtain various

CDs with different structure and elemental composition.

2.3.20ptical properties

Typically, CDs exhibit strong optical absorption in the UV region {260 nm) due to

t h € transition of C=C bonds with a tail extending into the visible rafi§&10810°
GOQDs have oxygenontaining functional groups, so they show one more shoulder
peak in the range between 2380 nm, which can be regarded as tHé transition of
C=0 bonds%1° Photoluminescence is one of the most important and fascinating
properties of CDs. So far, different sized CDs with different PL emission colours,
mainly in the visible light region including blue, green, yellow and red, have been
reportedvia various synthetic method$ 1493111114 The size of CDs is coigered to

be a factor, affecting the PL colours.dtiall*® obtained CDs with different size (from
1.2 nm to 3.8 nm). They fourthat smaltsized CDs emitted UV light, mediusized

gaw visible light, and larger sized exhibited nedrared light. Synthetic method is
another influencing factor. CDs derived from hydrothermal treatment usually give UV
or blue lightt6182225116gxidation method usually produces CDs with PL emission
colours in the visible regiol:114117119 Quantum yield is also an important parameter
to characterize the PL efficiency of CDs. The PL quanyigids reported for CDs vary
significantly1028:33.63.78.12¢qr grganic compounds, the most common luminescence is
due it o anrdtransitions®Theild* r ansi t i oyssenbesauseo t

of their high energy. The aromatic structure is very common in organic compounds.

Therefore, fluorescence in most luminescent organic compounds is much strong. For

inorganic compounds, the luminescence transition is relate to the enengydetree
ligands or the metal iorfé! Ligands involve ion or molecule (functional groups). The

inorganic compounds usually do not have many effective ligandeescorresponding
18
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absorption and emission are relatively weak. Generally, the quantum yield of GQDs is
very low (less than 194¥2 Some results are increased to ove¥%20y changing the
method€, element dopintfand surface passivatitifi Besides that, other factors also

can affect the quantum yield, such asPHemperatur&®and solvenf’. Overall, the

exact mechanism of photoluminescence and the relation between the optical property

and the synthtec methods remain unsettled.
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2.4 The mechanism of photoluminescence

The photduminescence mechanism of carbon materials has been a hot topic for
researcherssince its first discovery. There is no consistexplanation for the
photduminescence mechanisfar the luminescent carbon materials because of the
wide variety ofmaterialgeportedso far includinggraphene quantum dots, carbon dots,
carbon nanodots and polymer dots. The chemical structure of the carbon dots obtained
by different preparation metds is not the same. In general, the possible
photduminescence mechanisms of carbon dots mainly include quasdnfimement
effect of c o Ajedggstate and defest statéusy’ tocalized electron

hole pair$?® and excitation radiatve recombinatio®®. The exact mechanisms

responsible for the phdtaninescencef CDs remain to be elucidated clearly.

Quantum confinement effect

Quantum confinement can besdeibed that once the diameter of a material is of the
same magnitude as the de Broglie wavelength of the electron wave function or even
smaller, the energy spectrum becomes discfsge Figure 2.9%! As a result,a
bandgap appears andoecomes sizeependent Their optical propertie change

substantially from those of bulk materials.

(m) (mm) (nm)

v

Conductance band

Valence band

Figure2.9. Anillustrationof the quantum confinement effect.
In theory, the bandgap will become larger and resudlueshift in light emission

as he size of the particles decreaddshasinet al'*? used densitjunctional theory
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and timedepenént (DFT) calculations toimulate and speculatthe relationships
between the size and PL properties. The results confirthéloey. As shown in Figure
2.10 the GQDs experience emission colour changes from deep UV ténfraaed

when the size increasérom 0.46 to 2.31 nm.
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Figure2.10. Calculated mission wavelength (nm) usifi@=T method in vacuum as a function of the

diameter of GQD¥?

As mentioned above, quantum confinement in graphene depends on its size. Hence,
bandgap should be highly sidependent, that is, the larger the sizethe lorger
wavelength it emit$*2 However, according to previossudies,GQDs or GNPs from
different metlods can emit different Ptolourswithout size dependence. Small GQDs
(1~5 nm) hydrothermally derived from GO emitted greetour3® On the contrary,

Panet al?® also used almogshe same procedure torepare GQDs with strong blue
emission. The aly difference betweenthese two preparation procedures is the
reduction temperaturevhich makesa different PLcolour. Therefore, size is not the

only factor that affects the PL.

GQDs can be considered as sth@arts or fragments of grapheff®”**They

shrink from twedimension to zeralimension when the size reduces to a certain extent
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(usually below 50 nnin diameter):3>13¢ ke traditional quantum dots@Ds), such

small spatial dimensions confine electronic transport and lead to quantum
confinement’13"138s g result, GQDs & a noAzero bandgap and have fluorescence
properties. This bandgap can be tuned by changing the size or modifying the surface
structure of GQDs$3*!%° Recetly, some researchers also prepared graphene

nanoparticles with fluorescence, but their diameter is larger than 58 nm.

Radiative recombination of electrons and bhles

Photoluminescence can be summarized as a light emissiorsgthatcomes from any

form of matter after excitation by phototfd The schematic of PL mechanism is shown

in Figure 2.11Typically, when a light that provides photons with an energy larger than
bandgap excites a semiconductor, an electron from a molecule, atom or nanostructure
will be not stable fier receiving the energy from the photon. This unstable electron will

be excited to a higher quantum state in the conduction Bdted.internal conversion

in the excited staté, relaxes to its ground state and recombines with holes by emitting

the enegy via a photon of light.

excitation 2 recombination
- '\.‘\/‘\I e
i I PL
Excitation: S, 4 hi., — 5 (o] .
Emission: S} — Sy + hve,, + heat

relaxation

Figure2.11 The mechanism of PL process.

Goki Edaet al*?® prepared blue photoluminescence from chemically derived GO.

They concluded that the mechanism of blue PL was the radiative reaiiabiof
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electronhole pairs generated within localized states. The energy bandgap between the
and ~* states r e$dusterg th ofdar oonnvestibate the i z e

mechanism of PL with the isolated’susters, the sheets of GO were progiesy

reduced by controlling the time of exposure to hydrazine and then the fractiorfs of sp

clusters were differenfThe PL intensity was found to vary with different reduction

periods of timeBased on their experiment results, they proposed that éaechithe

large sp cluster did not change when GO was reduced, however, the transport between

these large clusters was mediated by the increase of the sméadiieissgrs. The growth

of small sg clusters leaslito percolation between the larger spusers (see Figure

2.12)

Figure2.12 Structural models of GO at different stages of reductidn

Surface states and edge states

The luminescence of carbon dots is controlled by the surface state and the edffe state.
The edge structures of these materials are special or the polar groups are usually
introduced at the edgeélsiring the preparation processidthese edge structures or the
connected chemical groupsviesa great impact on luminescend®enget al?® used
hydrothermal method to prepare GQDs and attributed that the observed blue
luminescence magriginatefrom zigzagsites with a carbenrkke triplet ground state
Through experimental antheoretical calculations]in et al**’ found that the edge
grafted-NH2 group can cause a rathift of light emission. More connections of the

NH:z groups could make more obvious redshift.
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2.5 Applications

Compared with the traditional metabntainingquantum dots, luminescent carbon dots,
such as GQDs and CNDs, have a good potential for biological applications because
they have imprtantsignificantfeaturestheycan have good distribution in water of PL
properties, no heavyetal element andhow reétively low cytotoxicity at a certain
concentration level, which is required foell imaging*® Nurunnabiet al'** prepared
GQDs from carbon fibarand reported that no acute toxicity or morphological changes
were noted fromin vitro cytotoxicity studies. The results showed that GQDs were
distributed over the entire body through the systemic circulationefab’ prepared
GQDs from multiwalled carbon nanotubes and investigatgt/otoxicology of GQDs

in mice over three months. No apeat sign of toxic effect on mice was shown. By
using a radiolabeling methouh vivo biodistribution of GQDs was studied and results
suggest that the GQDs mainly accumulated in liver or spleen, which was similar to
other studies om vivobehaviours of maomaterials. This work has been demonstrated
that a certain amount of luminescent grapheased nanoparticles can be used in

biological applications without toxicity.

Bioimaging

As mentioned above, GQDs show good PL emission properties and have many
advartages over traditional semiconductor quantum dots, including low or no
cytotoxicity, good water dispersibility, and functionalization. Besides, carbon as raw
material is lowcost and environmentally friendly. According to these reasons,
researchers try tbake advantage of PL properties of cardb@ased materials for

bioimaging in biological applications.

GQDs from multiwalled carbon nanotubes were prepared byetab ®and were
injected( 2 mg / mLinto nbse sulhcytaneous tisaudhree different places on

its backfor in vivo fluorescence imaging tests. Different excitation wavelengths were
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used and those fluorescence images could be seen in Figure 2.13. Longer wavelength
excitatian could exhibit better signéb-background separation and weaker emission. It
is well known that, red colour has better tissue penetrattomhich could reduce

background autofluorescence and improwedignalto-noise ratio.

White Light 455 nm 523 nm 595 nm

1

2
2
" 3

605 nm 635 nm 661 nm 704 nm

Figure2.13. In vivdfluorescence imaging of a GQiDEcted mouse under défent excitation wavelength.

73

Donget al’’ prepared singkayer GQDs from XE72 carbon blackia chemical
oxidation.Human breast cancer MEFcellswere incubatd with GQDssample(100
eg/mL) for 4h. MTT assay results demonstrated that no substantial toxicity to MCF
cells. A bright green colour an be clearly observed on the confocal laser scanning
microscope from the cells with excitation at 488 (see Figure 2.14)n addition, thg
also found that GQDs were able to label the cell membrane, nucleus, and cytoplasm.
Similarly, Zhu et al*® reported GQDs were prepared with graphite powder by the
solvothermal method. Up to 48@ GQDs were added into the culture mediutd?(
c el | s /witlbHumaa bsteosarcomdG-63 cells). Cell activity was not affected
significantly.1 0 € g owvEre disQelDsenhto the same culture medium environment

to performthe biocimaging experiments. &hlgreen colour area inside the cells can be
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observed, indicating the GQDs can wel |

used for bioimaging.

Figure2.14. Images of MC¥ cells labeled with GQDs tak®na confocal laser scanning microscope: (a)
fluorescent imag; (b) brightfield image; (c) mrged fluorescent and brigield imageand(d) section

analysig’

Blue fluorescent GQDs were achieved with small haloaromatic moledalieser
photochemistry method by Rohanhal'4’ Macrophages and Human hepatoma las!
(HepG2) cells were incubated with the GQDs for a certain period of time and excited
at 405 nm. From the confocal microscopy images (Figure 2.15), it is obvious to see the
blue colour appeared outside the macrophages cells around the membranenaifter 30
and were fulfilled in the cells after 45 min incubation. In Figure 2.15c, HepG2 cells
show uniform biodistribution of GQDs inside the cell and around the nucleus,
indicating that GQDs can be used as fluorescent nanoprobes in cellular bioimaging.
MTT assay results also demonstrated that GQDs had low cytotoxicity when the
concentration of GQDs is lower thdn0 ¢ g/ mL . This value i

GQDs derived from graphitease materials.
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Figure2.15. a) Macrophages after 30 miy)macrophages after 45 min, and c) HEp&R with GQD¥/

Biosensing

In the literature, the use of luminescent carbon dots as sensors to detect various metal
ions is quite commortsenerally,when CDs are dispersed in a solution with specific
ions, the intensity of photoluminescence is quenched. The reason for quenching may
be related to the charge transfer between the CDs and the ionsntiiits radiative
recombination*® Ha et al*® used graphite nanoparticles-431m in diameter) with

mixed acids to prepare GOQDs. They used upconversion photoluminescence property
of GOQDs to detect Ctiions, which can accept the excited electrons of GOQDs and
quench the PLWith increasing the concentration of €ipns, the PL intensity would

decrease (see Figure 2.16).
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Figure2.16 The PL spectra of the GOQDs depending on the concentratiof afrCa®.

Chenet al'* prepared nedR fluorescence of GO nanosheets as a brmefor
dopamine. Dopamine could attach on the surface of GO bassdimbly with the help

of multiple noncovalent interactions and PL quenching with a blue shift will exhibit
27



because of fluorescence resonance energy transfer. This provides a new tmethod

sensitively and selectively detect dopamine in biological fluids.

Mercury ions (H§") is a kind of heavy metal ions, which may cause serious
environmental pollution and toxicity to human health. @iral*®! used flour as the
carbon source to synthesis Clda the microwave method. The aqueous suspension of
CDs without Hg" had a strong PL peak at 442 nrmlythe pesence of Hgj decreased
PL intensity obviously, showing the resultant CDs were of high sensitivity and
selectivity toward H§" with a detection limit as low as 0.5 nM. Meanwhile, other ions,

suchas Cd*, Ag', AI** and CF* can also be detected by otlsgnthesized CD¥2 154

Drug delivery

By incorporation CDs with othenanomaterialsand detecting the hanges of
fluorescence intensitie#t is possible to track the release of drug moleciléenget

al _155

reported that the synthesized folic acid (fédnjugated @Ds were used to load

the antitumor drug doxorubicin (DOX). The design strategy is illustrated in Figure 2.17.
GQDs were prepared with carbon black following the chemical oxidation method.
COOH groups of GQDs were used to graft withaNjrbup of FA. DOX wa adsorbed

by GQDsthrough™-" s t aawdkydmmghobic interactions. The loading efficiency of
DOX on GQDs is about 68%. At pH 5.5, DOX could be released because the protonated
DOX under acidic conditions increased hydrophilicity. R@ak monitoring teswith

Hela cells demonstrated that DOX had released in the cells afteoR4cubation

and GQDs are novel drug catrrier.

28



EDC/NHS ’ Loading ‘
v
ﬁ [i] " ” \
AN _~  HeLaCell
e -\ —

o
** # cap A DOX
s
Nucleus ®Fra W FA Receptor

Figure2.17. Schematic of the fabricated DEXQZFA nanoassembly for DOX deliviety target cells.

Karthik et al'®® synthesizeda phototriggerconjugated anticancer drug with(3-
bromopropoxyj2-quinolylmethyl chlorambucil (Qucbland fluorescent carbon dats
which were prepared by &gng citric acid and ureaia microwaveassisted method.
The drug release of QuebllDs was carried out by using UV light or & laser. After

30 min of irradiation, 73% or 20% of the loading drug was released, respectively.

Photodynamic therapy

Photodyamic therapy (PDT), is a form of phototherapy with the help of light and a
photosensitizing chemical substance, taking advantage of molecular oxygen to elicit
cell deatht® Generally, reactive oxygen species (ROS), which produced by a
photosensitizer under illuminatiorguld kill cancerous celf$8 Traditional PDT ageist

such as porphyrin and phthalocyanines can prodingget oxygen O, an example

of ROS), but they are limited by low vyield, poor water dispersibility and
photostability*>® Therefore, developing a new PDT agent with a Hhigh yield is
desirable. Get al'® successfully prepared GQDs with polyiophenes by hydrothermal
method. The GQDs had a red emission peak at 688nanshowed highO, generation

yield with a yield of around 1.3 under irradiation with white light (different excitation
wavelengths at 378, 538, 549 and 562 nm), which was almost twice as high as other

PDTs%1%0\eanwhile, the researchers also verified that it was the energy trinsier

29



the GQDs to oxygen that was the cause for the sensitization of gstatedoxygen.

Zhou et al'®! prepared three kinds of GQDs derivatives throtigg chemical
oxidation methotf? and respectively eliminated carboxyl, hydroxyl, and ketonic
carbonyl in order to study the relationship between oxygen functional groups and the
ROS generation. Under blue laser irradiation, GQDs without ketonic groups showed
the lowest ROS generation indigadithat the ketonic carbonyl groups mainly affect

the ROS generation.

2.6 Summary

Luminescent carbebased dots, including graphebased nanoparticles and carbon
nanodots with fluorescent properties have become a new class of functional
nanomaterials. Thiseview has briefly summarized the common synthetic strategies,
properties and applications of carbeased dotsThe structure and propertie$ the
nanomaterialswill have some differences when choosing different precsysor
preparation conditions, etc. Woto control the size, shape, and functional groups,
which may influence PL properties, have become new challenges. The PL mechanisms
of luminescent carbehased dots also need to be investigated further and studied
clearly. It can be expected that thegminescent nanoparticles will have potential in

bioimaging, biosensing, photodynamic therapy, etc.

30



3 Experimental methods

3.1 Raw materials

For Chapters 4 and 5, reagent gradegraphite powder (<2@m), sulfuric acid (95
98%wt), nitric acid (70%wt), sodium carbonate, sodium hydroxide, fluorescein,
quinine sulfate, 0.1 M NaOH and 0.1 M${,, dimethylsulfoxide (DMSO, 99%), 9,10
anthracenediybis(methylene)dimalonic acid (ABDA) were all purchased fRigma
Aldrich, Fisher Scientific and Alfa Aesdprotoporphyrin IX(PPIX) andRose Bengal

(RB) were from Shanghai Jiao Tong University.

For Chapter 6, reagent grades gfra-, and pphenylenediamine, potassium persulfate

and ethanol were purchased fr@gmaAldrich.

All chemicals were directly used as received without further purification. Distilled

water was used throughout the whole work.

3.2 Preparation of carbon dots

Preparation of carbon dots is described in each chapter due to different me#dtbds us
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3.3 Characterizations

Atomic force micoscopy (AFM) was carried out usiagveeco Dimension 3100 with

the NanoScope software versioartdBruker OTESPA probes in tapping mode at 0.5
Hz. All the AFM samples were prepared fsash mica substrateTo male sure the

mica substrates were clean, one or two top layers of mica were removetenkibip

of atape.One drop of GOQDs aqueous (~0.01 mg/mL) was dropped on the clean mica
substrate which was left in a fume cupboard for a day to evaporate Watdength,
height, width, standard deviatiamdaverage diameter @Dsautomatically calculated

by the NanoScope softwarEigure 3.1 shows an examplghe software can scan the

obtained image and calculate the relevant information.

Image Threshold hist. Execute Cursaor Zoom

Diameter [nm]

eight [nm]

M nimum Maximum

Mormal Image Brnd. Grains on Norm. Threshold Grain select

Figure3.1. An example of the size informaticalculatedrom the NanoScope software.
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High resolution TEM (HRTEM) was operated at an accelerating voltage of 200 kV
using a JEOL 2010F field emission TEM. The -FIEM samples wex prepared by
soaking a holey amorphous carborated copper grid (mesh size was 400 units) in a
diluted suspension of carbon dots (~0.01 mg/mL) and left it in a fume cupboard to dry

for 1 day.

GOQDs aqueous suspension (~0.01 mg/mL) for AFM and TEM wapaped

following the procedure

Weigh 10 mgof GOQDs in an analytical balance (Readability: 0.1 mg) and put
theminto a small bottle. Measure 20 mL of distilled water with a pipette (Volume: 10
mL twice) and transfer to the bottle. Put a clean stirreririta the bottle and stir the
suspension for 1h. The obtained suspension is 0.5 mg/mL. Me280rel of the
obtained suspension with a pipette (Volume: 8Q) and transfer to a centrifugation
tube. Add 9.8 mL of distilled water into the tube. Stir fOrr8in, sonicate for 30 min
and centrifuge for 30 min. The top part suspension of the tube was used for AFM and

TEM.

Fourier transform infrared (FTIR) spectra were obtained by a Perkin Elmer Spectrum
100 with a diamond attenuated total reflectance unitla@avavenumber raegfrom

600 to 4000 cM with a resolution of 1 crh

UV-Vis spectrometnpbetween 250 nm to 700 nwas carried oubn a Perkin Elmer
Lambda 900 spectrometer with anin resolution.The polymethyl methacrylate

(PMMA) cuvette has a 10 m path length.

Raman spectroscopyas achievedavith a RenishavinVia Raman microscope using a

514.5 nm wavelengtbxcitationlaser.The scan range was from 100 cm to 3000 cm,
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with a resolution of 1 crh

X-ray photoelectron spectroscopy (XPS) weerried out using a Kratos Ultra
instrument with the monochromated aluminium source, tiih analysis poirg per
sample.The sample was prepared for analysis by pushing a small amount of powder
into soft indium foil, which had been previously adhered to a sarhplder using

double sided carbon tape. This ensures all carbon detected was due to the sample.
Survey scans were collected between 1200 to 0 eV binding energy, at 160 eV pass
energy and 1.0 eV intervalk addition, highresolution As O1s, and Ns spetra

were collected, as specified, over an appropriate energy range at 20 eV pass energy and
0.1 eV intervals. The analysis area was 700 pm by 300 pm. The data colleeted w
calibrated in intensity using a transmission function characteristic of thermest
(determined using software) to make the values instrument independent. Tiverdata
thenquantified using theoretical Scofield relativensitivity factorsvia the CasaXPS
software. The data wepalibrated for binding energybnaking the main cadn peak

Cls at 285.@V, and correcting all data for each sample analysis accordingly.

X-ray diffraction (XRD)was performedn aSTOEStadi PX-ray diffraction instrument
(Cu KUirradiationa=0.154@0 nm) operating at 4@V, 35 mAand a scanning speed

of 1" min't with a step size of 0.015

Photoluminescent emission and excitatspectrawere measuretly usingan LS55
fluorescence spectrometer (PerEimer) at room tempeatue (25 ), and a pulsed
xenon lamp excitation sourcéhe scan speed was 200 nm/min. The PMMA cuvette
has a light path of 26¢m* 10 mm. In Chapter 4 and 6, the slit widths of the excitation
and emission were 10 nm. In Chapter 5, the excitation slit width 10 nm and the

emission slit width is 4.5 nm in order ¢btain thedatain the appropriate range.
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Quantumyield was measured according to an established reliable comparative
method®, Fluorescein in 0.1 M NaOH (literature quantum yield 0‘7®nd quinine
sulfate in 0.1 M HSQy (literature qantum yield 0.54¥° were chosen as standard
materials for 508600 nm and 40800 nm emission range separately. The absorbance
was measured onHitachirU1100spectrophotometer. For the purpose of minimizing
re-absorption effect, the absorbance in the 10 mm PMMA cuvette was kept not higher
than 0.1 at the excitation wavelength. Feadutions of the standard materials or test
materials with increasing concentrations were chosen, according to the following

Equation 31:
B B — — (3-1)

0 is the fluorescence (gXandSTepressni test add and
standard respectivelrad is the gradient from the plot of integeal fluorescence

intensityvsabsorbance] is the refractive index of the solvent.

The measurement of reactive oxyggrecie§ROS) was separated into two parts. The
first characterization wi in the first section in Chaptenascarried ouby Prof. Sun

K a n groupin Shanghai Jiadong UniversityABDA was used as a chemigalobe

to detect singlet oxygen production during irradiation according to the déthyVis
absorption at 406m. The GOQDs aqueous suspension (1 mL, 0.01 mg/mL) was added
in al mL cuvette (light path: 3 mnWith the same sample in reference cuvelten
ABDA/ DMSO solution (0.5 mghL, 50 ¢L) were added and the absorption sgectr
were recordeavith 365 nm irradiationevery two minutesOnly one test sample was

GOQDs. RB and PPIX were as comparative samples.

The claracterization work in the remaining sections of Chapter 5 and 6 was aarried
by the author. The sample aqueous suspension (0.5 mL, 0.25 mg/mL) was added in a 4

mL cuvette (light path: 10 mmyith the same sample in reference cuvetteen
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ABDA/DMSO solution (0.5 mghL, 150¢L) were added and the absorption sgeectr
were recordedvith 460 or 530nm irradiationeveryfive minutes All the GOQDs,

GOQDsM and GOQDsH samples were tested.

The measurement o€ll viability test was carried out in Shanghai Jiao Tong University.
Hela cells which are immortal cells line and commonly dse scientific research,

were seeded onto 96@ell plates with1000 cells/well and incubated in a humidified
atmosphere with 5% COQOncubator for48 h. Then theGOQDsaqueous suspension
dispersed irthe culture medium with different concentration (@ ppm, 20 ppm,40
ppm,60ppm,80 ppm,100 ppm, 20 ppm, 0 ppm 600 ppm, 800 ppm and 1000 ppm
were added tancubatefor 24 h and cell viability wasmeasured by standai@ell
Counting Kit8 (CCKB8) assaysln CCK8 assays, 1L CCK 8 solution was added into
each cell for 4h incubation and then the absorbance at 450 nm was measured by a

microplate reader (Multiskan GO, Thermo scientific),

GOQDs aqueous suspension (1 mg/mL) was prepared following the procedure:

Weigh 50 mg of GOQDs in an analytical balanBeddability 0.1 mg) and puthem
into a small bottle. Measure 10 mL of distilled water with a pipette (Volume: 10 mL
five times) and transfer to the bottle. Put a clean stirrer bar into the bottle and stir the

suspension for 1h.

GOQDs aqueous suspensi@b mg/mL) was prepared following the procedure:

Weigh 25 mg of GOQDs in an analytical balanBeddability 0.1 mg) and puthem
into a small bottle. Measure 10 mL of distilled water with a pipette (Volume: 10 mL
five times) and transfer to the bottlRut a clean stirrer bar into the bottle and stir the

suspension for 1h.
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GOQDs aqueous suspension (0.25 mg/mL) was prepared following the procedure:

Weigh 25 mg of GOQDs in an analytical balanBeddability 0.1 mg) and puthem
into a small bottle. Masure 10 mL of distilled water with a pipette (Volume: 10 mL ten
times) and transfer to the bottle. Put a clean stirrer bar into the bottle and stir the

suspension for 1h.

GOQDs aqueous suspension (0.125 mg/mL) was prepared followipgottedure

Measure 40 mL of GOQDs aqueous suspension (0.25 mg/mL) with a pipette (Volume:
10 mL four times) and transfer to the bottle. Measure 40 mL of distilled water with a
pipette (Volume: 10 mL four times) and transfer to the bottle. Put a clean stirrer bar into

thebottle and stir the suspension for 1h.

GOQDs aqueous suspension (0.0625 mg/mL) was prepared followipgpttexure

Measure 20 mL of GOQDs aqueous suspension (0.125 mg/mL) with a pipette (Volume:
10 mL two times) and transfer to the bottle. Measuren2®of distilled water with a
pipette (Volume: 10 mL two times) and transfer to the bottle. Put a clean stirrer bar into

the bottle and stir the suspension for 1h.
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4 Photoluminescent grapheneébased
nanoparticles derived from graphite

powder via different reaction conditions

4.1 Introduction

Graphiteis a common material in our daily life andhias been widelysedin many
applications, such as batteries, pencilslabdcant.The structure of graphite is carbon
layers stacking togethetia van der Waals faes, which make layers of graphite be
easilysegregate.'°®In each layer, the carbon atoms are arranged in a honeycomb lattice
with separation of 0.142 nm, and the distance betwdgtentayers is around 0.335
nm2®7In 2004, only one layer of the graphite was collecéedithat isgraphené.Due

to its unique structure, graphene shows extraordinary mechanical, thanaal
electronic propertie®:1°8 1’ However its conduction bands and valence bands meet at
the Dirac points, so graphene igexcbandgapsemiconductor material, which limits

its electronic and optical applicatiohs.

Becausehequantum confinement effect cout@luence and produdde bandgap,
the size of graphenes consideredo reduce to the nanoscaié’!”®In general GQDs
or GOQDs are one or fewayered graphenbased nanoparticles with Ilateral
dimensions smaller than 100 rtf?"13* GOQDs which have oxygegontaining
functional group,are expeted to have new photoluminescenbperties resulting from
the quantum confinement effect. Compmhseith the heavy metal elements in the
traditional semiconductor materials like CdSmrbon and oxygen are the main
elements in GOQDs. Therefothey araelatively friendly to the environmerEOQDs
are expected tdbe usedin many applications, especially in bioimaging and

photalynamic therapy
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As mentioned in the literature revietihe bottoraup and topdown methodsre
mainly used for preparg GQDs. The bottorup methods coulte describeffom self
assembly of small aromatic compounds. On the contrary, théawp methods could
be consideredrom the chemical disintegration, including the chemical oxidation,
electrochemical oxidation, hyditwermal treatment, highesolution electrobeam and
oxygen plasma treatment, of large carbonaceous materials, such as carbon nanotubes,
carbonfibers, nanodiamond, and carbon nanoparti¢feds:}416-24However, someof
thesemethods need special and complicatetrumentsandsome starting materials

are eyensive. These special conditions restrict the synthesis and yield of GOQDs.

Considering that graphite isommon and lowcost,a synthesis of GOQDs from
graphitevia chemical methods woulde more practical and feasible. The research
method of this chapt is:

1. Prepare several kinds of GOQmR4th tunable photoluminescent properties.
2. Characterizeand analyze their structure and properties. Study their relation.

3. Modify the method, prepare new samples and compare the changes.

In this chapterthere are thre sections. Firstlygraphite powdewas used as a
precursorto prepare one kind of GOQDs. Only one sample was characterized and
analyed. In the second sectiom,seris of GOQDswere synthesized using the same
experimental procedure as that of Sectiowith different reaction condition® be
specific In the third section, the experimental procedure were further modafiedt],
another series of GOQDs were preparBide emission ranges of GOQDs colie
tunedfrom blue, green and yellow to red. The redashis between photoluminescent

properties, structur@andconcentrationarediscussedh detail at the end of the chapter
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4.2 Preparation and characterizations of the

photoluminescent graphene oxide quantum dots
4.2.1Experimental procedures

Preparation of graphene oxide quantum dots

Graphene oxide quantum dotere synthesizetly a modified strongcid oxidation
method following reported approaéh.Briefly, graphite powder(900 mg) was
dispersedn concentrategulfuric acid(100 m.), which wasstirred for 1 tourfollowed
by sonicaion for 30min. Theresultant suspensiamas pourednto athreeneckround
bottom flask whiclcontained mixed acid80 mL sulfuric acid and0 mL nitric acid).
After 24 hours of refluxingit 100 , the mixture was coole@ndarequired amount
of distilled waterwas slowly added. The phvas adjustedo around8 with sodium
bicarbonateDuring this period, he reactiorsuspensionvasfiltered for several times
to remove the precipitated salt. Afterwardise residual solution was collected by
decantationwith filter paper. The filtrate wadialyzed in a dilysis bag(MWt cut-
off 3500 Da) against distilled water famore thansevendaysto remove excess salt.

The suspension was freedged toobtainGOQDs powder.
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4.2.2Results and analysis

4.2.2.1Morphology

Theprepaed GOQDswvereanalyzed using different techniques.

The surface morphology of the GOQascharacterizedy AFM, as shown in
Figure 4.1 The AFM images show that the prepared GOQDs wdotlike. By
calculation from the Nanoscope software, the averagealasize of GOQDs is about
45.9nm, andthe average height was between 0.6 to 8.4 nm. Considering that the layer
spacing of thesingle graphene sheet is about 4D nml’ the majority of

nanoparticles aré-10 layers.

Figured.1. AFM images of GOQDs @le: 10 10>m; (b) €ale: 2 2>m; and(c)the sizenformation
of GOQDs in the imagescalculaed by the NanoScope software.
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4.2.2.2Structure

Figure4.2a shows the XRD pattern of GOQBsd raw material of graphite powder

There is no sharp (002) peak at 26.5 for the GOQDs where is the characteristic

peak for graphiteHowever a weakand broadiiffraction peak appears ati2= 2 0 . 9 A .
The broad peak is a significant indicator of amorphous mateaiadisthis could
demonstrate that therystalline structures destroyedduring theoxidation process.
Becausdhe oxygercontaining functional groupsuch as hgroxyl and epoxy groups

were introduce®n the surfacehe layers beeae expansioand the interlayer spacing

was i ncreased. A c che mtrlayergspatirmgould beacgloulated | a w,
about 0.97 nmwhich is larger than that of graphite (0.34)rand the layers are easily
separated under sonicatioAs calculated by the softwarghe aerage height of

GOQDs is ca. 2.5m, which should correspond to about thiagers.

Raman spectroscopy was also used to study the GOQDs, as shegura?.2b.
Graphite powder hassharp G band at 1580n™. After oxidation, the D band appears
at 1386 cm and the G band broadens significantly and displays a shift to higher
frequencies (blushift). The relative intensity ratio of D band (defect) and G band
(crystalline) is about 1, which is higher than that of graphene oxide prepared by
traditional Hummers method& 1’ The higher intensity ratiopllc indicated more

defects in the carbon matrix.

The GOQDs were characterized by XPS to probe the elemental compasition
chemical bonds. As seen ingbre 4.2c, the XPS spectrum of GOQDs shows three
elements, including Clspeak at 285 eV, N1s peak at 400 eV and O1s peak at 533 eV.
Quantitative analysis of the XPS spectrum shows thatatomic ratio ofO/C of
GOQDs is 0.50which ishigherthan that of graphenexide (ca.0.43 preparedvia
traditional Hummers methods. The high resolution scan of C1s could befittede

into 5 peaks Figure 4.2d), including 285.0 eV (&€ / C=C),285.8 eV (CN), 286.6 eV
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(C-O-C/C-0OH), 288.1 eV (C=0) and 2894} (COOH).The N1s band, ranging from
396 to 404 eV Iigure4.2e), can be deconvoluted into two peaks at 399.6 eV and 401.0

eV, representing pyridinitke and quaternary nitrogen atoms. These indicated that the
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nitrogen atoms were introduced to the graphite sheet under oxidation processyand th
were mainly located in the sheet edge due to the higher percentages of the pyridinic

like functionalities.

In Figure 4.2f, he FTIR spectrum of GOQDsonfirmsthat oxygercontaining
functional groups, including hydroxy8400 cm?), epoxy(1240 cmt), carbonyl(1676
cm?) and carboxyl groupd 710 cm?t) were introduced to the surface of graphite. These
functional groups make GOQDs disperse in water very well and stable for a long time.
Moreover, stretching vibrations of C=C (1580 tnand GN (1412 en) were also

observed, which is consistent with the above XPS results.

4.2.2.30ptical properties

Figure 4.3 shows photographs of tli@OQDsaqueoussuspensions with decreasing
concentration and the colour is changed from brown to light yellow. Its clarity

demongrates that the dispersion of GOQDs in water is very good.

Figure4.3. 1-5: GOQDs aqueous suspensions@t@5, 0.25, 0.125 and 0.0625 my. 6: water.

The optical properties of GOQDs were charactedz by photoluminescence
spectroscopy and UVis spectroscopy. The UVisible spectrum (Figure 4.4a) shows
a broad absorption from UV to thésible region. Figure 4.4b shows the diagram of
relative placing of different orbitals. THe  *ransition of aroratic sg domaindeads

to a strong absorption the UV rangeA shoulderabsorption peak around 30 nm
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is observedand could be attributed to the-n* t r aohtkei GNj Ghor C=0
bonds!®1’8 Comparedwith othergraphene oxideeportedin sane publications, the
shoulder position of GOQDs is resthift from ca. 300 nnto 370 nm due to the
increasing amount of the delocalization” aélectrons. After strong oxidation, oxygen

and nitrogen atoms were introduced into the graphite sheetadyjeore norrbonding

orbitals were created. The compounds have massive delocalization, so the energy gaps
between orbitals become small. The relationship between the wavekeagth its

energy E is:

% E- (4-1)

Where h iflank's constanandcis the speed of photofheless energpeeded means

thelonger wavelength absorbed, which made thestefi.

(b)

—
)
=

—— GOQDs

T o* (anti-bonding)

Normally empty

a* (anti-bonding)
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Lone pairs
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Absorbance (a.u.)
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7 (bonding)

Bonding pairs of
electrons

T T T T T o (bonding)
300 400 500 600 700
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Figure4.4. (a) UWis spectrum bGOQDsnd (b)the diagram of the relative placing of the different

orbitals.

The resultant GOQDs can emit a wide spectrum of luminescence, including blue,
green, yellow,orange and red light. Figure 4shows the optical images of GOQDs
underirradiation of haneheld UV, blue and green lighamps Yellow, orange and red
light paths could be seen in the cuvetiashe photoluminescent spectra, GOQDs have
optimal excitation and emission wavelengths at 470 nm and 531 nm, respectively as

shown in Figure 4.6a.
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Figure4.6. (a) Optimal excitation and emission PL spectra and (&) the excitatiordependent PL

behaviou.

Fluorescent carbon materials always have excitatependent Pbehaviars, as

shown in Figure 4.6'%81 Under different excitation wavelengttisey couldprovide
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different colours and change the PL intensity and wavelgragiion which would be
interesting for some application&hen excited under 340 nm wavelength, the GOQDs
show a stronger peak ca. 460 nm, which is blue emission, and a weak shoulder at
around 531 nm, which is green emission. When increasing the excitation wavelength
(redshift), the stronger peak at 460 nm becomes weaker and decreases to disappear.
Meanwhile, the weak shouldett 531 nm becomes the main peak and increases
gradually (Figure 4.6b). From 410 nm to 470 nm excitation wavelength, the peak
position of the emission spectrum is fixed at ca. 531 nm and the intensity increases
remarkablyThe strongest PL emission intelysaf GOQDsappeaswhenthe materials
areexcitedat 470 nm.At a longer excitation wavelength than 470 nm, the emission
spectrum starts to redshitndthe main peak intensity gradually decreases, as shown

in Figure 4.6d.
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__. Conduction Band
Lowest Unoccupied N, 'S,
Molecular Orbital o :
Light Light*
Highest Occupied
Molecular Orbital ® S,
O alence Band

n (non-bonding)

7 (bonding)

Figured.7. ThePLmechanismof GOQDs

As seen in Figure 4,the PL mechanism ofGOQDscould be attributed to the
radiative recombination of electron and hole in a conjugation system. Strong acid

oxidation brings oxygeigontaining fuictional groups&nd nitrogen atonts the surface,
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as well as the fracture ofC / C=C bonds and defects in the conjugation systems. The

large cmjugation system in graphite @ivided into amounts of very small and

individual conjugation system. Their s&s could be nanoscale arfdlfill the

requirement of the quantum confinement effect, which makes them possible to have PL
properties. Meanwhile, oxygen or nitrogen bonding orbitals also could introduce new
energy leved tothe electronic band structure.®tothewidess i ze di ssmablu®Di on
conjugation systems and new energy levels inducedyititt of bandgapancover a

broad range, leading to a wide luminescent spectrum from blue to red lights.

The relationship between PL intensity, absorbamzconcentrations was studied
as shown in Figure 4.&ive sets of different concentrations of GOQDs suspension
were preparedand four sets ofrepresentativevavelenghs were selected fdiour
colours, including green, yellow, orange and red. Firgtlg PL intensity of all four
colours becoms stronger when the concentration increases from 0.0625 to 0.125
mg/mL. However, 0.125 mgiL is the concentration that can provithe strongest PL
intensity for greercolour (530 nm). Afterwards, the PL intensitgduce even the
concentrationincreases Yellow, orange and redolours show a similar trend. PL
intensity becomgstronger with increasing concentration until 0.5 mmg/ Whenthe
concentration increasés 1 mg/mL, yellow and orange emission intensitigscrease
significantly, but redcolour only reduces slightlyMeanwhile, the intensity ofreen
colouris the lowest at IngimL compared to those of other colours. ligufe 4.8h
different light pathsan be seem the cuvettes. Cuvette 4 has the londight path
However thelight path incuvette 1 which haghe highest concentratiasf GOQDs,

is quite short. This result is similar be specific PL intensitirom the instrument.
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Figured.8. (a)-(e) The emission spectra of GO€BsIspensions at 0.0625, 0.125, 0.2% and 1 mghL

excited by various excitation wavelengthspeagively, (f)lhie U\WVis spectra of GOQfAssuspensions at
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0.0625, 0.125, 0.25, 0.5 anddImgL, (g)the relationship between PL intensity at 530, 580, 600 and
625 nm emission wavelerigt and different concentrationd he inset shows the spectrum of visible light
and (h) the photos of GOQBEIs suspensionat 0.0625, 0.125, 0.25, 0.5 andIng/mL excited by the

blue light.

Therefore, the relationship between PL intensity and concentiatiwt linear or
proportional. Higher concentration is not alwauivalentto stronger PL intensity.
Absorbance should be considered because both excitation and emission wavelength
would be absorbeldy the aqueoususpensioio some extent, as seenFHgure4.8f.
According toBeerLambert law:

I 11T coo - @b (4-2)
where ! is the measured absorbanc® is the intensity of the light at a given
wavelength, Ois the transmitted intensity, is a constant know asthe extinction

coefficient, 0 is the path length through the sample ands the concentration.

UV-Vis
1
. Suspension PL
in the cuvette I
I,

Figure4.9. Schematic representatiosf the UWWis and PL.

Figure 4.9 shows a simplelematic represerttan of UV-Vis and PL in the
cuvette A part of the light is absorbed by the suspension and used to excite the electrons
to generate the PL emission. The light emitted is also partly absorbed by the suspension.

So the relationship between the intensitgréitation light and emission light is:
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o) I 1 coro (4-3)

© 0 O (4-9)
0 « O (4-5)
© 0O (4-6)
o 11 ¢oro (4-7)
0,
O p pm pm <0 (4-8)

where 0 is the absorbance measured at an excitation waveleagth,is the
absorbance measured at an emission waveleff@tls the intensity of the light at the
given wavelength,O is the intensity of the absorbed light for exciting GOQDs,
is the intensity of the emitted lighbm GOQDsaqueoususpension© is the intensity
of emitted light, whth is also absorbed by the suspensi@h. is the intensity of the
emitted light fromthecuvette and ¢ is a PLefficiency coefficientwhich is related to
the quantum yield. It can be found that the intensity of emission wavelength is affected
by the absorbance of both excitation wavelength and emission waveléfaytiever,
the Ejuation4-8 is only a simple derived formylavhich requires the emitted light in
the GOQDsaqueoussuspension just have a single wavelenitinen the emission
wavelength s a broad range, then different emitted wavelengibuld producethe
iterative effectinside the suspensioand make the relationship between the PL
intensities and concentrationsig absorbance) more complicatedlthough the
equation can not be useddtitly, it still provides an understanding between PL and

UV-Vis.

As mentioned above, although some wavelengths could emit stronger light, the

emission light would be partly absorbbg the aqueoususpensionso the intensity
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would be weakened by theuspension. It is better to choose an appropriate
concentration for different emission wavelengths tiosg@nger emission performance.
For examplelow concentration is better for green light (skowavelength)and high

concentration i®etterfor redlight (longer wavelength).

4.2.2.4Cell viability and ROS generation ability

As GOQDs have abundant oxygeontaining functional groups, they may hayeod
potential in locompatibility To investigate the photodynamic therapy (PDT) effect of
GOQDs Hela cells wee incubated with the GOQDs for 24 As shown in Figure
4.10g, after 24h incubation, the cell viability slightly decreased to 80% when the
concentrations of GOQDs increased to 1mg/showing that the GOQDs sample has

almost no influence on the cellscaimdicates the biocompatibility of the nanopatrticles.

The O, production of GOQDs was measured by above methods with ABDA as an
indicator,andthe results were shown in Figure 4l1@fter irradiated by the 365 nm
light for 10 min, the absorption of ABA for GOQDs, RBandPPIX decreased to 75%,
67%,and91%, respectively. GOQDs show much quickeclohe rate than PPIX, but

slowerthan RB.This result demonstrates that GOQDs dnaetter ROSgenerating

ability.
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Figure4.10. (a) Celliability of Hel cells incubated with different concentrations of GOQDs; (b) ROS

generation of GOQDs detected by ABDA.
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4.2.3Summary

Luminescent grapherdsmsed nanoparticles wergnshesized withgraphite powder
following modified strong acideaction conditions. The emission wavelengths could
be tuned from blue to red. Oxygenntaining functional groups were induced to the
surface and GOQDs havepossbilities to be functionalizedThe coverage ratio of
functional groups and the size could affect the PL properties. The concentration and
absorbance would affect the PL intensity. Meanwhile, GOQDs show better ROS

generation ability and do not imposensiderabléoxicity to the cells.
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4.3 Preparation of graphene oxide quantum dots with

different reaction temperature and reaction time

4.3.1Experimental procedures

In this section, the structural changes of GOQiascontrolling reaction conditions
were investigated. After changing the reactiemperature and reaction time, the
nanoparticle size and the content of oxygentaining functional groups have changed,
which affect the PL and ROS generation properiiéigh the purpose of comparison,
six different samples (GOQBs 2, 3, 4, 5 and 6) ararranged, and the details are

shown in Table 4 with the reaction parameter displayed.

Table4-1. The reaction condition of six GOQDs samples.

SamplelD Reactiontemperaturée Reactiontime/ h
GOQDs1 80 24
GOQDs?2 80 48
GOQDs3 100 24
GOQDs4 100 48
GOQDs5 120 24
GOQDs6 120 48
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4.3.2Resultsand analysis

4.3.2.1Morphology

Figure4.11 displays AFM images of six series of GOQDs under the same scale. Table

4-2 shows the diameteff the GOQDs obtained by the calculation from the Nanoscope
software. Compared with traditional graphene oxide nanoparticles reported to be
several micrometers in length, GOQDs prepared following the above method can reach
lessthan200 nm in length. Botlsulfuric acid and nitric acid provide the effects of
Acuttingd and oxidation of the carbon matr

acid will be discussed further the next section.

When the reaction temperature is 80 the size of GOQDs is not uniform. Large
irregular shape particles and small round dots could be seen at the same time (Figure
4.11a and 4.11b). For both GOQDsnd GOQD<, the length of large particles could
be up to 16aL80 nm, and small one coul@ 30 nm. The average length is around 70
to 80 nm. The average length of GOQDss relatively smaller than that of GOQRs

however, they are nobuchdifferent.

When the reaction temperature is 100and 120 , it also can be found that the
diameter ofGOQDs produced from 48 reaction is smaller than those produced from
24 h treatment. However, the difference in size is quite clear. The size of GOQDs under

48 h treatment is reduced to half, compared with that only with &f&ction time.
Time effed could explain this result that longer reaction time could help oxidation

process and promote graphite sheet to split. Temperatures over 18@& more

effecivet han | ower temperature in fAcuttingo t he
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Figure4.11. AFM images of GOQDs, Scak:>2n: (a) GOQDS 803 24h, (b) GOQD& 803 48h, (c) GOQDS 1003
24h, (d) GOQDd 1003 48h, (e) GOQDS 1203 24hand(f) GOQD$ 1203 48h.



Different from the irregular shape of GOQDs produced from 80 the
nanoparticles with 100 and 120 displayarelatively regular and round shape. They
look more like dots or discs, aBown in Figure 4.11c, 4.11d, 4.1d4md4.11f. GOQDs
3 with 100 and 24h treatment still have some large particles. The maximum size is
around 116.6 nm anaveragediameter isabout45.9 nm.The GOQDs4 with 100
and 48 h reactiohave an average diameetof27.2 nm The maximunsizereduces to
57.1 nm. TheGOQDs5 (120

comparisonGOQDs5 isrelativelylarger than GOQD4, indicating that reaction time

and 24 h) are approximated$.1 nm indiameterBy

has effect

(over 100 ).

mor e t hant trienagcot itohne tneantpreirxa taunrde

GOQDs6 have the highest reaction temperature (13@ndlongest reaction time
(48h), so the oxidation effect should be the strongest. The carbon matrix was seriously
A de st rawdiyssizeds te smallest. The maximum diameter is around 39.9amih,

the mean diameter reaches 15.6 nm.

Table4-2. The diameter of GOQDs obtained from AFM imadres nm

24h 48h
standard _ standard _
mean o maximum mean o maximum
deviation deviation
80 78.5 38.0 177 72.8 37.0 165
100 45,9 18.7 116.6 27.2 14.1 57.1
120 36.1 17.1 69.0 15.6 10.0 39.9

4.3.2.2Structure

The FTIR spectra displayed indture4.12 revealhat all GOQDS samples possessed
abundant functional groups includingH (3400 cmt), COOH (1710 crit), C-O-C
(1242 cmb) and GO (1090 crt). Besides, stretching vibrations of C=C (1588%m
C-N (1420 cmt) and GH (871 cm') bonds were seen in eashmple However, the
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difference between each sample is not easy to distinguish in thesp@tita. Therefore,

XPS was used to furthanalyze the structual changes in detail.

GOQDs-1 80-24h

GOQDs-2 80-48h

GOQDs;3 100-24h

GOQDs-4 100-48h

Transmittance (a.u.)

GOQDs:5 120-24

34L0 A

Yoo
L1710 1588 1420 12421090  joq
/ T T T T T

——
3500 1500 . 1000
Wavenumber (cm™)

RS

Figure4.12. FTIR spectra of the GOQDs samples.

High-resolution scans of C1s of six GOQDsngdes have been cunfeted, and
the results are shown in Figure 4.13. All GOQDs spectra consist of peaks, including C
C/C=C (285 eV), €N (285.6 eV), GO (286.6 eV), C=0 (288.2 eV) and©=0 (289.0
eV). The GC/C=C bonds correspond to’spr sp carbons,ndicating that the main
matrix is still a carbortonjugated system. ThelL bonds mean the nitrogen element
was introduced to the conjugation system or replaced the carbon element during the
oxidation process. It could be considered that nitrogen elecoames from the effect
of high concentration nitric acid. The@ bond may originate from epoxy, basal plane
phenol or edge phenol. The C=0 andC80 reveal the presence tife aldehyde
ketone and carboxyl groups.
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Figured.13. (a)- (f) Highresolution XPS C1s spectra of the GORBIGOQDS, resgectively.

The evolution of carbeoxygen functional groups during the oxidation process is
examined by analyzing the XPS spectra. The trend and accurate value arershown i
Figure 4.14 andable4-3.

1. C-O bond.GOQDs3 (100 ) have 12.8% contendf C-O bond, which is higher
thanthat of GOQDs1 (80 ), probably corresponding to the reason of higher
temperature. However, GOQBsproduced from the highest temperature (120
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just have 6.19% content of@, which is half that of GOQDS. For samples 2, 4
and6 under 4& treatment, th€-O bond has higher content when the temperature

is 80 . With increasing temperature, the content decreases.

. O-C=0 structure. With increasing reaction time and temperature, the COOH bond
content becomes higher and reacheshighest in GOQD4 (100 48h). When
the temperature is 120 , the content starts to reduce. H&lso decreases the
content.

. C=0 bonds. With increasinggaction time and temperature, tbentent ofC=0
bondsgradually reduces from 15.1% in GOQD$011.1%in GOQDs3. However,
the vale slightly increases from 12.6% to 13.4%sample 45 and 6.

I c-c/c=C [l c-N [l -0 [l c=0 [l 0-C=0
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Figured4.14. Percentage of the peaks deconvoluted from the C1s band.

Tabled-3. XPS data analyses of the C1s spectra of GOQDs samples.

Carbon bonding composition(%)
Sample | C-C/C=C C-N C-O C=0 O-C=0 | OLJ/CIL
GOQDs-1 59.3 15 11.0 151 13.1 45.6%
GOQDs-2 59.6 3.2 9.4 13.4 14.4 46.0%
GOQDs-3 57.1 2.3 12.8 11.1 16.7 50.0%
GOQDs-4 57.9 2.4 7.7 12.6 19.4 53.3%
GOQDs5 59.8 2.5 6.2 12.8 18.7 49.9%
GOQDs-6 58.1 2.2 8.3 134 18.0 53.2%
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Results mentioned above exhibit that the changes of oxygetaining functional
groups in GOQDs are affeed by reaction time and reaction temperafliogeveal this
oxidation process mechanisitme formation process of oxygeontaining functional
groups will be discussed.

Initially, when the temperature is 80, C-OH bonds would appear on the graphite
sheet edge and the defects in the cadmmugated system. Besides, some carbon
atoms on the surface would be oxidized to be hydroxyl. In a strong acid environment,
the ajacent hydroxyl groups are dehydratedefmxy groupsHydroxyl and epoxy
group are stable under weaker oxidation treatrflenter temperature and short time).
C=0 and GC=0 structure would be enrichment when the temperature and time
increase, owing to © transfer. With the deepening of the degiof oxidation, the
content of GC=0 structure on edge further increases until the edge is fully oxidized to
be saturation. However, when the temperature is 12@he carboxyl groups are not
stable in such a high oxidation environment. A decrease in the contertCefOO
structure is observed due to partial reduction to the ketone, and this could explain the

increase in the content of C=0 bonds.

As shown in Fjure4.15, the nitrogen bonding composition is also investigated,
andall GOQDs samples consist of two main peaks, including pyridingtd 399.8 eV
and quaternari at 401.1 eV. Quantitative analysis of the atomic ratio of (N1s) / (C1s)
and the nitrogendnding composition are displayed in Figure 4.16 and Taldle 4

1. When the reaction temperature increases from 8® 100 and 120 , as for
thesamples with 24 reaction ime, the nitrogen atomic ratio increases frarb3%
in GOQDs1 to 2.28% in GOQDS and 2.55% in GOQDS, however, the ratio of
the 48h sample decreases from 3.16% to 2.39% and 2.24%.

2. Inthe oxdation process, the nitrogen atoms are introduced to the ceobpqugated
system and connected with carbon atoms. All samples have a higher content of
pyridinic-N functionality, indicating that most nitrogen atoms are in the sheet edge

or detect area, arldssis located in the middle of the matrix.
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3. When the reaction time is 24 the content of pyridinkN decreases from 87.23%
in GOQDs1 to 84.83% in GOQDS8 and 82.32% in GOQDS, with increasing
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Figured.15. (a)- (f) Hid-resolutionXPS Ms spectra of the GOQRd0 GOQDS, respectively.

The reason for the decrease in the content of pyrieiitunctionality could
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correspond to its position. Because it is locatetheedgeanddetecs, pyridinic-N is
easy to breakluring the oxidation process. In contragiaternaryN is located in the
middle and connected to the carbon atoms with thréeb©nds, which is difficult to
be cut.QuaternaryN is more stable than pyridinrid, so the content becomes higher

when the redmn time and reaction temperature increase.
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Figured.16. Percentage oftte peaks deconvoluted from theldlband.

Tabled-4. XPS datanalyses of the$ spectra of GOQDs samples.

Nitrogen bonding composition (%)
Sample Pyridinic-N QuaternanyN N1y/C1ls
GOQDs-1 87.2 128 1.5%
GOQDs-2 88.1 119 3.2%
GOQDs-3 84.8 152 2.3%
GOQDs-4 85.8 142 2.4%
GOQDs5 82.3 177 2.6%
GOQDs-6 845 155 2.2%
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4.3.2.30ptical properties

— GOQDs-1 80°C 24h
—— GOQDs-2 80°C 48h
—— GOQDs-3 100°C 24h
370 nm —— GOQDs-4 100°C 48h
—— GOQDs-5 120°C 24h
—— GOQDs-6 120°C 48h

Absorbance (a.u.)

T T T T T T T
300 400 500 600 700
Wavelength (nm)

Figure4.17. UMVis spectra of GOQIsto 6 aqueoususpensios, respectively. The concentration is

0.125 mgmL

TheUV-Vis absorption spectra tiie six GOQDs samplegth the same concentration,
as shown in Figure 4.17, show a downward trend from UV to the visible region. In
addition, theabsorbancealso decreases from the GOQD# GOQDs6. According to
BeerLambert Law which is expressed imrtes of attenuation coefficient:

I - ) (4-2)

A is the absorbance, is attenuation coefficient is the concentration of the light
absorbing substance, anidis the length of solution the light passes through. For an
equal concentration of each material and the same cuvette, the higher absorbance means
the larger extinction coefficient, which is related ttee numberof aromatic rings or
isolated aromatic domains retaif®&d The results indicate that the GOQDshave

more aromatic domains because the degree of oxidation is testJawing to the fact

that the reaction time ithe shortestandthe reaction temperature is the lowest. With
increasing reaction condition, the degree of oxidation becomes higher, more-carbon

conjugated systerns destroyed, and less aromatic domains lafe The extinction
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coefficient decreases gradually, so the absorbance reduces. This result also can be
shown by the different colour of the GOQRgueous suspensioithe higher the

extinction coefficient is, the darker the solution is.

Furthermore, ta peak at around 370 nm becomes more and more obvious from
GOQDs1 to GOQDs6. As mentioned above, this peak is attributed tatheorbitals
transition of C=0 and ® bonds. From GOQD% to GOQGs5, the average size of
particles reduces. On the particle surface and edge, the aromatic domains become less
and more carboxyl groups are obtained. So the ratio of the content of @G=R loonds
to the content of aromatic domains gradually increases, which leads to the peak more

apparent.

The excitatiordependent Plbehaviou of six GOQDs samples under the same
concentration is displayed in Figures 44.20.The excitation wavelengstarts at 450
nm, and 10 nnis increased between two neighboriagt.The position of the emission
peak would shift, and the intensity would increase or decrease. The trend of each sample

is not the same.
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Figured.18. The excitatiomependent Pbehaviou of (a) GQODS% (803 24h) and (b) GOQEXs(803
48h).

For the80  reaction temperaturéGOQDs1 and GOQD<g samplesexhibit
similar emission spedi(see Figure 4.18)ith increasing excitation wavelength from
450 nm to 490 nm, the position of the emission spectrum does not araéhe
intensity would increase first. When the sampless u s pa¥enegcited hyke 480
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nm excitation, the intensitgf the peak showthe highest. Afterwards, the intensity
decreases graduall@ontinuously increasing the excitation wavelength, the position of

the emission spectrum would reHift, andthe intensity decreases remarkably.

Thehighestpeak position isot the samér the two sample. GOQDEis at around
550 nmwhile GOQDs?2 is at about 575 nnit. also can be found that the shape of¢the

emission peaks are quite widethefull width at half maximum{FWHM) is quite large.
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Figured4.19. The excitatiordeperdent Plbehaviou of (a) GQODS3 (1003 24h) and (b) GOQBs(1003
48h).

For the 100 reaction temperature, the similarity and difference of the PL
behaviow between GOQDS and GOQDs! can be seen in Figure 4.19. PL emission
spectra also display a similar changing trend under the Bingeexcitation wavelength.
Firstly, the spectrum increases the intensity but keeps the positemt red-shifts to
a longer wavelength and reduces the intensitgre are thredifference between the
two samples. The peak of the maximum emission {eagth blueshifts from 540 nm
for GOQDs3 to 530 nm for GOQD4. The excitation wavelength for the maximum
emission spectra reduces from 480 nm for GOQDs470 nm for GOQD4. Different
from the wide peak of the GOQE3s the maximum emission spectruifitite GOQDs

4 is quite narrow, and its shoulder peak at 563 nm is also easy to see.
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Figure4.20. The excitatiordependent Pbehaviou of (a) GOQDS (1203 24h) and (b) GOQB&(1203
48h).

For the 120 reaction temperatuy&OQDs5 and GOQD< display similar PL
behaviourand spectral shape to GOQBs(see Figure 4.20). But the excitation
wavelength for the maximum emission spectra is 470amudthe position of the peak
is 530 nm, which are close to the results of GO&@Ddowever,the intensity of the

emission spectra is lower than that of the GOQDs with 10@eatment.

As shown in Figure 4.21, the corresponding PL spectra of six GOQDs samples
exdted by 470 nm could be well fitted by Gaussian function, indicating that the
spectrumconsistsof two different emission mechanisms. The two Gaussian peaks,
labeled as Peak 1 and Peak 2, laatal at approximately 530 nm and 565 nm,
respectively. The aargy gap of PL emission could be calculdbgdhe Equation 4.
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Figure4.21. PL spectra of GOQDs excited by 470 nm with two deconvoluted Gaussian bands of Peak 1

and Peak 2 emission.

The energy gapwvhich produce®L emissionand the carbon bonding percentage
for GOQDs samples are displayedjethe in Figure4.22. Due to the position of Peak
2 blueshifting from 572.0 nm for GOQD3% to 556.1 nm for GOQD4, and reversely
redshifting to 560.7 nm for GOQDS, the energy gap of PL emission increases from

2.169 eV to the highest 2.231 eV, then deasds 2.213 eV. As previous described,
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the value of COOH group in GOQDs samples is shown in Tabl®y analyzng these

two values together, it could be found that the trend of the energy gap of Peak 2 PL
emission of GOQDs is quite similar to the tendeatthe percentage of COOH group

in GOQDs samples. Hence, we could make a hypothesis that the evolution of PL
emission at around 570 nm is related to the oxygertaining functional groups on the
GOQDs, primarily as a result of the content of th€ €D dructure.

Table4-5. Thepercentageof COOH group of six GOQDs samples.
GOQDs Sample 1 2 3 4 5 6

COOH group percentage (% 13.1 14.4 16.7 194 18.7 18.0

40 2.4

Percentage (%)
Energy gap(%)

Figured4.22. Energy gap antbntent ofcarbon bonding of six GOQDs samples.

The quantum yieldQY) of GOQDsfor 500600 nm rangés calculated ftlowing
the standardnethodology and the results are different due to the differeaiction
conditions, as shown in Figures S1 {4}). When the reaction temperature is 100
the QY of GOQDs3 and GOQD#! is higher than that of other samples with 8@nd
120 . However, it can be found th&OQDs samples with 100 have comparably
lower C=0 contentln Figure 4.23, we can notice thaettrend of the quantum yield

of GOQDs is opposite to the tendency of the percentage of C=0 bandB@QDs
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samples.

The arbonylgroup belongs to the electron withdrawing groups, which remove
electran density from -conjugation system and tend to inhibit the fluorescence. Hence,
the quantum yield of GOQDs for 530 nm green colour would be relategytgen
containing functional groups on the GOQDs, mainly as a result of the content of the
C=0 bonding.
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Figure4.23. QY angercentageof C=0 bonding of six GOQDs samples.

4.3.2.4ROS generation ability

In the first section, ROS generation ability of the GOQDs is meastgermbmparing
with PPIX and RB aa reference GOQDs show much quicker releasing ability of
reactive oxygen species than PPIX. In this part, six GOQDs samplesrapared
undertwo kinds of visible light irradiationanddifferent samples display the different
results In Figure4.24a, l samples quickly reduce the absorbance of ABDA under 30
min blue light irradiation. GOQDS8, 4 and 5 have almost the same decline fate.
contrast, the absorbance®®QDs1 and 2declines more slowly probably because of

thefeweroxygencontaining funtionalgroups owing tahelower reaction temperature.
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The raticof Ols and C1s for these two GOQDs samated5.6% and 4%, at least
5% less than others. However, GO@®with 120 and 48h reaction condition also
has a very slow decline ratgetits oxidation degree is much highlronly has better
ROS generation ability than GOQf2sWhen using the 530 nm green light, all samples
show weakeROS productiombility than blue lght. GOQDs1 reduces the absorbance
from 1 to 0.97 after 3tnin irradiation andits rate isfast Interestingly, this result is
opposite tathe previous, wiere GOQDs1 is the slowest under blue light. GOQPs

and 4 perform similar tendency, and a littgtler than GOQDS8. The slowest releasing
rate of ROS is GOQDS and 6.
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Figured4.24. ROS generation sixGOQDsamples under (a) 460 nofue light andb) 530 nm green light
irradiationdetected by ABDA.

From the above resultst could be found that ROS generation ability is related to
the oxygencontaining functionalgroups and thewvavelength ofirradiation light.
Usually, higher oxidation degree, o to the higher reaction temperature and longer
reaction time, means moogygercontaining functionagroups on the surface or at the
edge, and it could improve the releasing rate of the ROS. The chosen light wavelength
for irradiation is another factdor determining the ROS ability. For GOQDs samples,

blue light performs much better than green lightjch may correspond to the higher
absorbancéhanthe former.
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4.3.3Summary

In this section, six GOQDs samples are prepared following the method mentioned i
the previous section by changing the reaction condition, including the time and
temperature. The structure and the tendency of different carbon and nitrogen bonding
areanalyed in detail primarily focusing on the effect of the reaction condition. PL
properties are mainly investigated. The excitatii@pendent Pbehaviour emission
mechanism of 570 nm yellow light, and quantum yieldaaralyzdin the relation to

the structure changes. ROS generation ability is also discuSggdencontaining
functionalgroups and the light wavelength are considered to be primary factors to affect

the ability.
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4.4 Preparation of graphene oxide quantum dots under a
modified approach with different acid dosage and

different reaction time

4.4.1Experimental procedures

In this section, the graphene oxide quantum dots were prepared under a modified
chemical oxidatiorapproach. Different from the previous approach that the sulfuric
acid and nitric acid were mixed together at the beginning, this time the reaetson
separated intdwo steps. Firstly, the graphite powder was stirred in the sulfuric acid
under 100 environment for 2. The solution remains colourle3he secondtep

was adthg the nitric acigthenthe flask was suddenly filled with yellogolour, which

came from the volatile Nfdjas. The second step lastech1@4h and48h, respectively.

After this step, three new series of GOQDs were synthesized.

Another three GOQDs samples also followed this modified approach to prepare
However only 60mL sulfuric acid and 20nL nitric acid were added to 0.9 g graphite
powder. The acid dosage was twadhess than previous samples. The amount of the
acid was considered to be a factor affecting the oxidation process and the properties of
the GOQDs samples.

To make a comparisographite powder was only treated with sulfuric acid at 100
for 24 h andno nitric acid was used. This batch was set to investigate the different role

of these two kinds of acid during the reaction.

Thereaction parameter of the modified GOQDs is shown in Taléle 4
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Tabled-6. The reaction parameter of the modified GOQDs.

Step 1 Step 2
SamplelD Graphite powderg | H.SO, / mL HNO3z/ mL Reactiontime / h
100

GOQDsM1 180 60 10
GOQDsM2 180 60 24
GOQDsM3 180 60 48
GOQDsML4 0.9 60 20 10
GOQDsML5 60 20 24
GOQDsML6 60 20 48
GO-C7 180

All the reaction temperature is 100. M means modified. means less acid dosage. C means comparison.

GO-C7 is a comparative sample. Graphite powder was stirred in the sulfuric acid
under 100 . After 24h, the slution was light yellowcolour, and someprecipitated
black particles could be noticed. After separation and washing, the deposited powder

wasanalyedby FTIR. The light yellow solution waseutralzedwith the base and the

salts were removed by the diais bags.
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4.4.2Resultsand analysis

4.4.2.1Morphology

The AFM images and size information of modified GOQDs with using normal acid

dosage are shown in Figure 4.25 and Table @OQDsM1 have many big size dots

in the image. At the same time, smaike particlesalso exist.This result can be

explained by the reason of the shortreactiontime.e fAcutti ngo process W
executed, especiallgn the edge Therefore, the separated parts are very small, even

less than 10 nm. The magimainingparticles arestill very hugein diameter, larger

than 120 nm. When extending the reaction time th,2ie uniformity of the diameter

becomes much better than that of thenl€amples. The massive particles disappear,

andthe maximum size in diameter of GOQDKR could reduce to approximately 70

nm. When running 48 reaction, the diameter further decreases and average size in

diameter of GOQD#/3 could be approximately 11 nm.

The AFM images and size information of modified GOQDs with using less acid
dosage are showin Figure 4.26 and Table-8 Even though the acid dosage is just
onethrdof t he nor mal me t haredjyite ginhlar to thenu Withi ngo r e
increasing reaction time, the particle diameter becomeseuasier Al | t hr ee s amj

average size idiameter is slightly bigger than that of the standard acid dosage samples.

The average height of GOQI and GOQDsML is between 13 nm, which is
similar to the GOQDs.
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Figure4.25. The AFM imageand sie informationof GOQD& @ { Ol f &YYdaw >Y E

Table4-7. The diameter of the GOQD& Unit: nm

mean standard @viation | maximum
GOQDsM1 215 33.5 145.2
GOQDsM2 335 24.0 73.5
GOQDsM3 11.7 9.42 49.7
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Figure4.26. The AFM imageand size informatioof GOQD#MLD® { OF f SYYd >Y E H

Table4-8. The diameter of the GOQDA.. Unit: nm

mean standard dviation | maximum
GOQDsML4 24.1 31.3 142.1
GOQDsML5 39.7 16.4 68.6
GOQDsML6 18.9 10.9 47.5
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Interestingly, not only can the round dots be seen in the image @G0ut also
two long strip shape flakes appear, as shown in Figure 4.27. The maximum length is
about 308.7 nmhe width is around 65.2 nm, and the height is approximately 1.3 nm
Both of them look like smaller singlayer graphene oxide sheets. These large size

sheets do not appear in previous GOQDs samples.

0 1.00 2.00

Figure4.27. The AFM imageand size informatioof GOC# { Ol t SY H >Y E H>YO®

The role of sulfuric acid in the reactiomeeds tobe discussedThe modified
Hu mme r s 6% mvbithrused sulfuric acid, is the most common approach to
prepare graphene oxide. Dimiet al'®® explained the mechanism of the graphene
oxide formation and considered that sulfuric acid would insert into the layers of the
graphite and corert graphite into a graphite intercalation compound at the beginning
of the whole process. In this work, sulfuric acid has a similar effegire 4.28hows
a simple schematic of the mechanism e®8: molecule Under the high concentration
condition, BSQy was very difficult to baonizedand mainly existed in the form of
H>SQs molecular. During the 24 stirring, the HSQs molecule or tiny amount of HSO
ions become fully inserted into the space between the layers, and then made the layer
spacing large In the meantime, unlike the room temperature or 3Beaction in the

modified Hummers method, here the reaction was maintained at 100he high
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temperature enabled the sulfuric acid to oxidize and cut the graphite sheet, even without
the help of other oxidizing agents. The appearance of the smallelosszeould reveal

that the place of the graphite sheet to be cut may happen at the edge, which means the
oxidation effect was not strong enough to directly split in the midlie.to the larger

space of théntercalatedayers, the/an detWaals force among them became weaker.

Both the heat from the high temperature in the reaction and the sonication after washing

were easy to separate the graphite oxide layers.

H SO ntercalate
graphite 274 e

(molecular) graphite oxide
0% XX I XN LX)
@g ® 00000000
> 7o KX XIxxxxl
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o000 0000

IOOOC ':6.0 'YX XXX

Figure4.28. The schematiof the conversiofirom graphite to intercalated graphite oxide.

4.4.2.2Structure

TheFTIR spectra displayed indure4.29suggesthat all GOQDsM and GOQDsML
samples have similar abundant functional groups includifd) (@400 cm'), COOH
(~1710 cmt), C=0 (~1679 cm), C-O-C (~1240 cm') and GO (1090 crt), even
though GOQDsML have a less acid dosage. Besides, stretching vibrations of C=C
(1585 cm'), C-N (1415 cm') and GH (875 cmt) bonds can be found in easample

XPS would assist us to further evaluate the structifierehce in detail.

However, GGC7 has a different FTIR spectryms shown irFigure4.29h The
absorptionband at 1628 crhcould be assigned to the C=C stretnhgthe peak at 1040
cmis attributed to a @ stretching. The stretching vibrations@fOH at ~3400 cm

79



could be observed. Contributions in the 1120160 cm' region may arise from ©
or C-OH functional groups. No obvious carbonyl or carboxyl groups are found in the

spectrum, which may be due to the low content and could be investina¥Ris later.
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Figured4.29. FTIR spectra of the GO@Dga), GOQDHKIL and GEC (b).

The Cls XPS spectra of the GOQMsand the carbon bonding compositiare
displayed in Figure 4.30 and Tabl©4GOQDsM1 only has 1(h reaction time with
nitric acid, but they process a very high degree of oxidation. There are almost 16%
content of C=0 bond and 19% content eC80 structure in GOQDBHI1, which are
highe than those of all the previous GOQDs samples. When the reaction time is
extended to 24, the content of € / C=C bond suddenly increases by 5%, and the
content of C=0 bond decreases to about 10%. Feagdd GC=0 maintain almost
the sameproportion When the reaction time is 48 the GOQDaM3 has a similar
content of the € / C=C, GN and GO bond to GOQD#$12. However, the content of
the C=0 bond rises to 14.5%, and320 structure drops from 19% to 16%.
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Figure4.30. The C1XPSpectrumof the GOQDM.

Table4-9. The carbon bonding composition of the GO®Ds

_ Carbon bonding composition (%) -

Sample C-C/C=C
GOQDs-M1 53.6
GOQDs-M2 58.2
GOQDs-M3 57.2

C-N Cc-0 C=0
3.4 7.8 15.9
3.2 8.6 10.8
3.9 8.4 14.5

0-C=0 0O1s/C1s
19.3 57.4%
19.4 48.0%
16.0 47.6%

The Cls XPS grtra of the GOQDSIL and the comparable sample &3 are

shown in Figure 4.31.Re carbon bonding compositias in Table 410. It could be

noted that the G&7 without adding nitric acid has a less content of oxygeraining

functional groups, such asbout 10% @O bond, 5% C=0 bond and 3%-@-O

structure The GC / C=C retains 81%, revealing that the main structure ofG30s
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still carbon skeletonThe above information is consistent with the FTIR result and
demonstrates that the oxidation effect loé t100 concentrated sulfuric acid on
graphite powder is not strong enouddome hydroxyl or epoxy groups could be
introduced to the graphite sheets. However, the content of the carbonyl or carboxyl
groups is very low. Although the reaction time ist24he trasition from the hydroxyl

or epoxy groups to the carbonyl or carboxyl groups does not take place.
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Figure4.31. The Cls XPS spectrum of GORDs$a)(c) and GEC7 (d).

Table4-10. The carbon bonding composition of GOMDsand GEC7.

_ Carbon bonding composition (%) -

Sample C-c/c=C C-N C-0 C=0 0-C=0 01s/C1s
GOQDs-ML4 57.9 2.1 6.4 17.2 15.7 55.5%
GOQDs-ML5 59.1 3.7 10.6 7.3 19.3 46.0%
GOQDs-ML6 56.9 3.3 5.9 16.0 17.9 54.4%

GO-C7 81.1 0 10.4 5.1 3.4 23.1%
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Compared with the fewer oxygaontaining functional groups of GO7, nitic
acid introduces abundant oxygeontaining functional groups to the GOQDK.
samples, even though the nitric acid dosage was less than the previous one in the
experiment. Just after the hOreaction, GOQD#$/1L4 possesses 17% C=0 bond and
16% OC=0, which are slightly less than those of the GOE\NDE (10 h). But they are
still 3.4 and 4.7 times of those of the &JF. Meanwhile, the appearance of these
oxygenrcontaining functional groups, the content of the carbon skeleton of G Ds
samples drops to abobi8%. There is asimilar phenomenobetweenGOQDsM and
GOQDsML samplesthat is,the ratio of the C=0 bond of the GOQDNY. sample
declines after the 24 reactionput shows the increment after the 48reaction. In the
meantime, the percent of the@/ C=C and GC=0 structuredisgays opposite

changing éncency

From above two batches of the GOQMssamplessome conclusion can be

obtaired as follows:

1. The oxidation effect of sulfuric acid on the graphite was not strong enéargh
Acutt i ngod matrix &§he enaim darbon skeleton remainead a small
fraction of oxygercontaining functional groups (mostly are hydroxyl and epoxy)

appear on the graphite sheet

2. The additional nitric acid made the oxidation process remarkaddyr A large
numberof oxygenrcontaining functional groups emerged, even though only using

1/3 nitric acid dosage.

3. The changing tendency of the percentage

the reaction time.
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4.4.2.30ptical properties

Firstly, the U\WVis spectra of the GOQ®&M, GOQDsML, and GO-C7 aqueous

suspensios are shown in Figure 4.32. It is easy to distinguish that theCG@om

other GOQDs samples. The curve of the-GDhas a peak at 255 nm, which belongs

to °~ to %

t ransi t iWhire othersdrap mbvisustyir thehUV'y

region.The absorbance of the GO7 is much lower than GOQEM and GOQDsML

in the region from 250 nm to 450 nm, but higher after 500Trese differencemay

result fromthe relative complete carbon skeletasf the GOC7, and les oxygen

containing functionagroups also lead to no noticeableoulder peakOn the contrary,

abundant oxygewontaining functional groups absorb lights intensely in the UV region

and still have a shoulder peak near 370 nm, which is assigried tansition of n to

batch of sampl es,
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Figure4.32. U\AVis spectra of GOQD4 (1-3), ML (46) and GEC7aqueoussuspensionrespectively.
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Figure4.33. The excitatiordependent Pbehaviou of GOQD4M (a) M1-10h, (b) M2-24h and (c) M3

48h; GOQDMIL (d) ML4LOh, (e) MLE4h and (f) ML@&8h.

The excitatiordependent Pbehaviou of GOQDsM and GOQDsML samples

under the same concentratios di spl ayed i n Figure

positions of the emission spectra are almost fixed, and the PL intensity rises when the
excitation wavelength is tuning from 450 nm to 470 nm. The emission spectrum from
480 nm excitation startsed-shifting and becomes wide, which could be possible to

deconvolute into two peaks. For each batch, the emission spectra fromhtheattion
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sample look like broader, which may correspond to the much difference in the particle
size. Following the loger reaction time, the particle size becomes close, 6/tthéM

of the emission spectra gradually decreases.

The PL intensity of the emission spectra on different wavelength was paid attention.
Like in previous GOQDs samples, the maximum PL intensityalb the emission
spectra of GOQD# appears at near 530 nm when the excitation wavelength is 480
nm. By comparing this value betwedlifferent samples, one coufthd the various
emission effeat a particular regiorin each batch, GOQDRE¥I2 and GOQDaVIL4,
namely both with 24 reaction time, could emit the strongest PL intensity at around

530 nm (green light).

Meanwhile, some samples could show very close PL intensitieth@n emission
regions For example, GOQDHKI1 and GOQDaML4 possess very clogel intensities
at about 530 nm and 575 nm when the excitation wavelengths are 480 nm and 510 nm,
respectivelyHence, we also could estimate the different emission eftectifferent
colours such as green, yellow and orange, by comparing the PL ityt@tgshe same

excitation wavelength.

In Figure4.34a and4.3%0,470, 510 and 560 nm excitation wavelengths are chosen,
which correspond to emission of green, yellow and oraadeurs respectively and
then the PL intensities for these thoedoursarecompared, with the following features
noted:

1. Forthegreencolour (470 nm excitationthe PL intensity emigd from GOQDaVI
rises firstand then dropgndas aresult the highest value appears inl24eaction
samples. GOQDML samplesshow asimilar phenomenon, but the PL intensity is

relatively higher than that of GOQB4.

2. Fortheyellow colour (510 nm excitationfsOQDsM samples still show the same
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changing tendency as for the gremour GOQDsM1 (10h reaction) has almost
the same intensitysafor its greencolour emission.When the reaction time is
extended, the PL intensity difference between gosdourand yellowcolourstarts
to expand. GOQD#3 (48h reaction) shows obvious reduction in Bleintensity
of the yellowcolouremission. Orhe contrary, GOQDML6 (48 h reaction) keeps
a similar PL intensity to that of GQOEML5 (24 h reaction).

3. For the orangeolour (560 nm excitationGOQDsM samples gradually reduce
the PL intensity when the reaction time increases frorh {B11) to 48h (M3).

However, the PL intensity of three GOQDHR. samples are almost the same.

4. If making the horizontal comparisafthe same reaction timeiX will find that

GOQDsML samples emia stronger PL intensity thaimat of GOQDsM.

(@ (b)
M3 ML6
= s
L M2 & ML5
a
o &
Q 0o
© o}
M1 [ Ex: 470 nm ML4 [ Ex: 470 nm
[ JEx:510 nm [ JEx:510nm
[ Ex: 560 nm [ Ex: 560 nm
T T T T T T T T T T T T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 800
PL intensity (a.u.) PL intensity (a.u.)
o 2.8 2.8
( ) M1 m Em:538nm W Em: 613 nm (d) M1 H Em:539nm B Em: 607 nm
264 M2 @ Em:532nm @ Em: 598 nm 26 M2 e Em:530nm e Em: 596 nm
M3 A Em:529nm A Em: 597 nm M3 A Em:531nm A Em: 597 nm
E 2.4 % 2.4
g | 0= g { .
@ 22470 nm excitation 5 224 470 nm excitation T
2 2
w 510 nm excitation » u 510 nm excitation i
. |
2.0 u 2.0 red shift
— 560 nm excitation - 560 nm excitation
blue shift .
blue shift
18 , , , , 18 T T T T
520 540 560 580 600 620 520 540 560 580 600 620

Emission peak position (nm) Emission peak position (nm)

Figure4.34. The PL emission (green, yellow and orange) intensity under a certain excitation (&) GOQDs
M and (b) GOQEML andhe energy gap and PL emission (green, yellow and orange) peak position under

a certain excitation (¢) GOQDIs(d) GOQDMIL.
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The threecolouremission peak positions under the same excitation wavelength are

studied and displayed in Figure 4.34c and 4.F%4d.GOQDsM samples, when using

a fixed excitation wavelength, all the threglouremission peak positions show blue
shift for the M1 (10h) to M3 (48h). For GOQDsMVIL samples, the emission peak
position also blueshifts for the ML4 (1(h) to ML5 (24h). But the peak position of the
ML6 (48 h) is almost the same or even slightly-sddfts. As we know, the emission
peak position is related to the energy gap between the excited sjaad$he ground
state (9). When the peak position performs blue shiftmeans that the energy gap
becomes largeAccording to the above resules)ongemreaction timegraduallymakes

the peak position blushift, that is, the energy gap becomes wider.

Like in previousGOQDssamplesthe emission spectrum of the GOQBisand
GOQDsML under the 480 nm excitation also could be deconvoluted into two peaks,
as shown in Figure 4.35. For GOQDksamples, both peak 1 and peak 2 positions
shift to a short wavelength. For GOQI. samples, the peak positions start to blue
shift, and then reeshift. Two peaks belong to green and orange colour ranges,
respectively. The results of the peak position changes are consistent with theltabove.
could be noted in Figuré.35h, the change of trend dhe energy gap of the peak 2
(around 56hm region)and the GC=0 structure content of tteOQDsML sample
are quite close.According to the hypothesis mentioned in the previous sedtien,
oxygencontaining functional groups on the GOQDs, especially the percentage of the
O-C=0 structure, woulcchange the energy gap between the excited state and the

ground state, namely shifting the peak position of PL emission at around 570 nm.
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However, GOQD$VI3 sample does not seem to follow this hypothesis. Compared
with that of other two sames, the peak 2 emission wavelength of the GO®IBSs
the shortest, so the content of th&€80 structure should be highest. But from the XPS
analysis results (Table¥0), its content is lower than that of the GOQW2. Because
of the longest reaction tie the carboxyl groups at the edge had been saturated. Some
of them were even reduced to other structures or removed. The formation of the more
complicated structures may reduce the energy gap, so the peak position turns back to
red-shift. This could indiate that there are still othmfluencingfactors that affect the

PL emission of the peak 2.

The quantum yieldesultsof the GOQDsM and GOQDsML for 500600 nm
range are displayed ifable 411 It is noted that the quantum yield of GOQDs
samples cold increasefrom 0.34%to 0.44% when the nitric acid treatment time
increases from 18 to 24h, and it is higher than that of GOQ240.41%) which is
the highestof resultantGOQDsin this work According to the XPS analysis results
(Table 410), the prcentage of the C=0 bonding remarkably reduces from 15.9% to
10.8%. Extending the nitric acid treatment time tod¥8he C=0 content increases to
14.5% again, but the QY reduces to 0.39%. The changes of these two factors are related

to some extent.

In another series of GOQEM, the conclusion about the relationship could be
testified again. For the less nitric acid treatment samples, thee&aktion leads to the
lowest C=0 ratio and highest QY. The changes of QY with the reaction time are the
same. Hwvever, the QY is relatively higher than that of the GO@IDsamples for the
same reaction time. The QY of GOQDHS5 increases to 0.54%, compared to the
GOQDsM2 with 0.44%. This means the use of less nitric acid coaNe a better effect
on producinghe GOQDs with higher QY.
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Table4-11. The quantum yield results of the GOQDs samfitesission range from 5@D0 nm)

| sample | QY| _sample | Qv ____

GOQDs-1 0.32% GOQDs-M1 0.34%
GOQDs-2 0.34% GOQDs-M2 0.44%
GOQDs-3 0.40% GOQDs-M3 0.39%
GOQDs-4 0.41% GOQDs-ML4 0.41%
GOQDs-5 0.35% GOQDs-MLS5 0.54%
GOQDs-6 0.30% GOQDs-ML6 0.40%

4.4.2.4Cell viability and ROS generation ability

In Figure 4.36, modified GOQDsM samples underlbe and green light irradiation
show similar ROS generation abilities to those of the previous GOQDs samples. Under
the blue light irradiation, the absorption intensity of ABDA for all these six samples
could decrease to ~80- 85% while the green light rkas the intensity reduce just by
~2%- 5%. We could find that GOQDBEIL samples produce more ROS than GOQDs

M. UV-Vis results indicate that the absorbance of GO®Dssamples is higher than

that of GOQDsM samples. Higher absorbance means more energy lsewtdnsferred

into the atomic oxygen on the surface of the GOQDs samples, anchékes oxygen

susceptible to radical formation
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Figure4.36. ROS genation of sixmodified GOQD4V samples under (a) 460 nm blue light and (b) 530

nm green light irradiation detected by ABDA.
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Zhouet al'® consideredhatthe oxygencontaining functional groups, especially
ketonic carbonyl groups, are the main factors affecting the ROS generation ability of
GQDs. In this section, the GO7 as a comparable sample also was measured for the
ROS generation ability. Both the twankis of light can only produce a tiny amount of
ROS due to fewer oxygetontaining functional groups. This result indicates that the
oxygencontaining functional groups have a strong relationship with ROS generation
ability of GOQDs.However, the key factdo produce ROS cannot be considered only
from the ketonic carbonyl groups on the GOQDs from the results in this work. XPS
analysis has revealed the composition of the oxyggemaining functional groups.
GOQDsML5 has a relatively low concentration of O=bonds, but it performs a
similar ROS effect to that of GOQBEML6. Carboxyl groups (COOH) also have C=0
structure, which could not only provide electrons to make oxygen become superoxide

anion, but also supply hydroxyl radicals.

From the above result§OQDsMLS5, which was prepared following a modified
method and less nitric acid dosage, exhibits bettebdPlaviourand ROS generation
ability. Therefore, GOQD#IL5 were also chosen to undergo cell viability tests. As
shown in Figure 4.37 the cell viabilitslightly decreased to ~80% when the
concentrations of GOQDs is not higher tftaB mg/mL, showing that GOQDML5
also have almost no influenom Hela cells and indicate the biocompatibility of the

nanoparticles.

92



Il GOQDs-ML5

100 +

80

60

40 4

Cell Viability (%)

20

0 0.01 0.02 0.04 0.06 0.08 0.1 0.2 04 06 08 1

Concentration (mg/ml)

Figured.37. Cell viability of Hel cells incubated with different concentrations of GO®IDS.
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4.4.3Summary

In this section, sixGOQDsM samplesvereprepared following thenodified method.
Sulfuric acid wadirst used to iteat the graphite powder in order to geercalated
graphite oxideThe BSQs moleculeor HSQy ions insertedinto the layersA greater

layer spacing made graphite sheets sepaftadently by the 100 heat.Meanwhile,

the strong oxidizing HSQ: molecularalso help oxidize the graphite sheet. A small
amount of oxygestontaining functional groups appeared during the sulfuric acid
treatment, mainly hydroxyl and epoxy groups. Aftert24nd 100 sulfuric acid
treatmentthe epoxy groups on the graphite sheets were easily attacked when the high
concentration nitric acid was added. Therefore, the smaller size and high oxidization

degree of nanoparticles were obtained even using the less nitric acid dosage.

The structure and the changes of different carbon ohthe modified GOQDs
samples aranalyedto study the effect of the reaction time and nitric acid dosage. PL
properties are primarily investigated. The excitatiimpendent PLbehaviouy
especial the threecolouremission peak positionandPL intensity are compared and
discussed. Quantum yield results can increase to some extent. Modified GOQDs
samples still have very good ROS generation ability under blue light, and show weak

influence on theells.
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4.5 Conclusion

In this chapter, three sections are designed to study the GOQDs step by step. In the first
section a single kind of GOQDs was prepared followed reported method with some
changes and then examined from the structure to the prop#rtiee.second step, six
different samples were prepared by varying the reaction time and temperature. By
making a comparison among these samples, the changes of the structure and the
relationship between the structure and the optical properties (maifigHlviouy are
investigated. In the last step, the experimental procedure was further revised. Two kinds
of strong acid were separately added in order. The mechanism of the oxidation process
and the role of these two types of acid were tried tex@aina. The modified
procedure could take advantage of the high concentration sulfuric acid to separate, cut
and partially oxidize the graphite powder first, then more efficiently oxidization
occurred after adding the nitric acid. Less acid dosage also cegdrprGOQDs with

good PL propertiesSome samples have higher quantum yield or better ROS generation

ability.
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4.6 Supporting information

1. QY of GOQDs
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Figure 9. (a) - (f) Plots ofntegrated PL intensity of GOQD$o GOQD$ and fluorescein (reference

standard material) as a functionatfsorbance at 470 nm and relevant raw data.
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Figure 2. (a)- (f) Plots of integrated PL intensity of GO@DGOQDML and fluorescein (reference

standard material) as a function of absorbance at 470 nm and relevant raw data.
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5 Hydrothermal treatment of graphene
oxide quantum dotsand the regulation of

their photoluminescence properties

5.1 Introduction

Several series of GOQDs samples were successfully prepared followed the modified
chemical oxidation method by changing the reaction condition and procedure step.
GOQDs have abundant oxygenntaining functional groups and they mainly show PL
emission range of green and yellow colour. The size of the GOQDs is arodrd 70

nm, which is relatively larger than oth€Ds reported in the literatufé’’1?

For reducing the size of the GOQDs and studying the thermal stability of different
oxygencontaining functional groups, hydrothermal hed was used to further treat
the GOQDs samples. As mentioned in some publications, the hydrothermal method has
been used to prepare GQDs from graphene dxilé€38Due to the harsh agtion
condition (high temperature and high pressure), the graphene oxide sheets could be cut
to smaller sheets easily. Meanwhile, the reduction effect of this method also will remove
or reduce some oxygeaontaining functional groups. After the reactiospme
precipitatecould be seen in some work, which means the oxggemaining functional

groups are all removed.

The generated GOQDs, which were prepared by the modified chemical oxidation
method in Chapter 4, have more oxygmmtaining functional gngps than graphene
oxide sheets. Considering that the size in diameter of some GOQDs is still large and
not uniform, the object in this chaptertaking use of the hydrothermal method to
reduce the size and get more nanodots. Enough amount of exgg&ming functional

groups make sure that the treated GOQDs can remain well disperse in water after the
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reaction. Not only will the size be smaller, but also the treatment could remove some
oxygencontaining functional groups. Different hydrothermal treatnoaniditions are

set to prepare different sampl@scording to the reported publicatiofrs,®110:128,130,184

180 and 200 are the common parameter of similaydrothermal methods
Considering the temperature limit of the heating oven and the expected differentiation
of results, 180 and 240 with three different heatingrtie (3h, 6h and 12h) were
chosen to mparesix new series of GOQDH. Characterized and analyzed new
samplesBy comparing their difference in structure and PL properties, the mechanism

of PL in GOQDs can be analyzadd summarized
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5.2 Experimental procedures

In this chapter, graphene oxideantum dotswere first preparedas raw materials

following the basicchemical oxidationmethod mentioned in theChapter4. The

reaction temperature wd90

and the reaction time wasl h. After the saltswvere

removedvia dialysis GOQDs aqueoususpensiomwith a concentration of abot2

mg/mL was obtainedThe GOQDs aqueousispension60 mL) was transferred to a

polytetrafluoroethylendined pressurisingressel(150 mL) and heatedh the ovenat

180 or 240 for 3h, 6h or 12h, respectivelTable 51). After cooling to room

temperature, the suspensiwas filteredthrough a 0.2Z m

nyl on

me mbr ane.

filtered suspension was freedeed to obtain pdially reduced GOQD$1 powder.

Table5-1. The reaction condition of six GOGHDsamples.

SamplelD Heating temperature Heating time/ h
GOQDsH1 180 3
GOQDsH2 180 6
GOQDsH3 180 12
GOQDsH4 240 3
GOQDsH5 240 6
GOQDsH6 240 12
GOQDs Raw material

H means hydrothermal treatment.

104



5.3 Results and analysis

5.3.1Morphology

The AFM images of partially reduced GOQBsobtained with 180 heating
temperatureare shownin Figure 5.1 and the diameter is also chllted by the
NanoScope software, as shown in Tabz Bor the raw material GOQDs, the size in
diameter is around 53.5 nm and height is about 1.4 nm. The results and irregular shape
feature of this batch are quite similar to those of the GOQDs mentionie ifirst
section of chapter 4. Under the 180heating temperature in the pressurising vessel,
GOQDsH1 with 3h reaction time seems not to have a noticeable difference in diameter.
The big particles size slightly reduces and the average diameter is about 52.5 nm, which
is almost the same as the r@®@QDs. Increasing the heating time th,8he diameter

of the GOQDsH2 samples is around 35.6 nm. The size becomes smaller and more
uniform, and the shape changes to be rourat. the sample with 1R heating, the
average diameter continues to decreasgdand 25 nmHowever,some big particles

still could be found in the image. Due to the limit of the calculation by AFM software,
the small size particles (less than 10 nm) are difficult to measure, but these tiny dots

could stillbe easily noticeth theimages, especially for GOQBE42 and H3.

Table5-2. The diametepnf the GOQDS! (1803 ). Unit: nm.

mean standard dviation | maximum
GOQDsH1 52.5 32.9 108.2
GOQDsH2 35.6 16.6 72.6
GOQDsH3 25.2 12.2 70.3
GOQDs 53.5 22.3 118.6
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The AFM imagesind diameteof other thregoartially reduced GOQDBI samples
obtained with240  heating émperatureare shownin Figure5.2 and Table E3.
Different from the H1 sample, GOQBE# also just have 3h heating time, but the
diameter remarkably decreases to 41.6 Tine maximum size ohe generated dots is
just 69.7 nm, which is almost half of the maximum size of the raw materials. For 6
and 12h heating time, the cutting effect is more apparent and it can be reflected from

the diameter result3he average diameter is 25.6 nm and 180 respectively.
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Figure5.2. The AFM images of the GO@%s(2403 3 h), H5 (248 6 h) H6 (248 12 h)and raw

material GOQDs. Scale: Scale:¥2> Y

Table5-3. The diametenf the GOQD#sI (2403 ). Unit: nm.

mean Standard dviation | maximum
GOQDsH4 41.6 20.7 69.7
GOQDsH5 25.6 14.4 63.9
GOQDsH6 18.9 12.4 48.5
GOQDs 53.5 22.3 118.6
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Like many other publication$;18318186the AFM results in this fapter also
demonstrate that hydrothermal treatment is a way to cut the graphene nanoparticles
further. In this work, the different heating parameters were set to prepare different
samples for making a comparison and studying the cutting effect. For 18bort
heating time does not show much effédwevermore than & heating timecanlead
to the apparent changes. For 240 higher temperature makes the cutting effect more

efficiently, so just 3nh was enough for some large size dots to crack intoesntades.

The hightresolution transmission electron microscope {HEM) images of two
GOQDsH samples (Figure 5.3&.3d) indicate that the high crystallinity of the lattice
spacing of 0.21 nm is consistent with that eplane lattice spacing of grapne, which
is similar to those of many other reported GOQDs. Especially, hixagonal
honeycomb structuremd crystalline lattice are clearly visible in ticular and square
markings of Figure 5.3b, 5.3c and 5.3d. However, the similar crystallinéocar
structuresre not easily seen the image of the raw material GOQDs (see Figure)5.3e
which may be due to the higher content of the oxygmmaining functional groups on
the basal plane. After hydrothermal treatment, some of the og@®aining
functional groups on the basal plamere reducedso that the crystalline carbon
structure coulde restoredTherefore, thdnexagonal honeycomb structuresulting

from original graphene carbon skeleton structure could be displayed again.
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Figue 5.3. (ab) HRTEM images of GOQ@iBobtained with 188 and 12h; (cd) HRTEM images of

GOQD4H4 obtained with 248 and 3h; () HRTEM image of raw material GOQDs.
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5.3.2Structure

In Figure 5.4, two sets of GOQEH samples of the FR spectra (drothermal
temperature: 180 and 240 ) were compared withhe raw material GOQDs,
separatelyWhen the hydrothermal temperature is 18Qthe FTIR spectrum almost
has noobvious change(see Figure 5.4a)compared to rawmateria] except the
transmittance intensitgf the peaks a2936,1333, 1245 and 879 cinThe peak at
around 1245 cm could be attributedo the epoxy groups (O-C). With increasing
reaction time, the transmittance intensity of the peak is reducddaitg which may
correspond to the loss of epoxy groups under hydrothermal treatment. In the meantime,
the transmittance intensity of the peaks at around 2936, 1333 and 878ecome
stronger with extended the reaction time. 2936 and 879ksong toC-H stretching,

and 1333 cm band comes from © stretching. From the changes of these bands, we
can find that hydrothermal treatment at 180can partly change the structure. Epoxy

groups and carbon skeleton could be cut, which leaves mét®IGC-O stuucture at

the edge.
(@) 2936 (b) 2932
1131
1005
8 8
£ £
2 2
o 8
[ [
—— GOQDs —— GOQDs
—— GOQDs-H1 180+ 3h —— GOQDs-H4 240+ 3h
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—— GOQDs-H3 180+ 12h —— GOQDs-H6 240+ 12h 900-600
;
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Figure5.4. FTIR spectra of the GO@Dsamples obtained with heat treatment at (a) 380and (b)
2403 .

When tle hydrothermal tengrature is 2@ |, the FTIR spectrunof showsthe
obviousdifferenceafter 3 h hydrothermal treatmer{see Figure 5.4b)The peak of

carboxylic acids (COOH structure) at 1710 “trshifts to about 1730 crh which
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correspond to the ester (COO structure)The peak of epoxy group at 1238n*
disappears, and the peak e0Cstretching at around 138611 becomes stronger, which
again demonstrates the epoxy groupsO{C structure) couldbe splitto C-O structure
by hydrothermal treatment and a higher tempeea{@d0 ) has a more apparent
splitting effect. Besides, <€l stretching at near 2936n?, 1005cm™* and the region of
900600 cm! becomes more noticeablélhe stronger spling effect by the

hydrothermal treatment could also explain these changes

High-resoltion scans of C1s dlie six GOQDsH samples have been cusfiged,
andthe resultare shownn Figure 5.5Even though the GOQDs samples were treated
in the pressurising vesseind partly reduced, all GQOB4$ spectra still could be
deconvoluted into thse peaks, including-C/C=C 285 eV), CN (~285.6 eV), GO
(~286.6 eV), C=0 (~288.2 eV) andCx=0 (~289.0 eV)The XPS results demonstrate
that the oxygeftontaining functional groups still exist on the surface or at the edge,
which is consistent with thprevious FTIR results. The values of the different oxygen
containing functional structure of the six GOQBsamples coultbe foundin Figure

5.6 and Table 8.
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Table5-4. XPS data analyses of the C1s spectra of the GBG&sples.

Carbon bonding composition(%)

Sample | C-C/C=C C-N C-O C=0 O-C=0 | 019Ci1s
GOQDs-H1 60.6 4.1 134 9.7 12.2 39.2%
GOQDs-H2 63.2 3.8 13.0 9.6 104 37.8%
GOQDs-H3 65.5 2.3 10.0 17.5 4.7 37.2%
GOQDs-H4 63.2 1.9 11.0 16.0 7.9 48.2%
GOQDs-H5 62.5 1.8 10.8 18.0 6.9 51.2%
GOQDs-H6 60.6 1.4 10.4 19.6 8.0 53.5%

When tte hydrothermal temperature isQL8 , the content of the carbon matrix-(C

C/C=C) of all three samples is more than 60#ich is higher than that of the GOQDs

and GOQDaM samples in the previous chapter (all are between 57%6@%g. With

the increase of the hydrothermal treatment time fromt8 12h, the content of the

carbon matrixises from 60.6% to 65%. In the meantime, the reduction effect of the

hydrothermal treatment coulek reflectedn the ratio of the Ols and CIEhe O1s/C1s
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ratio of the raw GOQDs sample is about 5080 and 3h treatment make the value
decrease to 39.2%, and become lower when the treatmeis éxtened The changes
of the above mentioned two values cob&lexplainedy the removal of thexygen
containingfunctional groupsBesides, the carbon band composition between the
carbon and oxygen changes when the treatment time increases frdm I2h. To

summarize for setting the temperature at 180

1. C-O bond. FromGOQDsH1 to GOQDsH3, thecontentof C-O bondsslightly
decrease from 13.46 to 130% and 10.%. According to the FTIR results, the
decreasing content could be considered as the epoxy gouggepoxy group is
easy to split to €, as previouslynentioned the FTIR analysi$he remaining

content could be the-OH structure.

2. O-C=0 stucture. FromGOQDsH1 to GOQDsHZ2, the content slightldecreases
from 12.2% to 10.%, and sigificantly decrease to 4% when the treatment time
increases to 1 (GOQDsH3). The above information means thatG2O
structures are more stable and need rtresmentime or a higher temperatute

be reduced or broke than epoxy groups.

3. C=0 bonds. From GOQBH1l to GOQDsH2, the contentremains almost
unchangedHowever, GOQD443 sample has about 17.53% C=0 bonds, which is
almost double of that of the GOQIPEL or GOQDsH2 sampleThe changes trend
of the C=0 bonds with the reaction time is just opposite to that of =@

structure.

From the abovanalysis, we could draw some conclusion8® hydrothermal
treatment effectDue to the high temperature and pressure irpthssurizingressel
the oxygencontaining functional groups on the surface and at the edge could be

partially removed. The carbon matrix remains, and its contestwitiealongerperiod
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of treatment timeThe maximum content of carbon matrix isiZreatment timeThe
epoxy groups are not stalde180 and could be quickly removed in short treatment
time.The GC=0 and C=0 structures are more stablerefore, longeréatment time
(more than @) is needed to transform the majority ofG3O structure transform to

the C=0 structure.

When the hydrothermal temperature is®4 , the content of the carbon matrix-(C
C/C=C) of all three samples @somore than 60%Whenthe treatment time is B,
GOQDsH4 has 63.2% carbon matrix, which is higher than that of the GEHID&80
3 h). A higher hydrothermal temperature makes the reduction effect more efficiently.
With the increase of the hydrothermal treatment time framt@12h, the content of
the carbon matrixlecreaseffom 63.2% to 8.6%, which is opposite to theariation
trend of that of the 180 hydrothermal treatment sample$o explain this
phenomenn, we could also consider the size of the nanoparti€las. tothe higher
hydrothermal temperature, the cutting effect is much more appareithe size of the
nanoparticles is much smaller than that of the samples avithwer hydrothermal
temperature. The large raw nanoparticle sheet is cut into several sncal.pidne
cutting effect of the 3 treatment has been already quite apparent. Aften612h
treatment, the size of thanoparticle sheets muchsmaller The oxygercontaining
functional groupsstill exist at the edge. Therefore, the ratio of theboar matrix

gradually decreases.

The changes of the carbon bonding composition between the carbon and oxygen

with the increase of the treatment time frorm ® 12h at 240 are summarized as:

1. C-O bond.The content of the © bond in GOQD4H4 (3h) is @out 11.0%, which
is lower than that of the GOQB41 (180 3 h) and is quite close to the value of
the GOQDsH3 (180 12h). When more treatment time is used, the content would

slightly decreaseAs mentioned in thpreviouspart, the epoxy groups aretrstable
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underthe 180 hydrothermal treatment. Therefore, 240is able to cut the epoxy
groups more quickly. 8 hydrothermal treatment time could be enough, and the

effect is almost the same as thehlzeatment with the low temperature.

2. O-C=0 struture. Different from the high content of the GOQB% and GOQDs
H2, the GOQD=H4 has just 31 hydrothermal traanent time, but only leaves 2®
contentof O-C=0. From the above comparison, we can draw a conclusion that the
O-C=0 structure is much stald180 and more treatment time (such as longer
than 6h) is needed to change it. However, it is easy to be transformed or removed

at240 and short treatment time (likeh3 would be enough.

Another two samples withlonger treatment time have a simitamient of GC=0.
GOQDsH6 sample still has 7% contentof O-C=0, which is higher than that of

the GOQDsH3. The value we expect should be lower. This could be explayed

the factthat the more new edgappeared after the carbon matied beercut into

small sheetsIn the meantime, the new edge is the defect part, which is easy to be
oxidized to the new GC=0 structureundera higher temperature ana higher
pressureSo the content of the GOQM6 (12h) is even higher than that of the
GOQDsHS5 (6h).

3. C=0 bond. When the hydrothermal treatment time is only, 3he contenof C=0
significantly increasgto 16.0%, which is muchhigherthan that of the GOQDHI1
(180 3 h) and is quite close to the result of the GOIE(180 12 h). With
increasingthe reatment timdo 6 h, thecontent could continuously rise to about

18%.

From the above analysis, we coutilaw some conclusian for the 240
hydrothermal treatment effect. Due to the higher temperature and higher pressure in the

pressurizingvessel the cutting effect on the carbon matrix is more apparent, and the
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size of the nanopatrticles is much smaller. Meanwhile, tEHGtructure coming from

the attacked epoxy groups or the new edge from the snmali@particle sheetsut
from, the bigger carbonmatrix could become new defect parts, where are more
straightforward to be oxidizedt 240  high temperaturén the pressurizingvessel
The240 and3 h hydrothermal treatment effect is quite close to the results of the

sample with180 and 12h treatment.

Compared with the GOQDs and GOQBMIssamples in the last chapter, we could
find the most obvious variation of the structure of the GO@Dsamples after
hydrothermal treatment is the higher contents of the carbon matrix and C=0 structure.
These changes of the structural composition would affect the PL properties, and the

details would baliscussed later.

As shown in Figure 5,7he nitrogen bonding composition is also investigaaad,
all GOQDsH samples still consist of two main peaks, including pyridiiat around
399.8 eV and quaternaly at about 401.2 eV. Quantitative analysishaf atomic ratio
of (N1s) / (C1s) and the nitrogen bonding composition are displayed in Figure 5.8 and
Table 55. From the above -G content and the N1s/O1s ratesults, we could find
that GN bond is nostableand easy to break under the hydrothenmegtment. Besides,
compared with the GOQDs samples, th&l ®onding composition occurs to change
after hydrothermal treatment. The content of the pyrielfsiacreases up to over 92%,
and even to 95% if the hydrothermal temperatu2d@® . Therefore, the nanopatrticles
have less quaternaty structure. We could speculate that the quaterNasyructure is
less stable than pyridinid under hydrothermal treatment, and it is easier to break to

cut the carbon matrix.
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Figureb.7. (a)- (f) Highresolution XPS1$ spectra of the GOQbksamplesrespectively.
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Table5-5. XPS data analysestié N1s spectra of the GOQHssamples.

Nitrogen bonding composition (%)

Sample Pyridinic-N QuaternaryN N1gCls
GOQDs-H1 927 7.3 4.1%
GOQDs-H2 93.4 6.6 3.8%
GOQDs-H3 93.6 64 2.2%
GOQDs-H4 94.1 59 1.%
GOQDs-H5 96.6 34 1.8%
GOQDs-H6 97.1 2.9 1.8%
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5.3.30ptical properties

Figure5.9 shows @hotograph of the GOQBIH aqueous suspensions at 0.125mig/
Compared with the raw GOQDs sample, GOEHs shows lighter yellow colour.
From H1 to H6, the colour is changed from light yellow to almost transpadteclarity
demonstrates that the dispersion of the GO®IDI water is still very good. After two
weeks, a tiny amount of the precipitate could be seen in GE{¥Iand H6 aqueous

suspensions.

Figure5.9. TheGOQD41 aqueous suspension8.125 mgmL).

The U\AVis spectra of the GOQBEd samplesaqueous suspensi@ne shown in
Figure 5.10 When the hydrothermal temperature is 180 the curveshape of the
GOQDsH sampless similar tothat ofthe raw GOQDs sample, but the absorbance is
slightly lower. Compang these three samples, the whole absorbance would decline
with increasing hydrothernhdreatment time A weak shoulder absption peak at
around 370 nm, which is attributed tothé f  t r afrthe CN, C-© or C=0 bonds,
is still obvious in all three samples. When the hydrothermal temperature is 24
the treatment time is justl3 the absorbance of the GOQBl suddely decreases.
The long treatmentrhe makes the samples show labasorbancdJnlike theshoulder

absorption peak appeaag at around 370 nm in the raw GOQDs sample, these three
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GOQDsH samples obtained with 240 have a visible broad absorption peak at
approximately 300 nmin chapter 4, we speculate that the-shdft of the shoulder peak

from 300 nm to 370 nm results from the increasing amount of delocalization due to the
substantial oxidatiorin this chapter, hydrothermal treatment provide®rtain dgree

of reduction effegtwhich removes some oxygeontaining functional groups and
reduces the size of the carbon matrix. Therefore, the amount of delocalization is less,

and the shoulder peak returns back from 370 nm to 300 nm.
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Figureb.10. UV-Vis spectra othe GOQD#1 samples obtained with (a) HT: 180 and (b) HT: 24@®

agueous suspensisnrespectively. The concentration is 0.125nmig/

The excitéion-dependent Plbehaviourof GOQDsH samples under the same
concentration are displayed in Figure 5.11. By comparing with the raw GOQDs sample,
the PL behaviour of GOQDH is quite different, especially for the shift of the
maximum emission peak. For thaew GOQDs sample, the maximum emission peak
usually appears at around 530 nm when the excitation wavelength is 460 or 470 nm.
However, after hydrothermal treatment, the GO@Dsamples produce the strongest
PL intensity at around 440 nm when the excitativavelength is 320 nm. The
difference of thé®L behaviour could correspond to the changes in the structure of the
GOQDs due to the high temperature and high pressure under the hydrothermal

treatment.
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Figure5.11. The excitatiordependent Pbehaviar of (a}(f) GOQD$1 and(g) raw materials GOQDs; (h)

the emission spectra of GOQBsand GOQDs excited by 470 nm.
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For all six samples, the PL behaviour is quite similar. To study the PL behaviour
clearly, the results will be divided into four parts é@ $he changes. When the excitation
wavelength is tuning from 300 nm to 360 nm, the emissjmeak position iglmost
fixed at the violet colouregion(420-470 nm). The PL intensitgraduallystarts to rise
firstly, and then to decrease. The maximum Ptensity of the emission spectrum
always appears when the excitation wavelength is 320 nm. When the excitation
wavelength is from 380 nm to 420 nm, the region of the emission spectrusitshift
470500 nmregion which belongs to the blue coloamd theemission spectra are much
broader. When the excitation wavelength is from 440 nm to 480 nm, the emission
spectrum continugto redshift to the green colour region (5280 nm). The last part is
the yellow colourregionat around 570 nm when the excitation ei@ngth is 500nm

or 520 nm.

As mentioned in the previowhapter, the PL spectrum of the GOQDs could be
deconvoluted into two peaks, and one of them at around 570 nm is related to the
oxygencontaining functional groups on the GOQDgrimarily as a resulof the
presencef the OC=0 structure. Wheaxcited by 470 nm, the emission spectra of all
the samples are shown in Figigd1lh The range at around 575 nm still neéal be
noticed. It could be easily found that raw materials GOQDs and G&QQ80 )
have weak shoulders at around 575 nm. However, when the hydrothermal temperature
is 240 , there is no apparent peakthat range. Consideriripe low content of the
O-C=0 structure of the GOQBEd (240 ), this result could testify again that the

yellow colour range at about 575 nm is relatethesG-C=0 structure.

By comparing these six samples, we can find that trend of the emission
spectrum changes with the excitation wavelength is quite similar. However, the
emission intensity and the peak sgmns change. Therefore, four excitation
wavelengths (320, 380, 460 and 500 nm) are chosen to excite the samples, and four

emission wavelengths with the maximum PL intensity belonging to four colour regions
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are obtained and analyzed, as shown in Figu2.5

When the hydrothermal temperature is 180the four excitation wavelengths can
achieve violet, blue, green and yellow colours, separately (see Figure 5.12a). Among
these four colours, the PL intensity of the violet colour is the maximum, whatioig
3-5 times stronger than other colours. With increasing hydrothermal treatment time to
6 h or 12h, the PL intensity of blue, green and yellow colours just slightly enhances.
However, the violet colour under 320 nm excitation wavelength significantly
strengthens its PL intensity, which is over 10 times stronger compared to the PL

intensities of other colours when the hydrothermal treatment timehs 12

When the hydrothermal temperature is 240, the same four excitation
wavelengths can lead to emission of violet, blue, and green colours, sepdragely.
emission spectrum at the excitation wavelength of 500 nm mostly belongs to the green
area instead of the yellow colourhe PL intensity of theviolet colour is still the
strongest, which is about 23 times stronger than others when the hydrothermal treatment
time is 3h. Different from the HIH3 samples, the PL intensity of all the colours would
decreases with prolonging the hydrothermal treatntieme. In particular, the green
colour of the GOQD416 sample is very weak.he reason for the weak intensity is
related to the specific hydrothermal treatment. 24@an deeply change the structure
of GOQDsH, resultingin the weakening athe green colour PL emissiofhe details

will be discussed later.
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Figure5.12. The PL emission (violet, blue, green and yellow) intensity under a certain excitation (a)

GOQD44 18008 and (b) GOQDH 2400 .

From the above results of the PL intensity, the two batches show different
tendencies, which could partially explained byieecting with the previous structure
analysis. For example, the violet colour may correspond to the carbon matrix. If this is
the case, the content of the carbon matrix will affect the PL intensity of the violet colour
region. To demonstrate this inferenttee content of the carbon matrix and violet colour
PL intensities are analyzed together in Figure 5.13a. The maximum PL intensity of the
emission spectrum excited by 320 nm increases when the carbon matrix content of the

GOQDsH samples under 180 hydrothermal temperature rises. The same trend

happens forthe240 s ampl e batch, as shown in Figure
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Figure5.13. The maximum PL intenséycted by 320 nm and the carbon matdantent ofthe GOQDs

Hsamplesunder (a)l80 6 and (b) 2400 .
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In Figure5.14, 320, 380, 460 and 500 nm excitation wavelengths are used, which

126

550
Emission peak position (nm)



correspond tthe emission ofiolet, blue, green, and yellow colougienrespectivéy.

The maximum PL intensity of the emission spectruaissshown in Figuré.14. The
corresponding energy gap could be calculated and compared. In the same batch, we can
find that the peak positidolue-shifts when thehydrothermal treatent timeincreags

from 3 h to 12h. Therefore, the energy gap between the excited state (S1) and the
ground state (S0) becomes larger. If making the comparison between the samples with
the same hydrothermal treatment time, we can find that the sampleheithigher

hydrothermal temperature hashorter emission wavelength, thatasgreateenergy

gap.

Higher hydrothermal temperature and more prolonged treatment time remove more
oxygencontaining functional groups. It could be considered that thethvidf the
excited state (S1) should depend on the content obxiigerrcontainingfunctional

groups. The less content makes the width nagroand sahe energy gamcreases.

The quantum vyieldesults for 406600 nm emission rangef the GOQDsH are
displayed inTable 56. Compared with the reference standard mat@uahine Sulfate
the GOQDsH samples have a quantum yield of abee”, which is much higher than
that of the raw GOQDs materials (<0.05%) and is similar to some publications
results?>1°118"\When the hydrothermal temperature is 18Qjust 3h treatment time
could significantly raise the quantum yield to 2.14W%dith the extension of the
treatment time, the quantum yield could be up to 3.20%)(6r 4.15% (12h). In
contrast, the highest quantum yield result for the batch witl248e hydrothermal
temperatureis about 5.15% when the hydrothermal treatment time s Blore

prolonged time would make the value lower.
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Table5-6. The quantum yield results of the GO@Dsamplesexcitedby 320 nmexcitation(Emission

range from 406600 nm)

GOQDs-H1 2.14% GOQDs-H4 5.15%
GOQDs-H2 3.20% GOQDs-H5 4.22%
GOQDs-H3 4.51% GOQDs-Hé6 2.99%

The quantum yieldesults for 506600 nm emission rangaf the GOQDsH are
shown inTable 57. Compared with the reference standard maté&tiadresceinthe
GOQDsH samples have a quantum yieldaifout 0.44% to 2.35%, which is again
higher than that of the raw GOQDs materials (~0.409%hen the hydrothermal
temperature is 180 , 3 h or 6h treatment time just slightly raise the quantum yield to
0.44% or 0.59%. The longest time A2ad to the highest value of about 0.9%¥hen
the hydrothermal temperature2d0 , just 3h treatment time could significantigise

the quantunyield to 2.3%%6. Longer treatment time also makes the quantum yield lower.

Table5-7. Thequantum yield results of the GOQBsamplesexcited by 470 nnexcitation Emission

range from 506600 nm).

| sample | Qv | Sample | Qv ___|

GOQDs-H1 0.44% GOQDs-H4 2.35%
GOQDs-H2 0.59% GOQDs-HS 1.31%
GOQDs-H3 0.94% GOQDs-Hé 1.01%

From tre above results, we could find that the quantum yield results for both 400
500 nm and 50800 nm rangeof the GOQDsH have significantly increased, and the
trend under the different hydrothermal temperawith the changes of the treatment
time isthe sme. The hydrothermal treatment could remove soxygericontaining
functional groups and increase the content of the carbon matrix, which has sp
hybridization structurelt could be considered that relatively moré& bgbridization

structure could helpncrease the quantum yield. Besides, the impact of the 240
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hydrothermal treatment is relativelygherthan that of 180 . However, perhaps due

to less content of the COOH groups, the dispersion stability of the GOIIR40 )

is not as gootbr the GOQDsH (180 ). Thevery highconcentratioaof the GOQDs

H (240 ) could not be prepared. Therefore, even though theydhbe#ger quantum
yield, the PL intensity under the same concentration is not stronger than that of GOQDs

H (180 ).
5.3.4Mechanismanalysis

It could be considered that relatively moré Bgbridizaion structure could provide

more frouteso, whi ch c¢an feedekcited byrihe light, el ect r
the electrons in the ground state would |
transition. D u ée efficienay of the tnaditiores Uetveeanddifferent

energy levels would riselThe emission spectra rg@ depends on the excited state
According to the previous analysis and hypothesis, the mechanism of the PL behaviour
of the GOQDs and GOQBEM is shown in Figure 5.15. G1 states ag hybridization
structure in carbon matrix. G2 states are C=0 structure, such as aldehyde or ketone

groups. G3 states are@=0 structure, such as carboxylic acid or ester groups.

Before hydrothermal treatment, GOQDs have relatively more oxggetaining
functional groups and less carbon matrix witR lspbridization structure. Therefore,
when excited by 320 nm, the electrons would jump to the higher energy excited states.
Due to the less content of the@C=C structure, the G1 statis relativelynarrow, so
fewer electronsould drop back to the G1 statesd goviathe R1 routeWhen excited
by 470 nm, the electrons could jump and drop back G2 or G3 states. Due to the
relatively more content of the C=0 structure, the electrons prefer to dro2®states
to ground stateia the R2 route. Therefore the emission spectrum has a maximum PL
intensity at around 530 nm. Meanwhile, some electrons could drop to the G3 states and
emit around 575 nm light when they arging the R3 route back to the growstdte.

(See Figure 5.15a)
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Figureb.15. The mechanism of PL behaviour of the GOQDs (a) and GOQDs

After hydrothermal treatment, the structure and the ratio of the oxygataining
functional groyps of the GOQD4 alter, so the width of the corresponding states also
changes, as shown in Figure 5.15b. The increasing of the content of the carbon matrix
results in the wider of the G1 states. When excited by 320 nm, more electrons could fall
in the Glstates and go down to the ground stai@the R1 routeThe G2 stateBecome
wider because some epoxy andCB0 structures arehangeto the C=0 structureso

the quantum yield for the green colour range is obviously increasing. The content of the
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O-C=0 structure reduces, which affect the G3 states. Fewer electrons drop in the G3

states, and only weak yellow colour light could be emitiadhe R3 route.

Actually, the mechanism of Phehaviouris much complicatedl he ecited states
of different functioal groups usually overlapand the routes of the electrons between
different energy levels are diverse. The PL behaviour is affected by many factors at the
same time. Each kind of structure is analysed and simply processed so that the

mechanism could benderstood more easily.

5.3.5Cell viability and ROS generation ability

The investigation othe photodynamic therapy (PDT) effect of the GOQDsvas
carried out in the same condition as the characterization in previous chapter. As shown
in Figure 5.16a, afte24 h incubation, the Hed_cell viability slightly decreased to 75%
when the concentrations of GOQBIS increased to 0.8 mglL, which could indicate

that the GOQD443 sample also has almost no influence on the cells and have a

potential in the biocompatiliy of the nanoparticles.
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Figure5.16. (a) Cell viability of Halcells incubated with different concentrations of GO®Bgb) ROS

generation of GOQEBEHM3detected by ABDA.
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The 'O production of GOQD413 was measured by the same method mentioned
above with ABDA as an indicatoandthe results were shown in Figure 5.16b. After
irradiated by the 365 nm light for 10 min, the absorption of ABDA for GO®BsRB,
and PPIX decreased to about 86%, 6786d 91%, respectively. GOQDBH3 show
much quicker dcline rate than PPIX, astbwerthan RB.This result demonstrates that

GOQDsH3 alsohave the better RG§enerating ability.
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Figure5.17. ROS geeration of the GOQEH samples under (a) 460 nm blue light and (b) 530 nm green

light irradiation detected by ABDA.

In Figure 5.17ROS generation of the GOQBssamples under 460 nm blue light
and 530 green light irradiation is displayed. Compared with the raw material GOQDs,
the ROS generation ability of GOQbssamples is apparently reduced. This could be
explained by the less content of the oxygemtaining furtional groups due to the
hydrothermal treatment. GOQ45 and H6 have relatively lower ROS generation.
According to the analysis in the previous chapter, carboxyl acid groups may be the main
factor to determine the ROS generation. Considering that treewwearformance of the

dispersion stability, it could be attributed to the same reason, that is, the less content of

the COOH groups.
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5.4 Conclusion

In this chapter, the GOQDs as raw materials are further treated by the hydrothermal
method. Different temperatel and different treatment time are set to compare and
analyse the effect on the GOQDs structure and PL behaviours. Firstly, the difference of
the hydrothermal temperature would affect the changes ofoxygencontaining
functional groups. Lower temperatuat 180 can have apparent changes when the
treatment time is long enough. Higher temperature at 240uld cut the nanopatrticles
much more quickly, and are groups would be reduced or removed within a short
period. Some publications used a similar moet and got GQDs samples, which were
almost totally reduced and maygercontainingfunctional groups were left. However,

the most samples prepared in this work still have a lokgfiencontainingfunctional

groups and have good dispersion. This codcdtkplained by the two reasons. Firstly,

the raw materials used in this work are GOQDs. They have more groups than graphene
oxide, which is always used in other hydrothermal research. Another reason may be the
equipment. Th@ressurizingresselin this wok is a small chamber and it is heated in

the heating oven. The gas pressure could not be added mahhallyressurenay be

less than others work, which lead to the weak reduction effect of the hydrothermal

treatment.

Because of the changes in the stuwe and the content of tlexygercontaining
functional groups, the PL behaviour of the GO@Dsasmuch differenceo that of
the GOQDs. GOQD# still hasa wideemission range, including fromolet to yellow
colour. It could be also found that the foemance of the PL intensity and the quantum
yield are both increased. Due to the weak hydrothermal effect, the GEBIQDIscan

be dispersed in water well agdneratdROS.

Finally, with the help othe structure analysis in the previcarwd this chajer, the

structural changes and the PL behaviour are linked, then the mechanism of PL is simply
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concluded.
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5.5 Supporting information

1. QY of GOQDs-H (Range 400500 nm)
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Slope 38449 968915
Qv 2.1%% 54%
® 60000

6000 - . g = Quinine Sulfate &

SneraerrS:i:_t'iig 50000 J Linear Fitting
g 5000 g
> % 40000
é 4000 ~ g
= ~, 30000
T T
% 3000 § 20000 A
= = 10000 ~ "

2000
003 004 005 006 007 008 009 010 001 002 003 004 005 0.06
Abs (a.u.) Abs (a.u.)

GOQDsH2 Quinine Sulfate
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Siope 57343 968915
Qv 3.20% 54%
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Figure S3. (a) - (f) Plots of integrated PL intensity of GO®sto GOQDEI6 and Quinine Sulfate

(reference standard materialsa function of absorbance at 320 nm and relevant raw data.
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2. QY of GOQDs-H (Range 506600 nm)
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Figure 3. (a)- (f) Plots of integrated PL intensity of GO®40 GOQDsi6andFluoresceirfreference

standard materialqs a function of absorbance4it0 nm and relevant raw data.
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6 Preparation and characterization of the
luminescent carbon nanodots derived
from phenylenediamine: from
controllable fabrication to tunable

photoluminescence properties

6.1 Introduction

In chapter 4 and 5, several series ofiheacent GOQDs nanopatrticles derived from
graphite powder were successfully prepared with chemical oxidation method and
hydrothermal treatment. The resultant GOQDs can show yellow andfyreesscence,

and GOQDsH can exhibit bright blue and yellofluorescenceThese new class of
nanomaterials is considered to have good photoluminescence properties and be
potentially used in health care. However, some of the disadvantages of these
nanomaterials from the difficulty in complicated reactieng(using a lo of strong

acids) and longvavelength (red colour region). Therefore, the development of a new
method for the preparation of watssluble, multicolour PL materials and a relatively

simple reaction is still highly desirable.

Luminescent carbon nanodotierived from small molecules like citric a¢id
glucose andsucroseas the carbon sourceia bottomup approaches have been
investigated® /9188190 phenylenediamine, which has three kinds of isomers:
phenylenediamine (£D), mphenylenediamine (D) and pphenylenediamine {p
PD), are important precursors for synthesizing heterocyclic compounds and
polymerst®! Several reports have mentioned that phenylenediamine was used as raw
materials via the hydrothermal method for prepagi luminescent carbon

nanodotg®1®.193 Their synthesized CNDs can exhibit blue or yellow fluorescence.
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However, they rarely explain or mention how the mechanism of the synthesis.
Meanwhile, it could not precisely control the produietthe hydrothermal methoth

this chapter, Iwill manly focus on the preparation, structure and properties of
multicolour luminescent BDs with different colour emissions by using the three kinds

of phenylenediamine isomers, through a singab/merizationmethod.
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6.2 Mechanism of polymerizationin theory

Themain mechanism of the synthesis is related to electrophilic arornastitsition'%*
In theory, he chemical polymerization of phenylenediamiyek;S,0s shouldproceed

via a radical prpagation mechanism as shown ite[® 1-3 below:

Step 1 The dissociation gbotassium persulfate

First of all, KkS,0Og could bedissociated into anionic radicads shown irFigure6.1.
In aqueous solution at 50, potassium persulfate could decompose intadkds and
S$:0s% ions. Then 80g% ions could decompose into persulfate ions and fagkcal
which behave as anionic radicals. The free radical veag able toattract the amino
groups (NH) at the carbotocationof the phenylenediamindecause of electrostatic

attraction.

0]
K;$,05 —» 21® + 0—S—0, ||

0 |
S,0¢4% — 2S0,™

Figure6.1. The dissociation 0&0s.

Step 2 Oxidation of nonomer

The oxidation ofphenylenediamin¢o free radicals could occur afme stabilizedn
different resonance formsas shown in Figure &. Firstly, the free radicals would
appear at the amino groups, and then it would transfer to the adjacent carbon location.
It also could transfer to the négror opposite carbon location, due to the effect of the
resonance structure in aromatic molecules. FBDoand mPD, the free radical may
transfer to the opposite carbon location to the amino groups. HoweverPior fhe

free radical would prefer toansfer to the nearby carbon location, due to the occupation

of the amino groups.
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NH, NH, NH, NH,

R’ anionic radicals

Figure6.2. The oxidation of monomefa) oPD, (b) rPD, and (c)D.

The active sites ithe three kinds of phenylenedianme monomerdueto theeffect of

free radicakre different because of the different positions of the two amino grasps
shown in Figure & The amino group is orthand paradirector in electrophilic
aromatic substitiion.%* The most active sites available are ortho and para positions in

each molecule.

(1) For oPD (Figure 6.3), the para carbon locatiotws the two amino groups are-@
and G5 point.Although the ortho carbon location at3zand C6 point to the amino
groups are empty, the positions aB@nd C6 flanked by the fewest number of
substituents are favoured be attacketby the electrophileTherefoe, G4 and G

5 point are active sites.

(2) For mPD (Figure 6.%), G4 and CG6 point are par&arbon locationgo amino
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groups, and € point is orthocarbon locationC-2 point is surrounded by two
amino groups, while @ or G6 point just have one group ax®dy. The positiors
flanked by the fewr number of substituents favoured bythe electrophile
Therefore, the attacking positions available aré &d C6 point. However, G4
and G6 point still have one nearby substituent. Therefore, the active 6ite®D

are less favoured thanRD.

(3) For p-PD (Figure 6.8), since the parearbon locations already occupied by NH
group, only orthacarbon locationat G2, G3, G5 and G6 point are available

where are active sites forRD monomers.

(a) (®) (©) NH;

NH,

I
N

[N
S
I
1w

NH,

NH,

Figure6.3. The active sites in the phenylenediamine due to the free radicatP@) () rPD, (c) g°D.

Step 3: Head to tail coupling of monomers

Accordingto theabove analysigheactive sitesn the three kinds of isomers have been

known The free radical at the amino groups
active sites at car bonThdoretcaly the maddotaill d be
coupling of free radical could take placeia elimination reaction of two free radicals,

and then the monomers are connecléx possible polymerization orientations could

be described as two modes.

The firstmode is relatively more straightforward, which could be considered

straight direction, as shown in Figufda, 6.5a and6.6a. The phenylenediamine
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monomers are connected onedog when their monomease set in the same direction
in order The length of the generated material would become longer if the amount of
free radical and monomeare enoughBecause the direction of the generated material

is one way. e structurebtainedoy this mode is also called laddée structuré®®.

The second mode, which is mentioned in Fighidb, 6.5b and6.6b, isrelatively
complicatedWhen the monomers are not sethe same direction, they may not follow
the first mode and do not grow in one direction in order. Therefore, the structure would
not be theladderlike structure The monomers could be connected with others in
different directions, then the generatadterial would become larger and largene
process seems to be from a single point to a large subaedo the random directions
in head to tail coupling of monomers, the mode couldabed the crossing direction.
To well explain this mode procedsur monomers of each phenylenediamine isomers
are used as an example, separately. They are coupled step by step, as shown in Figure

4b, 5b and 6b. The structure of the generated materials is quite different

In fact, these two modes could happen atsmme time. When the amount of the
monomers are more, the coupling process would become more complicated and their
generated structure would be more variety. In theory, the process can be controlled by
adjusting the amount of free radicals. When the faadical is not excessive, the
polymerization should be stopped when using all the free radicals. Then synthesized
CNDs with different sizeia controlling the amount gdotassiunpersulfatevould have

different structureanddifferent PLproperties.
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6.3 Experimental procedures

The preparatn process of CNDs powder has three steps: synthesis, collect and

purification.

1. Synthesis:Firstly, 0.0015 mol D (mPD or oPD) was dissolved i100 niL
distilled water, and then the solution was transferred into a rbatidm flask. The
flask was hea&td in a 50 oil bath for 1.5 hoursThe colour of the solutiochanged
from transparent to light pink (light blue or light yellow). Meanwhile, 0.0015 mol
K2S0g was dissolved in 5énL distilled water and stirred for 0.5 hours. Then the
solution was added dropwise 2nhours. Immeditely after the addition cfeveral
drops, the solution in the flask would turn dark. After all th&Ks solution was

added to the flask, the mixture was stirred for 24 hours at 50

2. Collect: The dark colour suspension with black salidscollected and separated
by centrifugatiorunder 8000pm for 20 min.The upper suspension was collected
and filtered by the filtration papef.he bottom sediment was washed with the
distilled water, shook, sonicated and centrifuged addia.suspensen was freeze

dried to obtain initialCNDs powder.

3. Purification It was necessary to remokeSQ; saltthat had formed fronK>S,0g
during the synthesis reactiofihe initial CNDs powder was dissolved in 200 mL of
the ethanol and sonicated for several utes. Because of the insolubility of the
K2SQy in ethanol, the salt could be separated by filtration. Then the ethanol
suspension wadried in arotary evaporatoiThe ethanol was removed and the pure
CNDs powder was left in the flask. To collect the poifdem the inner wall of the
flask, distiled water was added to dissolve the powder again. Firthky
suspensiowas freezedried to dtain relatively pur@-CNDs(m-CNDs or CNDs)

powder.
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6.4 Resultsand analysis

6.4.1Morphology

The AFM images of resultant CNlisplayed in Figure 6.7 reveals that the synthesized
CNDs are spherical, with an average size of arourdl030m in diameter (see Table 6
1). Among these three CNDs, the diameter-@MDs is relatively largeiThe diameter

of m-CNDs is relatively smallethan that of &£NDs.We have discussed thafRb has
four active sites due to the free radicaidich is morghan ePD and mPD.The active
sites of ePD are more favoured than that ofRD. Therefore, the coupling process
between pPD monomers occurs most and betweeBhdoes least, which resulting

in the difference of the size. The average thickness of CNDs is aretimtn2

2.00

2.00 0 1.00 2.00

1.00

0
0 1.00 2.00

Figure6.7. The AFM images of CNDs. ScaleYx2> Y
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Table6-1.The diameter of the CNE®. Unit: nm.

|| mean | standard deviation | _maximum _
376 25.4 92.4
3.4 20.4 85.6
402 2.4 102.5

6.4.2Structure

The FTIR spectra of raw chemicals and their corresponding polymers are shown in
Figure 6.8. Thehreekinds of phenylenediamine monomer have similaratigristic
peaks(see Figure 6.8a)he sharp absorption peaks appear at around 3373 and 3297
cml, which are attributed to the-N asymmetricstretchingPeaks at around 1628 and
821 cm', which can be regarded as theCGstretching of the aromatic sttuce. The
absorption peaks at 1127 and 1310'are considered to be the-NC asymmetric
stretchingThe peaks at 1510 chare due to irplane GH bending vibration from the
phenyl rings:33:196

After polymerizationthe FTIR spectra of synthesized CNDs have some changes,
as shown in Figure 6.8b. The characteristic peaks of amino group} #éN8B73 and
3297 cmtdisappear. In the meanwhile, there are two new peaks at about 2853 and 2592
cmt, which could be attributed to thelE stretching bands and-N vibration bands,
separately. N asymmetric stretching at 1127 and 1310'odisappears. On the
contrary, a wide absorption peak at around 1028 cam be easily seen in the spectrum
of the CNDs. Usually, that position would be explained to be tt@ §retching.
Besidesthe exist of C=0 stretching bands at around 1748 aiso demonstrates that
the oxygen element was introduced to the phenylenediamine during the reaction. The
appearance of oxygesontaining functional groups is able to improve the water
solubility of theCNDs. The last part to be noted is thgplane GH bending vibration

band at 1510 crh After the reaction, the absorption peak intensity weeakThis
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change can be attributed to the loss défl ®@ecause the phenylenediamine monomer

was coupled with oths through the @ position during the polymerization.
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Figure6.8. FTIR spectra of the raw chemical®® mPD and g°D (a), and their corresponding GND

CNDs, rCNDs and£NDs (b).
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By comparison, we can find much difference in the FTIR spectra between Figure
6.8a and 6.8b, demonstrating that the three kinds of CNDs were successfully prepared
by the chemical polymerizatiomith the help opotassium prsulfate. In the meantime,
these three kinds of CNDs also have different characteristic peaks, revealing that the
structure of synthesized CNDs derived from different isomers is not the same. This is a
gooddemonstratioffior the different mechanism of th@mer coupling process, which

is mentioned in the previous section.
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Figure6.9. Fullrange XPS spectra of CNDs (a) and raw materials (b).

Table6-2. The atomic ratio of the C, N and O elements in raw materials (ayatisizedCNDs (b).

(a)

o-PD 70.7 21.8
m-PD 62.7 4.4 32.9
p-PD 71.6 6.4 22.0
(b)
0-CNDs 68.0 26.0
m-CNDs 61.1 23.5 15.4
p-CNDs 65.9 25.8 8.3
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Figure 69 shows he full-rangeXPS spectra of th€ENDsand raw materials. The
main binding energy peaks of C1s 862V, N1s at 400 eV, and O1s at 532 eV can be
seen.The atomic ratios of the main elements: C, N and O are shown in@&blehe
XPS surveys of the CNDs further confirm the FTIR results that oxygen was introduced
to the phenylenediamines during the poérization. In theory, the raw chemicals only
have carbon, nitrogen ariydrogenelements. However, the oxygen element signals
are also found in the characterization of the raw matefials result should be
considered that the phenylenediamine is noblstaand easily oxidized in the
atmosphere, due to the very active amino groups on the aromatic strusuaéy, the
oxygen would react with the amino groups and form thexie structure, which
contains an ND coordinate covalent bond with two addi@bmydrogen, as shown in

Figure 6.10. The attached oxygen increases the water solubility of phenylenediamine.

-
®
NH. \NH2

X X

| —|

Figure6.10. Possible Mxide structure in phenylenediamine.

Meanwhile, the appearance of the oxygen functional groups in tHe f€Bllts
demonstrate that thexygenelement igntroducedvia another outside rout&ecause
the potassium persulfate was used in this work, its strong oxidizing property could be

the man factor for the initiation of polymerization and the introduction of the oxygen

element. Besides, the amino groups on the benzene are active groups, which are easy

to be attacked. To obtain a better understanding of the introduction process of the
oxygen element, e Boyland Sims oxidationproces®’’ can be considered to help
explain it, as shown in Figur@.11 Under the effect of the #6,0g, the hydroxyl is

added to theramatic hydrocarboan theortho or para substitutiolVhen the oxidizing
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agent has enough amount, t8eO structure can be further formed on the basis of the

ortho-hydroxyl aromatic hydrocarbon, as shown in FigGr&2
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Figure6.11. The reaction mechanism of the Boyl&Biths oxidation®®

©) | O 0
o. I O wo. s I ©
Ay I e I
e i COH JloH e ©
-
~K,50, - - > O - KoS04

Figure6.12. The potential formation mechanism of the C=Oc$tne.
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Figure6.13. Highresolution C1ls spectra of (&)aNDs, (b) ’ENDs and (c}@NDs; (d)The percentage

of the peaks deconvoluted from the C1s spectra

Table6-3. XPS data analyses of the C1s spectra of CNDs samples.

Carbon Bonding Composition (%)

C-C/C=C C-N C-O C=0
0-CNDs 67.1 25.4 4.2 3.3
m-CNDs 63.3 13.3 14.6 8.8
p-CNDs 64.0 26.5 5.7 3.8

Figure 6.13 shows thehigh-resolution Cls spectra of the CNDs, which were
between 282 eV and 292 eV. These spectra could be deconvoluted into several peaks,
including GC/C=C (285 eV), CN (~28.2¢eV), GO (~287¢eV), andC=0 (~28.4
eV). The XPS results further demonstrate that the oxygen functional groups exist on
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the CNDs, whit is consistent with the previous FTIR results. Besides, the accurate
value and changes of the different structure of the three kinds of CNDshefddnd

in Figure 6.13d and Table® The CN content (13.3%) for ,CNDs is quite lower

than thatof the dher twoCNDs which could consider that the amount of coupling
connection between amino groups and carbon location in the aromatic molecules is less
than that of other two isomerk the meantime, the-O content (14.6%) and C=0
content (8.8%) are morédn those of €NDs and pCNDs. From the comparison of
C-O and C=0 content, it can be noted thaCMDs have more oxygetontaining
functional groups and lessK bonding than €CNDs and pCNDs. The reason for this
may be related tthe different couplingorocess due to the different position of the
NH.. Besides, the occupation of the oxygemtaining functional groups on the

aromatic molecules could lead to the less coupling and affect the polymerization.
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Figure6.14. Highresolution NLs spectra of (a)-GNDs, (b) mONDs and (c) €NDs; (d). The percentage

of the peaks deconvoluted from thel8lspecta.
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Table6-4. XPS data analyses of ti&s spectra of IDs samples.

Nitrogen Bonding Composition (%)

Pyridinic-N  Quaternary-N N-Oxide

0-CNDs 17.2 79.4 3.4
m-CNDs 26.0 69.8 4.2
p-CNDs 22.2 70.0 7.8

As shown in Figure 6.14he nitrogen bonding composition is also investigated,
andthe spectra consist of three main pe@ee Table €l), including pyridinicN at
around 399.6 eV, quaternalyat about 401.5 eV and-dkide at about 403.4 eV. The
m-CNDs have the most pyridinid content (26%), which means that there are miuch
NH left. The eCNDs have the most quaternddycontent (79.4%)which indicates
that the amino groups could be more easily connected with other aromatic hydrocarbons
and two hydrogens of the amino groups were substituted and used to Thepieason
for the different nitrogen bonding composition is still consideasdthe different

coupling processwhich is due to the different position of tamino groupg-NH>).

6.4.3Summary

According to the structural analysis from FTIR and XPS results, it can demonstrate that
three kinds of CNDs derived from phenylenediamine isonveege successfully
synthesizedvia the chemical polymerization methoifferent from theoretical
speculation oxygen element was found in the synthesized CNDs due to the effect of
the potassium persulfate and the formation edxile. The different positias of the
amino groups and the occupation of the oxygentainingfunctional groups on the
aromatic moleculecan both affect the coupling process and leadsyathesizethe
different structure. The structure and oxygemtainingfunctional groups would &

considered to the main factors for determining optical properties.
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6.4.40ptical properties

Figure6.15. Photograph of (1)-€NDs, (2) ,/ENDs, (3)4NDs dispersed in water (0:0§/mL and (4)

distilled water

The synthesized CNDs derived from phenylenediamine could be well dispersed in
water and be stable for several days. As shown in Figure 6.1&qtie®us suspension
is clear and their colours are quite different. THENDs aqueous is yellow, 1 @NDs

is dose to transparent, aneg@NDs is pink.

Figure 6.16 shows the UVis absorption spectra of three synthesized CNDs and
their raw materials iqueous suspensioRor the raw materials, there is an obvious
peak at around 25880 nm, which is al@aracterisc absorption peak of benzene ring
structure After polymerization, the three kinds of CNDs have new and different
absorption peaks. For@NDs (Figure 6.16a)there is a new peak at around 452 nm
and the peak position of benzene ring structure shifta 80 nm to 266 nm. For-p
CNDs(Figure 6.16c)a new and broad peak appears at around 517 nm and its benzene
peak position moves from 278 nm to 255 nm. FeCNDs(Figure 6.16h)its benzene
peak position just shifts from 290 nm to 284 nm and there iewgeak in other range.

Because of the coupling process, the carbon in the aromatic molecule was connected
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with the amino groups. The delocalized system was broken, and then the amount of
delocalizationin benzene ring structure decreased, which movesltamcterization
peak to shorter wavelengths. These changes could also demonstrate that the CNDs were

successfullysynthesized by the coupling process.
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Figure6.16. U\Vis absorption spectra of (a)GNDs and raw chemicalsP®, (b) rCNDs and raw

chemicals rPD, (c) FCLNDs and raw chemical®P inaqueous suspension

The range between 300 and 400 nm should also be noticad. e found that all
three kinds of synthesized CNDs have a certain degree of absorbance in that range.
From the previous chapter, we can know that the broad absorption peak in that range
could be attributed to the C=0 structure. These results verigxise2nceof oxygen

containing functional groups on the synthesized CNDs again.

The PL properties of synthesized CNDs were investigated and the results are

161



displayed, separately. Three kinds of synthesized CNDs perform different PL behaviour.

The exciationdependent PL behaviour of@NDs is displayed in three graphs

according tahedifferent excitation wavelengttange The first emission peak appears

at around 570 nm when the excitation wavelength is from 360 nm to 43@srshown

in Figure 6.17 380 nm excitation wavelengthan producethe strongest PL emission

intensity.

2004 O0-CNDs

150

100

PL Intensity (a.u.)

50

EXx:
Ex:
—EX:
— EX:
Ex:
Ex:
— EX:
—EX:

360 nm
370 nm
380 nm
390 nm
400 nm
410 nm
420 nm
430 nm

T T T
510 540

T
570

T T T
600 630

Wavelength (nm)

T
660

Figure6.17. The excitatiordependent PL behaviour of@NDgEXx: from 360 nm to 430 nm).

When contnuing to increase the excitation wavelength, the second emission peak

appearst around 580 nm, which is quitear to the fist one The emissiofPL intensity

gradually become strong with increasing the excitation wavelength from 490 nm to 525

nm, and 525nm excitation could make its strongéstée Figure 6.18Meanwhile, the

emission spectrum is very broad. When using 540 nm excitation wavelength, it is easy

to notice that the emission spectrum consists of two peaks. One is at around 570 nm,

and anotheis at around 610 nm.
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Figure6.18. The excitatiordependent Pbehaviour of eCNDs (Ex: from 490 nm to(GeAm).

The last excitation wavelengthnge is from 550 to @nm. A relatvely narrow
emission peak appears at around 610 nm, and the strongest PL intensity is produced by
560 nm excitation wavelengtA.quite small emission peaks appear at around 660 nm

when using 600 nm excitation wavelength.
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Figue 6.19. The excitatiomependent PL behaviour of@NDgEX: from 550 nm to &nm)
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According to the PL behaviour results, it can summarize that there are two main
emission peaks at around 570 nm and GhGor 0CNDs. Therefore, two S1 states for
the two peaks exist. The possible mechanism of PL behaviou€diizs derived from
o-phenylenediamine is shown in Figure 6.20. S1 state is for 570 nm emission peak and
S1* state represents 610 nm emission peakhénprevious chapter, speculative
conclusion is thab70 nm emission range is related to the effect @<D structure.
Due to the existence of-O and C=0 structure in the CNDs, it is still considered that
S1 state is related to the oxygeontaining tinctional groups. About the S1* state for
610 nm emission, the reason is still not clear. To investigate this reason, more
characterization and simulation can be done to analyze the strastuRL in the future

work.

Figure6.20. The possible mechanism of PL behaviour@RNDs.

The excitéion-dependent PL behaviour of-@NDs is displayed irtwo grapts.
When the excitation wavelength is from 330 nm to 360 nm, the emission peak position
is at around 450m (see Figure 6.21a). When increasing the excitation wavelength
from 370 nm to 450 nm, the emission peak position slowly shifts from 475 nm to 520
nm, as shown in Figure 6.21b. There are no new peaks when using other excitation

wavelengths.
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