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Abstract

Graphene is frequently termed a ‘wonder material’ due to its excellent properties and
potential for use in a broad range of applications. Key to the realization of graphene in various
applications is surface modification. The aim of the work was to investigate a facile approach to
functionalize graphene with various functional groups for specific applications. To this aim, a
graphite intercalation compounds (GICs) approach was introduced to activate graphene layers.
In the first study, two kinds of natural graphite were used for preparation of potassium GICs.
Raman spectroscopy and Powder XRD were used to investigate the quality of prepared GICs. It
was found the GICs prepared from 325 mesh graphite possessed a higher order of intercalation.
In the second study, potassium GIC was functionalized by various diazonium salts and benzyl
bromides. Successful functionalization was confirmed by Raman spectroscopy,
Thermogravimetric Analysis (TGA) and X-ray photoelectron spectroscopy (XPS). Finally,
functionalized graphene was decorated with amine modified gold nanoparticles. This work

provided a potential approach to functionalize graphene with various functional groups.



Chapter 1: Literature Review
1.1 Properties and Applications of Graphene

Graphene is a single-layer two-dimensional (2D) material composed of sp-hybridized
carbon. It is the thinnest material found yet of only one-atom thickness and is the first
successfully isolated 2D crystal. Since the isolation of graphene by Geim and Novoselov in
2004, the research field of graphene has undergone rapid expansion. The number of
publications relating to GBMs (graphene-based materials) has increased every year and
reached to 83 per day in 2017 (Figure 1). This tremendous interest towards graphene is not
only caused by its unique structure and exceptional properties, but also due to the fact that its
finding has profoundly changed our understanding of 2D crystals, which were thought to be
thermodynamically unstable and cannot be isolated at finite temperature. With the rapid
development of GBMs, other 2D materials such as molybdenum disulfide (MoS,)?, hexagonal
boron nitride (h-BN)?, and phosphorene® have also been widely studied in aspect of their

material properties, in order to broaden new applications of 2D materials.

During the past few years, research towards graphene in terms of its mechanical,
electrical, thermal, and optical properties has been intensively conducted. Specifically,
graphene has been found to be stronger than steel with a high Young’s modulus of about 1TPa®.
A sheet of single-layer graphene has a theoretical specific surface area (SSA) of 2630 m?/g,
which is larger than that of carbon black (typically < 900 m?2/g) and carbon nanotubes (from
100 to 1000 m?/g), and is similar to activated carbon®. Furthermore graphene possess

incredible electron mobility under ambient conditions?, according to the reported value



exceeding 15,000 cm?/V™! s™1. Graphene also has a superior thermal conductivity of ca. 5,000
W/mK at room temperature’. Besides, a single layer graphene has excellent transmittance and

is found to have a low opacity of 2.3 + 0.1% and negligible reflectance (<0.1%)8.
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Figure 1 Number of publications in the field of graphene from 2005-2017. Data obtained from Web of

Science. Key word: Graphene.

Graphene is considered as ‘wonder material’ due to its fantastic material properties.
However, the unique properties listed above arise from an ideal single-layer pristine graphene
sheet while few-layer graphene can start to pose very different properties to single-layer
graphene, as its electronic structure begins to approach the 3D limit of graphite at 10 layers.
GBMs including pristine graphene films> 19, pristine graphene powder® ' 12, graphene
nanoribbons (GNRs)®3, graphene oxide (GO) and reduced graphene oxide (rGO)'*1® as well as

three-dimensional (3D) structured graphene foam!” ¥ have been widely investigated and
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fabricated at laboratorial or industrial scale. The synthetic versatility of GBMs enables a wide
range of functionality and tailored properties that open a great potential in many new
applications (Figure 2)'. For example, foldable graphene films made by chemical vapor
deposition possess excellent electrical conductivity and transparency®, which can be used for
bendable touch screen and other flexible electronics devices; pristine graphene powder
exfoliated from bulk graphite can be used in the flexible circuit printing as the conductive
ink?°22; GO synthesized via oxidation and exfoliation of natural graphite flakes contains oxygen
functional groups attached, making it easily to be fabricated for graphene based composites?.
However, the defects in the carbon matrix of GO caused by the oxidation and doping of the
functional groups disrupts the delocalized structure, reduce its electrical and thermal
conductivity. The reduction of GO can remove the attached oxygen containing groups and to
some extent recover the conjugated structure of carbon matrix, and the obtained reduced GO
possesses a high surface/mass ratio as well as a relevantly high conductivity that can be used
for energy storage devices'’ 1824 Besides, heteroatom doped graphene®® and GNRs*® have an
energy gap between the valence band and conductive band. As graphene is a zero-band gap
material, doping of heteroatoms and processing graphene/graphite into GNRs can open a band
gap (usually between 0.1 to 0.5 eV) to this material, which make it possible for field effect

transistor (FET) applications.

Apart from the main-stream applications mentioned above, GBMs also show great
potential in the liquid lubricant industry?®. The high chemical inertness, extreme strength, and
easy shear capability of graphene are the major favorable attributes for its impressive

tribological behavior. In addition, it is thought that the graphene powder or dispersion could



reduce the wear and friction in nano-scale and macro-scale electromechanical systems,

therefore, a high-performance functional coating can extend their lifetime.
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Figure 2 Overview of applications of graphene-based materials in different sectors. Reproduced with

permission from ref 19. Copyright 2015 the Royal Society of Chemistry.

Besides, graphene exhibits excellent ability to passivate a surface.?’*° The corrosion and
oxidation of the surface of metals lead to performance degradation in terms of thermal and
electrical conductivities. Due to the impermeability of graphene film towards the molecules of
most liquids and gases including water and oxygen, simply coating a monolayer of graphene on
a metal surface can significantly slow down the corrosion or oxidation process and protect the

surface.



1.2 Preparation of Graphene

The methods for the preparation of graphene can be divided into two categories:
top-down and bottom-up. The top-down method involves the exfoliation of graphene from
bulk graphite while bottom-up method uses an alternative carbon source to build up the
graphene structure. There are four main approaches to produce graphene: 1) chemical vapor
deposition (CVD); 2) epitaxial growth of graphene; 3) mechanical exfoliation from bulk graphite
and 4) reduction of graphene oxide (GO). Among these methods, method 1 and 2 can be
classified as bottom-up methods, while method 3 and 4 are top-down approaches. To date, the
CVD method has been used to produce high-quality graphene films on an industry scale
although mechanical exfoliation as well as the reduction of GO are probably the most

promising ways to prepare graphene powder at large scale® %31,

1.2.1 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is the growth of graphene films on a metal substrate
using high temperature pyrolysis of a carbon-containing gas as the precursor. It is widely used
to produce carbon nanotubes, graphene, and other 2D film materials such as MoS,* and
h-BN33 3%, As the graphene films produced by the CVD method can exhibit superior conductivity,
large lateral sizes (from micrometers to millimeters) and thin thickness (high proportion of
mono-layer graphene), this method has been recognized as an appropriate way to

manufacture graphene for electronic applications® 3.
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Figure 3 Schematic diagram of typical set-up for CVD graphene synthesis (MFC: mass flow controller).

The growth of graphene is usually conducted in a tube furnace equipped with a
temperature and pressure control system (Figure 3) and the whole process is conducted under
the protection of Ar/H,. In the first step of the procedure, the metal substrate is placed in the
quartz tube and heated to a high temperature (~1000 °C) under a hydrogen atmosphere to
eliminate impurities. The mixture of hydrogen and carbon-containing gas such as methane are
then passed into the tube to achieve the growth of carbon films. The system is then cooled
down to room temperature under the flow of hydrogen. The metal substrate plays a very

important role in the growth of graphene.

Transition metals have been used for the graphene film growth. As the d orbitals of
transition elements are not fully occupied, they can form chemical bonds with carbon atoms at
high temperature, which can weaken the C-H bonds of the carbon sources and facilitate the
decomposition. The fragments of carbon source are then assembled on the surface of the
substrate at a high temperature to form the carbon film. Single crystalline transition metals
such as Co, Pt, Pd, Ir and Ru have been used for growth of graphene by the CVD method under
ultrahigh vacuum (UHV) condition. However, the high cost of single crystalline materials and
the extreme reaction conditions have restricted the scale of materials preparation. In 2009,

Kong and co-workers® successfully grew graphene on polycrystalline Ni substrate. In this work,
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ultrathin graphene film (1-10 layers) has been grown on the substrate by using methane as the

carbon source and hydrogen as the carrier gas. This was the first time that continued

larger-area graphene films were made by CVD methods and successfully transferred to a

different substrate.

The graphene grown on Ni substrate usually has small crystallite sizes and non-uniform
distribution of film thickness. This can be attributed to the high solubility of the carbon atoms
in Ni at high temperature. When the Ni substrate is heated up to the reaction temperature,
excess carbon atoms diffuse into the Ni phase due to its high solubility. The excess carbon
atoms segregate over the cooling down step as the solubility of carbon decreases with the

36,37 resulting in the formation of thick carbon films. To address this issue, several

temperature
methods including controlling the cooling process and using other metal as the substrate, have
been developed. Among the transition metals, Cu shows a low solubility towards carbon atoms
and theoretically excellent potential for large-area homogenous graphene films growth. For
example, Ruoff and co-workers® have successfully grown graphene films at a micrometer scale
on copper foils by using methane and hydrogen as precursors at 1000 °C. Scanning electron
microscopy (SEM) images show that the produced graphene films were uniform and
continuous. Raman spectra showed an lxp/lg ratio of 2, indicating the graphene film is
predominantly made up by monolayer flakes. An analysis combining Raman spectra and optical
microscope showed that only < 5% of the area was covered by bilayer or three-layer flakes. It is
noteworthy that when the reacting time was extended from 10 min to 60 min, no significant

difference of the grown graphene film was observed. They concluded it was because the

growth of graphene was a surface-catalyzed process at low pressure. After this work, a



graphene film with larger a lateral size of 30 inches has been successfully produced on a Cu

substrate and tested for touch screen use®.

Synthesizing graphene sheets by CVD is a popular bottom-up method to manufacture
high-quality, large-area graphene films for many applications. However, CVD-derived graphene
films are typically polycrystalline!® 3® which degrades its mechanical and electrical performance
due to the existence of grain boundaries. Therefore, developing approaches for the growth of
large-area and single-crystal graphene films has been targeted as the next critical step. Given
that during the conversion of hydrocarbons to graphene grains the precursor molecules firstly
deposit on the active sites of the substrate to form small nuclei, which then adsorb other
carbon species at the edges to achieve the growth®?, the key of obtaining high quality graphene
films lies on the control of nucleation density at a low value to reduce the formed boundaries.
There are several approaches to meet this goal. For instance, diluting the precursor by inert
gas®® and reducing the flow rate as well as partial pressure of carbon sources* yielded a lower
density of graphene nuclei. In addition, optimizing the surface structure of copper foil by

electrochemically polishing®?, preheating under argon atmosphere®-#

and short-time exposure
to oxygen® can all reduce the nucleation density. Besides, other substrates such as Cu-Ni

alloys?, noble metals*® * and insulating materials®® have shown potential as alternatives for

CVD growth of high quality graphene films.

1.2.2 Epitaxial Growth

Epitaxial growth is an alternative method to produce graphene films at wafer size by

using commercially available silicon carbide (SiC) wafers as the starting material.

10



| — ———

——==Graphene layer

Figure 4 Growth of epitaxial graphene on silicon carbide wafer via sublimation of silicon atoms.

Reproduced with permission from ref 51. Copyright 2016 Wiley Online Library.

In this approach, a graphene film can be prepared by annealing SiC wafer at high temperature (>
1200 °C) under UHV condition or atmospheric pressure. During this process, silicon atoms
evaporate and escape from the SiC surface while carbon species remain in the solid-state due
to its negligible vapor pressure compared to silicon®. Finally, graphene films deposited on a Si
substrate through the rearrangement of the remaining carbon atoms (Figure 4). The main
advantage of the epitaxial growth of graphene on a SiC wafer is that no transferring procedure

is required for the preparation of electronic devices as the SiC wafer itself is a semiconductor®.

Attempts to produce graphene through vacuum graphitization of SiC wafers have been
carried out, and the differences of graphene sheets grown on Si-terminated (0001) and

C-terminated (0001) faces have been discussed®*>°. However, the high sublimation rate of Si at

11



a high temperature in UHV resulted in poor quality of graphene while the relatively low
annealing temperature led to low-graphitized graphene grains. To address these issues, a
modified confinement controlled sublimation (CCS) method involving the use of inert gas and
external gaseous silicon flow has been used to suppress the silicon sublimation and improve
the mobility of carbon atoms. Virojanadara et al.*® successfully grew graphene films under
argon atmosphere at an ambient pressure of 1 atm. The role of argon is to slow down the loss
of silicon atoms thereby allowing a higher temperature (2000 °C) to be reached to enhance the
graphitization. The low energy electron microscope (LEEM) images revealed a better thickness
uniformity of the sample compared with that prepared under UHV. More recently, a team from
Georgia Tech® produced graphene by confining the SiC wafer into a graphite enclosure with a
diameter-controlled leak and annealing it in an inert gas and under UHV, respectively. The
enclosure limited the escape of silicon and maintained a high silicon vapor pressure around the
wafer. They concluded that the concentration of silicon vapor is constant over the surface and

near thermodynamic equilibrium, which is important for the uniform growth of graphene.

1.2.3 Mechanical Exfoliation

As mechanical force can be used to separate the stacked layers in graphite, pristine
graphene flakes with few defects can be produced by the mechanical exfoliation of bulk
graphite. To date, several methods including micromechanical cleavage, liquid phase
exfoliation (LPE), and ball milling have been developed to meet this goal. The initial protocol of
cleavage of graphite crystals was developed by Geim and co-workers®. In their preparation,
graphene sheets were peeled off from pre-treated highly-oriented pyrolytic graphite (HOPG) by

using scotch tape, which was then transferred onto a SiO, wafer for characterization. The

12



prepared carbon films were made up of single-layer and few-layer graphene with lateral size
from 10 um to 100 um. Due to the highly crystalline structure of the exfoliated graphene

films®8, it exhibited excellent electronic properties.

As the scotch tape preparation cannot be scaled up, exfoliating graphite in liquids has
been developed to produce low-defect graphene flakes at a larger scale. The LPE approach
typically involves three steps: 1) dispersing graphite in a solvent; 2) mechanical exfoliation, and
3) remove of solvent and un-exfoliated large flakes. In 2008, Coleman® and co-workers
successfully produced graphene sheets by exfoliating graphite powder in N-methylpyrrolidone
(NMP) by bath sonication. During the sonicating treatment, the pressure fluctuations caused
the growth and collapse of micrometer-sized bubbles and voids, and the formed cavitation
then overcame the van der Waals interaction between graphene layers thereby achieving
exfoliation!?. Once the graphene sheets were exfoliated, they were stabilized by NMP
molecules to avoid re-aggregation. UV-vis-IR showed the concentration of graphene
suspension reached up to 0.01 mg ml? after centrifugation. TEM showed that graphene flakes
were made up of monolayer, bilayer and few-layer graphene sheets with lateral size of several
micrometers, with the fraction of monolayer graphene flakes ca. 28%. The absence of a D peak
in the Raman spectra indicated no introduction of significant structural defects. However, the
concentration of graphene dispersion is too low to be practically useful. To address this issue,
the initial concentration of graphite was improved and the sonicating time was extended® and
finally a concentrated graphene suspension (up to 1.2 mg ml?) with 4 wt.% monolayers has

been obtained.

Shear mixing is an alternative method to exfoliate graphene in the liquid phase. Differing

13



from sonication, shear mixing uses shear force to delaminate graphene nanosheets. The first
trial of producing graphene by shear mixing at a large scale was conducted by Coleman and
co-workers!! in 2014. In their process, a defined amount of graphite powder was firstly mixed
with NMP in a vessel. Subsequently, the mixer head was lowered into the liquid and the
rotating speed of the shear mixer (Figure 5a) increased gradually until the set value was
reached. The mixer then ran for a predetermined time for efficient exfoliation of graphite. TEM
(Figure 5e) illustrated the lateral sizes of exfoliated graphene sheets ranged from 300 to 800
nm and the number of layers of exfoliated flakes was between 4 and 7. XPS showed no
evidence of oxidation and Raman spectra showed no defects were introduced to the basal
planes. Compared with sonication, preparation of graphene through shear mixing possesses
advantages in terms of less time and energy consumed. Most importantly, the production rate
increases strongly with the mixing volume®?, which is essential for scale-up. Apart from the two
methods mentioned above, other approaches involving shear force introduced by fluid
dynamics such as high pressure homogenization®, turbulence-assisted exfoliation®® and
microfluidization?? were also investigated to enhance the production efficiency of graphene

nanosheets.
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Figure 5 a, A Silverson model L5M high-shear mixer with mixing head in a 5 L beaker of graphene

dispersion. b.c, Close-up view of mixing heads. d, Graphene-NMP dispersions produced by shear

exfoliation. e-h, TEM image of graphene nanosheets. i, Histogram of nanosheet thickness. j,k, XPS (j) and

Raman (k) spectra. |, Information extracted from Raman, XPS and flake thickness data plotted versus

dispersion type. Reproduced with permission from ref 11. Copyright 2014 Nature Publishing Group.

In general, the LPE method can produce graphene few-layers flakes possessing small
lateral sizes (typically < 1 micrometer) and few defects. Compared with scotch tape peeling,
LPE is more productive and is recognized as a more promising way to produce pristine
graphene nanosheets. However, there are still some obstacles to overcome. For example, long
time sonicating and shear mixing can decrease the lateral size of graphene sheets!2. This will
restrict the range of applications of the graphene produced. Choice of solvent is the most
important factor for high-efficient exfoliation. It has been demonstrated that solvents with
interfacial intension matching that of graphene can separate the graphene sheets, and the net
energetic cost of this process can be minimized. The enthalpy of mixing graphene with

stabilizer can be calculated by equation 1:

AH i . 2

(66 — 6sol)z¢ (1)

AVmix Triake

In equation 1, §; and §,,; are the square root of the surface energy of graphite and
solution, respectively, Triqxe is the thickness of a graphene flake and ¢ is the graphene
volume fraction. Given that the surface tension of graphite y; is 40 mJ/m? one can conclude
that the solvent with a surface tension of 40 mJ/m? should be the best solvent for LPE. Further

mechanism studies have also confirmed this conclusion!!. Some organic solvents such as

15



NMP>* (NMP ~40 mJ/m?), N,N-dimethylformamide®® (DMF ~37.1 mJ/m?), and
ortho-dichlorobenzene® (0-DCB ~37 mJ/m?) can meet this requirement. However, these
solvents are expensive, toxic and hard to remove after exfoliation due their high boiling points.
Besides, other kinds of stabilizers including ionic liquid®® ®°, polymers®, and surfactants®’ have

been used to improve the efficiency of exfoliation.

1.2.4 Reduction of Graphene Oxide

H,S0,/HS0,”

oy
) o
graphite

KMnO, / H,S0,
’ —-

stage-1 GIC

oxidizing agent

K} 4
-------- ? KMnO, { H,SO,

|

Figure 6 Schematics of conversion of bulk graphite into GO with corresponding micrographic images or

sample appearances at each phase. Reproduced with permission from ref 68. Copyright 2014 American

Chemical Society.

The reduction of graphene oxide (GO) is considered as one of the most widely used

methods to produce graphene powder at low cost and large scale. GO is usually produced by
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oxidation and exfoliation of bulk graphite. This process can be achieved by treating graphite
with a range of strong oxidizing agents'® such as potassium chlorate (KClOs), nitric acid (HNO3),
and potassium permanganate (KMnO.). Among various methods, the Hummers' method as
well as modified Hummers' method* ** involving the utilization of potassium permanganate,
sodium nitrate, and sulfuric acid are the most popular methods for GO preparation. The
mechanism of GO preparation through this method can be described as follow®: as shown in
Figure 6, bulk graphite was firstly converted to graphite intercalated compounds (H,SO4-GIC) by
mixing graphite with concentrated sulfuric acid (H,SO4), then the H,SO,-GIC was further
oxidized by the oxidizing agent. After that, the oxidized graphite was exfoliated to GO after

reacting with water.

Figure 7 Variations of the Lerf-Klinowski model in the presence or absence of carboxylic groups on the
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periphery of the basal plane in GO. Reproduced with permission from ref 16. Copyright 2010 the Royal

Society of Chemistry.

Currently, several models® have been developed to describe the specific structure of GO
although it remains difficult to precisely define the structure of this material. More recently,
Ruoff and co-workers® have used *C-labled solid-state nuclear magnetic resonance (SSNMR)
characterization to investigate the structure of GO. It was found one of the possible simulations,

Lerf-Klinowski model (Figure 7), looks most promising.

Since the surface of GO are grafted with lots of oxygen containing functional groups such
as hydroxyl, carboxyl and epoxy, the dispersibility of GO is significantly higher than pristine
graphene in common solvents such as water, which makes this material possess greater
70, 71'

processability as well as high potential in many applications including energy storage

biological applications’, and nanocomposites’ 73,

However, a high density of defects introduced during the oxidation process disrupts the
conjugated structure of the carbon matrix. GO exhibits poor material performances in terms of
thermal and electrical conductivity. One of the most promising ways to address this issue is
reducing GO to form the reduced graphene oxide (rGO). The reduction of GO can remove most
of the attached functional groups and to some extent “recover” the highly defective structure.
The approaches for reduction of GO can be divided into three categories: 1) chemical reduction;
2) electrochemical reduction; 3) thermal reduction. The chemical reduction of GO involves the
utilization of a wide range of reducing agents. For example, Ruoff and co-workers’ have

utilized hydrazine to reduce GO. In their process, GO was made from Hummers' method and
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then mixed with hydrazine at 100 °C for 24 h. The obtained product showed an enhanced
electrical conductivity of 2 x 102 S/m and an increase of C/O ratio from 2.7 (GO) to 10.3 (rGO),
indicating the conjugated structure of GO was recovered and a large proportion of oxygen
containing groups were removed. Besides, other reducing regents such as borohydrides (e.g.
NaBH4), aluminum hydride (e.g. LiAlH4), and metal-alkaline (e.g. Zn/NHs3) have been
investigated”. However, some of the reducing regents, like hydrazine, are dangerous and highly
toxic. Furthermore, the degree of reduction cannot be precisely controlled due to the diversity

of the functional groups.

Compared with chemical reduction, electrochemical reduction is a relatively fast, facile
and environmentally friendly method to produce rGO’¢. The electrochemical reduction of GO is
usually conducted in a three-electrode electrochemical system consisting of working, counter
and reference electrodes as well as a buffer electrolyte. And it can be achieved by means of
cyclic voltammetry (CV), linear sweep voltammetry (LSV) and constant potential method. For
instance, Xia and co-workers”” turned GO into graphene by applying controlled potentials on
the working electrode from -0.8 V to -1.5 V in a PBS (K;HPO4/KH,PQ4) solution. During this
process, the reduction occurred on the GO adjacent to the working electrode and the solubility
of GO decreased with the removal of functional groups, resulting in the sedimentation of rGO
onto the electrode surface. Vacuum FT-IR spectroscopy indicated the successful removal of
oxygen containing groups and the electrical conductivity of rGO was significantly improved
after reduction. However, electrochemical reduction cannot move all the functional groups
since a cathode potential more negative than -1.5V (vs. SCE) could lead to hydrogen evolution

while some oxygen containing groups remain stable’®,
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Alternatively, rGO can be produced by means of high temperature treatment and
microwave irradiation. For example, a study conducted by Aksay and co-workers’® showed that
the oxygen containing groups of graphite oxide decomposed at high temperature, and the
generated pressure between GO layers can facilitate the exfoliation of graphite oxide to form
rGO. Based on the calculation, the pressures were in excess of 200 MPa and 600 MPa at 200 °C
and 1000 °C, respectively. The high-temperature environment can also be achieved through
microwave irradiation, which can provide a more rapid heating speed. For instance, Ruoff and
co-workers® irradiated graphite oxide precursor in a microwave oven at 700 W for less than
1min. The XPS results showed that the oxygen containing groups were significantly removed.
Moreover, the Raman spectra of produced rGO showed a decreased intensity ratio of D/G band,
revealing the removal of covalently attached groups. By further optimizing reaction conditions,
rGO with pristine graphene features could be produced. For example, Voiry and co-workers®!
partially reduced GO through heat treatment at 300 °C under argon, leading to a better
absorption of GO towards a microwave energy, prior to microwave irradiation at 1000 W for
1-2 s under argon. The Raman spectra of produced rGO showed sharp and symmetrical G and
2D peaks, which were different from those of electrochemically, chemically or other thermally
reduced GO. This may indicate that microwave irradiation could be a relatively fast approach to

produce high-quality rGO.

Though GO can be thermally reduced to rGO quickly, the issue of large energy

consumption of this process should be addressed before the large-scale production.
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1.3 Functionalization of Graphene

Graphene possesses many excellent properties as well as great potential in many
applications. However, the poor dispersity of graphene in most of common solvents such as
water and ethanol, restricts its solution processability®?. Graphene is a zero-gap semiconductor
as the conduction and valence bands of graphene meet at the Dirac points. This feature makes
it impossible to manufacture field effect transistors®®, which was thought to be a great
application of this wonder material. Therefore, it is essential to change the surface properties
as well as the electronic structure of graphene, and the most efficient way to achieve this goal
is functionalization. Currently there are two types of methods to functionalize graphene: 1)
non-covalent functionalization and 2) covalent functionalization, the latter is a more effective

approach to tailor the properties of graphene and will be discussed in detail.

Given that the surface of pristine graphene (PG) is highly inert, functionalization of
graphene is difficult. Fortunately, the surface of PG is not absolutely flat but wrinkled in many
places, and the electrons of m-bonds within the aromatic carbons at these curved areas are
less delocalized therefore can be more easily attacked by functional moieties®. To date, several

887 cycloaddition® and introduction of single atoms®

approaches including radical addition
have been used to modify PG, these methods will be discussed. Compared with PG, GO and
rGO are more reactive towards functionalization. Considering the strongly oxidizing conditions
during GO preparation, the GO flakes have attached oxygen containing groups'® such as
hydroxyl, carboxyl, and epoxy groups. As these groups are much more reactive than the carbon

network, the issues of functionalization of GO and rGO depend much more on the interaction

between the functional moieties and surface functional groups than they do on the carbon
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layer and functional groups.

1.3.1 Radical Addition

Radical addition involves the reactive radicals generated by reduction of aryl-based
diazonium salts, which has been used to modify carbon nanomaterials such as carbon
nanotubes®” °! and fullerenes®®. Since the discovery of graphene, studies regarding the
functionalization of graphene via a diazonium reaction have been intensely studied. The
reaction mechanism of diazonium functionalization is illustrated in Figure 8%: 1) a delocalized
electron is transferred from the carbon matrix to the aryl diazonium cation, making the latter
into an aryl radical after releasing a molecule of Ns. 2) The aryl radical then attacks the carbon
matrix under the protection of an inert gas and forms a covalent bond with the carbon atom,
the hybridization of the carbon atom is then changed from sp? to sp3. For example, Haddon and
co-workers® achieved the modification of epitaxial graphene (EG) grown on SiC wafer by

covalent attachment of aryl groups. They used 4-nitrobenzene diazonium tetrafluoroborate as

the precursor

Figure 8 Schematic illustration of grafting a diazonium salt with functional group R and counter ion X" to
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a graphene sheet. Reproduced with permission from ref 86. Copyright 2012 American Chemical Society.

and mixed it with SiC supported graphene in acetonitrile (ACN). The reaction was carried out
under an argon atmosphere at room temperature for 20 h. The presence of NO, groups on the
EG surface was confirmed by FT-IR and XPS. A p-type doping of epitaxial graphene was also
observed through XPS, revealing a successful covalent modification. The cyclic voltammetry (CV)
measurement of the modified EG showed the surface coverage of the functional moieties is on
the order of 10" molecules/cm?. It is noteworthy that the conductivity of modified EG
decreased after functionalization, compared with pristine EG. However, the effects of
modification on the band structure and dispersity of graphene were not discussed. After that,
Tour and co-workers® reported another protocol, in which the thermally expanded graphite
was pre-modified by in-situ formed diazonium salt derived from 4-bromoaniline. The
pre-functionalized graphite then experienced a mild sonication treatment in
N,N’-dimethylformamide (DMF) and was exfoliated down to graphene sheets. XPS
measurement demonstrated the successful attachment of Br on graphene with a concentration
varied from 0.56% to 0.67%, Energy Filtered Transmission Electron Microscopy (EFTEM) images
confirmed that Br atoms were mainly distributed at the edges of graphene flakes. Besides, the
solubility of modified graphene ranged from 0.01 to 0.02 mg/mL in DMF, which is comparable
to the situation of using stabilizers. The effect of modification towards the graphene band
structure was discussed by Haddon and co-workers®. Graphene samples produced by
mechanical exfoliation and epitaxial growth were tested after modification through the
angle-resolved photoemission spectroscopy (ARPES) technique. The results showed that a
band gap of 0.4 eV was introduced after functionalization. More recently, Guo and
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co-workers® developed an electrochemical protocol to modify CVD grown graphene. The
reaction was performed in a three-electrode system in which the graphene was attached on
the working electrode, and a solution of sulfuric acid (0.1 M) containing (4-nitrophenyl)
diazonium tetrafluoroborate was used as the electrolyte. The nitrophenyl group coverage on
the surface of functionalized graphene was estimated to be 12.7% to 20.0%. Interestingly, the
modification could be achieved within a few seconds and the ratio of nitro groups to amino
groups could be controlled by altering the potential bias. Inspired by this discovery, modifying
graphene by electrochemical grafting has been sufficiently studied to make the process more

efficient 5%,

There are several factors to influence the effectiveness of graphene modification
through radical addition such as the morphologies of the graphene sheets, number of layers
and the edge structure. Ruoff and co-workers®® found that the carbon atoms at highly curved
regions of graphene sheets were more active than those in basal planes. To increase the
curvature, they deposited spherical SiO, nanoparticles on a Si substrate before the graphene
was transferred onto it. After functionalization by using diazonium salts, a significantly
enhanced intensity of the D band was observed at wrinkled areas of graphene sheets caused
by SiO, nanoparticles, indicating a higher efficiency of the covalent functionalization. Strano et

a|.100

concluded that the single-layer graphene possesses a 10 times higher reactivity towards
radical attack than bi- or multi-layers graphene. In addition, the reactivity of carbon atoms at
graphene edges is at least two times higher than that of interior carbon atoms. Another study

1

carried out by Baek and co-workers'® revealed that the freshly exposed graphene edges

formed during the break of large graphite flakes show higher reactivity compared with those in
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the basal plane due to the altered electronic structure and dangling bonds.

1.3.2 Cycloaddition

Functional moieties can also be grafted on the surface of graphene by cycloaddition
method, in which the graphene acts as a diene or dienophile. A commonly used approach for
cycloaddition-type functionalization is the Diels-Alder reaction. For example, Ma and
co-workers®® obtained aryne functionalized graphene by mixing graphene sheets with
2-triflatophenyl silane benzyne precursors. An enhanced D band in Raman spectra was
observed after functionalization, revealing the successful covalent functionalization. The
functionalization was further evidenced by the improved dispersibility of modified graphene in
different solvents such as N,N-dimethylformamide (DMF),1,2-dichlorobenzene (O-DCB), and

ethanol.

44,103, 104 concluded that the cycloaddition of graphene

However, some researchers
possessed the feature of region-selectivity. Specifically, the covalent cycloaddition reaction
preferred to occur at edges or defective regions of graphene while non-covalent complexation
was much more favorable on defect-free interior areas. Regarding this, a study recently

105 pointed out that the functionality can also be grafted to

reported by Simon and co-workers
the in-plane regions of graphene with the assistance of the substrate and bond polarization of

the functionality.

1.3.3 Introduction of Heteroatoms

Alternative to radical addition and cycloaddition, the surface properties of graphene can

also be altered by the introduction of single atoms including hydrogen, nitrogen, oxygen and
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halogens.

Among several methods for introduction of heteroatoms, hydrogenation has been
widely used for graphene functionalization, which can convert this highly conductive carbon
material into a semiconductor or insulator. There are two popular ways to modify graphene by
hydrogenation?: 1) gas based hydrogen plasma and 2) liquid based Birch reduction. The first
gaseous hydrogenation was achieved by Elias and co-workers!® under a low-pressure
hydrogen-argon atmosphere (0.1 mbar, 10% H,;) with DC plasma. The obtained material
exhibited an insulating feature after hydrogenation, revealed by a significantly enhanced
dependence of resistivity towards temperature and decreased carrier mobility. Raman spectra
showed a sharp D band as well as a D’ band, which can be attributed to formation of C-H sp3
bonds. A decreased and slightly broadened 2D band was also observed, which is another signal
of covalent functionalization. Interestingly, the functionalized material could be recovered
almost to the initial state by annealing the sample under argon atmosphere at 450 °C. Another

7 showed that the rate of hydrogenation was

study conducted by Lin and co-workers®®
controlled by the energy barriers, which strongly depended on the number of layers of

graphene. Differing from radical addition, the hydrogenation of monolayer graphene is much

less feasible than that of bi-layer or multilayers graphene.

Hydrogenation of graphene can also be achieved by Birch reduction, which is used to
hydrogenate aromatic carbon based materials such as carbon nanotubes'®, fullerene!®® and
graphene. The birch reduction involves the utilization of alkali metals such as lithium'%° and
potassium?!!! and liquid ammonia to generate solvated electrons, which can generate anionic

radicals with the aromatic carbon rings of graphene. The negatively charged graphene is then
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attacked by proton donors (e.g. t-BuOH, water) to form hydrogenated graphene. For example,
Billups and co-workers!'® hydrogenated graphene by using lithium/NH; as the electron donor
and tert-butyl alcohol as the proton donor. The formation of C-H bonds was confirmed by
Raman spectra and FT-IR. TGA and element analysis showed the hydrogen content of graphene

was 6%, and a band gap of 4 eV was obtained after hydrogenation.

Alternative to hydrogenation, fluorination is also an effective way to introduce

112, 113 114, 115

heteroatoms in graphite , carbon nanotubes , and graphene. To date, there are
mainly three approaches!!®!® to achieve fluorination: 1) halogen-based plasma; 2) exposure to
halogen atoms derivatives such as XeF;; 3) exfoliation of fluorinated graphite. For instance,

120 employed plasmas generated from argon and SFs gaseous mixture to

Baraket and co-workers
fluorinate CVD grown graphene sheets. XPS spectra of C1ls showed a series of peaks attributed
to fluorinated functionalities such as C-CF (286.5 eV), C-F (288 eV), and C-F, (290 eV). After
exposure to Ar/SFe, the fluorine concentration in carbon matrix reached up to 18%. Robinson

118 exposed a graphene film grown on copper foil to XeF, gas at 30 °C for 30 to

and co-workers
1200 s. It was found that fluorination saturated at a concentration of 25% (C4F) and 100% (CF)
coverage for single side and double side modification, respectively. Compared with pristine
graphene, the film resistance of C4F was increased by 6 orders of magnitude. Moreover, a band
gap of ~3.07 eV was introduced after 100% fluorination towards both sides of the graphene
film. It is noteworthy that the C-F bond has reversed polarity compared with C-H bond due to
the strong electronegativity of fluorine'®®. As a result, fluorination can not only change the

band structure and resistance of graphene but also tailor its chemical properties and make

graphene more susceptible to nucleophilic attack.
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1.4 Characterizations of Graphene

1.4.1 Raman Spectroscopy
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Figure 9 Raman spectra from different types of nanocarbons. The graphene-related structures are

labeled next to their respective spectrum. Reproduced with permission from ref 121. Copyright 2010

American Chemical Society.

Raman spectroscopy is a useful tool to gain information towards the vibrational state of
molecules. As the Raman spectra of different sp? hybridized materials have identified peak

position, intensity and line shape, it can be used for the characterization of carbon nanotubes
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and graphene based materials'?..

As shown in Figure 9, the Raman spectrum of graphene has three featured peaks: D
band (around 1355 cm™), G band (around 1582 cm™) and 2D band (around 2500 — 2800 cm™).
The G peak is due to the doubly degenerate zone center E;; mode and comes from the first
order Raman scatting process of sp? carbon. It is the most featured peak of graphene as it is
attributed to the in-plane bond stretching of sp? carbons. The D peak comes from the second
order Raman scatting process and is the most important feature of sp® hybridized carbon. As a
result, the D peak is due to the defects of the materials. The density of defects in the graphene
matrix can be revealed by the intensity ratio of D peak to G peak (lp/lg) and has been used to
evaluate the quality as well as degree of covalent functionalization of graphene. The 2D peak
also comes from the second order Raman scattering process. The 2D peak is concerned with
the interaction between graphene layers and sensible to the number of layers and the intensity
ratio of 2D peak to G peak (l2pn/ls) is usually used for approximate judgment of the number of
layers of graphene. For instance, an lp/lg value over 2 indicates the single-layer graphene and
the value of |0/l decreases with the increase of graphene thickness. The shape of the 2D peak
can also be used to evaluate the number of layers of graphene. For example, the 2D band of
the monolayer graphene is a symmetrical single peak with a full width of half maximum
(FWHM) below 30 cm™ and can be well fitted by Lorentzian model. The 2D band of bi-layer or
few-layer graphene usually involves the coupling of multiple peaks and the shape of 2D band is
identifiable when the number of layers is less than 5. Graphene having a larger number of
layers has a similar 2D peaks compared with graphite. It should be noticed that the l,p/l as

well as the FWHM value cannot be used to judge the number of layers of highly functionalized

29



graphene, as the doping of graphene will lead to a significant change of peak position and a

deceased intensity of the 2D peak depending on the degree of functionalization?2.

1.4.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis is a thermal analysis method to measure mass loss of
sample over a programmed heating process in a controlled atmosphere. The plot of the sample
mass is given as a function of temperature, which contains the information of the
thermo-stability of the sample. In some cases, the TGA measurement can be coupled with
mass spectroscopy (TG-MS) or Fourier Transform Infrared Spectroscopy (TG-FTIR) to further
investigate the molecular structure of the gaseous fragment, which comes from the

decomposition of the sample over the heating treatment.

The TGA can also be used as a tool to investigate the degree of covalent functionalization
of graphene. The detaching of the covalently attached functionality usually starts from
300-400 °C in inert atmosphere, and the mass loss after this point can be used to calculate the

concentration of functionality by equation 2 shown below:

_ We/MF
F= wg/12

(2)

Where C: is the concentration of functionality, We is the mass loss, Mg is the molecular
weight of the functionality and Wg is the residual weight of the carbon materials. It should be
noticed that this calculation can only be used in case of pristine graphene functionalization as

GO and rGO contain lots of oxygen groups so their basic unit is not simply a carbon atom.
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1.4.3 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic
technique which can measure the elemental composition in the sample surface and the
chemical or electronic state of each element. A typical XPS measurement is conducted under
ultra-high vacuum (UHV) condition by bombarding the sample with x-rays. During this process,
electrons from surface atoms were ejected into the UHV environment where they were
detected and their binding energy calculated. The binding energy of the elected electron can

be calculated by equation 3 shown below:

Ey = Epy — Ex — Wy, (3)

In which E, is the binding energy of the electron, E;, is the energy of the photons, E) is
the kinetic energy of the electron, and W, is the work function of the instrument. As each
element has an identified binding energy, a survey scan ranging from 0 to 1200 eV can be used
to measure the elemental composition of the sample. This makes XPS a useful tool in detecting
functionalities on the surface of carbon nanomaterials. For example, Shen and co-workers!?
have functionalized rGO with amino groups and the successful attachment of these amino
groups were confirmed by the N1s peaks at 396 - 440 eV. However, survey scan cannot be used
to identify the chemical state of elements. In this case, high-resolution scans toward specific
ranges are necessary. As shown in Figure 10b, the N1s peak can be de-convoluted into two
peaks corresponding to pyridinic (398.3 £ 0.2 eV) and primary amine (399.5 + 0.2 eV),

environments respectively, which can be attributed to the covalent interaction. The C-N group

shown in the Cls peak also indicated the formation of covalent bonds between the carbon
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matrix and the functional groups.
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Figure 10 Survey XPS spectra for NH2 modified graphene and GO; (b) N1s spectrum of NH2 modified

graphene; (C) Cls spectrum of GO; and (d) Cls spectrum of NH> modified graphene. Reproduced with

permission from ref 123. Copyright 2011 Published by Elsevier Ltd.

1.4.4 UV-Vis Spectrophotometer

UV-Vis Spectroscopy is an absorption spectroscopy working in the ultraviolet-visible

spectral region and can give information of the structure of molecules. Under the irradiation of

ultraviolet or visible light, the m-electrons or non-bonding electrons (n electrons) of the

molecules can be excited to higher anti-bonding orbitals after absorbing energy from the light.

This excitation can be reflected by the signal of absorbance (or light transmittance), which is a

function of the wavelength of the light.
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Figure 11 UV-Vis spectra of GO samples over reduction process. Reproduced with permission from ref

124. Copyright 2008 Nature Publishing Group.

UV-Vis spectra have been used as a tool to monitor the reduction process of rGO?*, As
shown in Figure 11, the main featured peak of GO dispersions is centered at ~231 nm, this
peak is attributed to the m-m* transition from the aromatic backbone. This peak gradually
redshifts to ~270 nm when the degree of reduction is increased. And the absorption in the
whole region (> 231 nm) was enhanced during the reduction process, indicating the conjugated
structure of the carbon matrix was restored over the reaction. The UV-Vis spectra can also be
used to evaluate the concentration of graphene dispersion. The concentration of graphene in
diluted dispersion can be found from Lambert-Beer’s law and can be calculated by equation 4

shown below:
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A = clacgeos (4)

Where A is the absorbance, c¢ is the concentration of graphene, [ is the path length and
Q660> IS the molar extinction coefficient at 660 nm. This law has been used to measure the

concentration of graphene or functionalized graphene dispersed in various solvents® .

1.5 Project Aims

Graphene is a wonder material with fantastic electrical and thermal properties, which
has a wide range of potential applications. The surface modification is essential in graphene
chemistry as it can attach various functionalities onto the graphene surface and make
graphene practically useful for specific applications. Over the past few years, tremendous effort
has been invested in the functionalization of graphene with most research focused on
graphene oxide (GO) or reduced graphene oxide (rGO) based materials. The surface
modification of pristine graphene remains a challenge. However, compared with GO and rGO,
pristine graphene possess the intrinsic advantages of graphene such as a lower density of
defects, a higher electrical and thermal conductivity and impressive strength. Consequently, it
is more important to find a versatile approach to functionalize pristine graphene. Recently,
potassium graphite intercalated compounds (GICs) have attracted much interest as potassium
metal can active pristine graphene by electron doping. The negatively charged carbon layers

are highly reactive towards electrophile-type functionalities such as diazonium compounds.

In this study, we have prepared potassium GICs and functionalized them by utilizing
electrophile type regents - benzyl bromides and diazonium compounds. The GICs were
prepared from two kinds of graphite: 1) 325 mesh natural graphite flakes (< 45 um) and 2)
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natural graphite powder with small lateral size (< 5.2 um). The effect of lateral size of graphite

towards the degree of intercalation was studied by Raman spectroscopy and powder XRD.

Subsequently, various benzyl bromides and diazonium salts were used for the functionalization

of the GICs and the degree of the functionalization was investigated by Raman spectroscopy,

statistical Raman spectroscopy, and TGA. The functionalities on the surface of graphene were

further detected by XPS. Finally, the functionalized graphene samples attached with carboxyl

groups were decorated with gold nanoparticles and the morphology of the hybrids was

investigated by TEM.
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Chapter 2: Preparation and Characterization of
Potassium Graphite Intercalation Compounds
(GICs)

2.1 Introduction

Graphite Intercalation Compounds (GICs) are complex materials having a formula of CX,
where the ion X,* or X, is intercalated between the oppositely charged carbon layers. GICs
have been the subject of intense research since the 1970s due to their unique structure and

125 and superconductivity 2. As

interesting properties such as excellent electrical conductivity
one of the most widely studied GICs, potassium GICs have attracted significant attention since
the discovery of graphene in 2004. This can be attributed to two reasons: 1) the intercalation
of potassium can activate the graphene. The potassium metal can act as an electron donor and
the intercalation can initiate the charge transfer between potassium and graphite to produce
negatively charged carbon layers. These electron-doped carbon layers are recognized as strong
reducing agents and are more reactive towards electrophile type functionalities compared with
pristine graphite. This feature can be used to address the issue of high chemical inertness of
graphite during functionalization. For instance, Hirsch and co-workers'?’ reduced graphite by
mixing graphite powder with a Na/K alloy dispersion in di-methyl ether (DME) to form
intermediate GICs. Subsequent quenching with 1l-iodohexane formed alkylated graphene.
More recently, a study carried out by Ruoff and co-workers!® involved a similar approach by
immersing CVD grown graphene in a Na/K alloy dispersion in tetrahydrofuran (THF). The

graphene was electron doped by the alloy dispersion and various electrophilic aryl as well as

alkyl halides were used as the quenching chemicals. It was found that different functionalities
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have different reactivity, with the iodides showing the highest reactivity towards
functionalization. 2) Unlike other GICs which can only produce expanded graphite or few layer

125,130 notassium GICs can be fully exfoliated into single-layer graphene in aprotic

graphene
solvents such as THF and methyl-2-pyrrolidinone (NMP)®3!. As aforementioned, the
intercalation can cause charge transfer between the carbon matrix and potassium and the n-nt
interaction between individual carbon layers will be replaced by electrostatic repulsive-force.
This can help to facilitate the exfoliation of carbon layers in liquid media and prevent their
re-aggregation once they have been exfoliated. The exfoliated negatively charged carbon layers
can be stabilized by counter ions (K*). After a high-speed centrifugation process to remove
insoluble materials, graphenide solution containing single-layer or few-layer charged graphene
can be obtained. This negatively charged graphene has small lateral size!3? (50-400 nm), high
specific area, and a high reactivity towards electrophile type functionalities. For example, Alain
Pénicaud and co-workers®®? have quenched graphenide solution with nickel cations to form Ni

nanoparticle decorated graphene. The UV-Vis spectroscopy and XPS measurement revealed

that the nickel cations were reduced by the negative charge of the graphenide solution.

There are factors that can affect the reactivity of the GICs, including the potassium
concentration of the GICs and the lateral size of initial graphite. It was found by Hirsch’s
group®* that the highest ordered GICs of potassium KCs, where the molar ratio of potassium to
carbon is 1:8, could reach a high degree of covalent functionalization. Potassium concentration
below this value leads to a decreased degree of functionalization while further increasing the
concentration of potassium has little effect in terms of functionalization. This can be attributed

to the fact that no more K can react with graphite above this ratio. A further study conducted
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by the same group!® pointed out that graphite with smaller lateral size was more easily

functionalized as there were more edges exposed to the reactive species.

In the work described here two kinds of natural graphite with different lateral sizes will
be used for the preparation of stage 1 potassium GICs. The quality of the raw materials as well
as the stage number of the prepared GICs will be investigated by Raman spectroscopy. The

structure of prepared GICs will be characterized by powder XRD.

2.2 Preparation and Characterization of Potassium GICs

In the preparation of KCs, two kinds of graphite were selected as the starting materials -
325 mesh natural graphite flakes and Micrograft natural graphite powder. The 325 mesh
graphite flakes have a main lateral size less than 45 um while the Micrograft natural graphite
powder has a smaller lateral size (90% of the flakes < 5.2 um). The latter was labeled as
“S-Graphite” in the following discussion. Raman spectra (Figure 12a, b) showed these two
kinds of graphite have three featured peaks: a D band (1349 cm™ for 325 mesh graphite and
1352 cm™ for S-Graphite), a G band (1580 for 325 mesh graphite and 1581 cm™ for S-Graphite),

and a 2D band (2713 cm™ for 325 mesh graphite and 2709 cm™ for S-Graphite).
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Figure 12 a, b) Raman spectra of 325 mesh graphite and S-Graphite; c, d) histogram of Ip/Is ratio of 325

mesh graphite and S-Graphite.

Statistical Raman (Figure 12c, d) was conducted for these two samples and the result
shows that both kinds of graphite have low density of defects, reveled by a small value of Ip/lg

ratio (0.11+0.036 for 325 mesh graphite and 0.15+0.023 for S-Graphite).

The fabrication of the GICs was carried out following the liquid phase method reported
in the literature?. Due to the highly reactive character of potassium metal, the experiment
was conducted inside a nitrogen filled glove box (H,O < 10 ppm, O, < 10 ppm). Typically, a
specific quality of potassium and graphite were mixed in a glass vial, the molar ratio of

potassium and carbon was 1:8. The vial was then heated up to 200 °C on a heating plate.
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Figure 13 Raman spectra of potassium GICs prepared from 325 mesh graphite (a) and S-Graphite (b).

The volume of the powder was expanded during heating and the color of the powder
was turned from black to golden yellow, indicating the successful intercalation of potassium.
After 4 hours of heating the powder was cooled down to room temperature. A small quantity
of the GICs powder was sealed in a cuvette inside the glove box and was taken out for further
characterization. Raman spectroscopy was used to investigate the stage number of the GICs. As
shown in Figure 13a, 325 mesh graphite GICs exhibited characteristic features of a stage 1 GICs
with the C, mode at 560 cm™. This mode corresponds to the M point of the graphene Brillouin
zone, and it becomes Raman active when high intercalation levels are achieved®*®. A broad
Breit-Wigner-Fano (BWF) line-shape was also found between 1400 cm™and 1600 cm™, which
usually indicates the formation of KCs!¥. As for the S-Graphite GICs (Figure 13b), a
Breit-Wigner-Fano line shape was also found between 1440 cm™ to 1700 cm™, revealing the
formation of GICs. However, no obvious C, mode was found around 560 cm™. This may due to
the relatively low degree of intercalation of the GICs. The mode observed around 1260 cm*
could be attributed to intrinsic disorder present on the graphite rather than pristine GICs%,
This mode is not obvious in the spectra for 325 mesh graphite GICs, which matches the Ip/ls

ratio distribution of these two kinds of graphite.
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Figure 14 Powder XRD of graphite (a) and potassium GICs prepared from 325 mesh graphite (b below)

and S-Graphite (b above).

As shown in Figure 14a, the powder XRD pattern of 325 mesh graphite showed a
characteristic peak located at 20 = 26.9°. This peak represents (002) reflection of graphite and
disappears after potassium intercalation (Figure 14b), indicating the change of interlayer
distance after intercalation. Besides, characteristic peaks at 20 = 15.3° and 33.2° were observed
in these two GICs. These peaks represent the (004) and (008) diffraction lines of crystalline KCsg

samples. This result confirmed that both of these two GICs contained stage 1 GICs.

2.3 Conclusions

In summary, potassium GICs has been successfully prepared by using two kinds of
graphite as starting materials. Raman and Powder XRD measurements were used to
characterize the potassium GICs. It was found that both 325 mesh graphite and S-graphite can
be intercalated by potassium and the final products contained stage 1 GICs — KCs. Compared
with GICs made from S-Graphite, the GICs prepared from 325 mesh graphite can achieve a

higher degree of intercalation as well as crystallinity.
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Chapter 3: Functionalization of Graphene via
Diazonium Approach

3.1 Introduction

Over the past decades, the diazonium chemistry in graphene functionalization has been
intensely studied and several kinds of diazonium salts such as 4-nitrobenzene diazonium
tetrafluoroborate  (4-NBD), 4-bromobenzene diazonium tetrafluoroborate (4-BBD),
4-propargyloxybenzene diazonium tetrafluoroborate (4-PBD), as well as
4-tert-butylphenyldiazonium tetrafluoroborate (4-BPD) have been used for graphene
modification®. Although these diazonium salts showed adequate reactivity towards graphene
functionalization, it is still difficult to overcome the high inertness of graphene, which can limit
the degree of functionalization. Consequently, it is of great importance to find a more suitable
and controllable reaction condition. Over the past few years, the functionalization of potassium
GICs by diazonium chemistry has attracted great research interest. As the functionalization of
graphene is initialized by the transfer of delocalized electron from conjugated carbon matrix to
diazonium compounds, the electron doped carbon layer in potassium GICs should be more
reactive towards diazonium salts compared with pristine graphene and the degree of
functionalization could be further improved. Besides, the enhanced reactivity of carbon sheets
can be functionalized by a wider range of functionalities. For example, it was difficult to modify
pristine graphene with sophisticated functionalities such as porphyrin groups, which can be

achieved after potassium intercalation®,
In this project, the potassium GICs prepared from two kinds of graphite will be
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functionalized by three diazonium salts: 4-carboxybenzene diazonium tetrafluoroborate
(4-CBD), 4-fluorobenzene diazonium tetrafluoroborate (4-FBD), and 4-nitrobenzene diazonium
tetrafluoroborate (4-NBD). The 4-CBD and 4-FBD were synthesized in the lab following
literature procedures?®®, while 4-NBD was purchased from Sigma Aldrich. The synthesized
diazonium salts were characterized by FT-IR, mass spectrometry and NMR. The
functionalization of the GIC samples were characterized by Raman spectroscopy, Statistical
Raman spectroscopy, and TGA and the reactivity of these three diazonium compounds
compared. The 4-FBD functionalized sample was further characterized by XPS as the fluorine

can be easier to be recognized.

To the best of our knowledge, the modification of potassium GICs by 4-carboxybenzene
diazonium tetrafluoroborate (4-CBD) has not been reported, despite the carbonyl group’s
suitability for a range of diverse applications. For example, carboxyl group functionalized
graphene can be further attached with glucose oxidase containing amines groups to make
biosensors. The 4-CBD functionalized sample was further decorated with amine modified gold

nanoparticles and will be discussed in detail in chapter 5.

3.2 Results and discussion

The functionalization of GICs by 4-FBD was conducted inside the glove box. Typically, 51
mg of 325 mesh GIC was dispersed in 25 ml of dry THF in a sample vial. The dispersion was

sonicated at 200 W for 2 mins for further exfoliation of the GICs.

44



. 240
a) — 325 Graphite C) e mm 325 Graphite
200 4
—_ 180~
= 160 4
(1] 4
L) o 140
= = 1204
E 8 100 4
2 o B0 -
| -
- B0 -
40 -
20 -
1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 0001020304050607080081011121314
Raman shift {cm™) le/ls band ratio
— 325-FBD 60+
b) d) mm 325-FBD
50 4
=1 -
. 40 +
S ’ N, BFs
[}
r‘? E 30 4
@ =]
= =]
i) (&)
= 204
10- F
T T T T T T T T T 1 0-
1000 1250 1500 1760 2000 2250 2500 2750 3000 3250 3500 0001020304050607 080910111213 14
Raman shift {cm™) Io/ls band ratio

Figure 15 a, b) Raman spectra of 325 mesh graphite and 325-FBD sample; c, d) histogram of Ip/ls ratio

distribution of 325 mesh graphite and 325-FBD sample.

Subsequently, 1.5 mmol of 4-FBD was added to the GICs dispersion under vigorous
stirring. During the adding of the diazonium compound, the GICs were quenched immediately
accompanied by an obvious color change from golden yellow to black. A violent release of
nitrogen bubbles was observed, indicating the rapid formation of aryl radicals. The reaction
was maintained for 24 hours under stirring. Then the sample was taken out from the glove box
and washed completely with acetone and water to remove unreacted reagents and potassium
species. Raman spectra (Figure 15b) of the 4-FBD functionalized sample showed three featured
peaks: A D band at 1346 cm?, a G band at 1583 cm™ and a 2D band at 2706 cm™. A
much-enhanced D band as well as a new peak (D+D’ model) centered at 2937 cm™ were

observed, this could be attributed to the hybridization of in-plane carbon atoms transferred
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from sp? to sp3. Statistical Raman Spectra (Figure 15d) further confirmed that the D band was

significantly enhanced, revealed by a higher value of Ip/lg ratio (0.62+0.20) compared with 325

mesh graphite (0.11+0.036).
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Figure 16 Histogram of Ip/lg ratio distribution of 325 mesh graphite (a) and 325+FBD sample (b).

For investigating the function of potassium intercalation in this process, a control

experiment was carried out by directly mixing 4-FBD and graphite under the same conditions

and the sample was labeled as 325+FBD. Statistical Raman (Figure 16b) showed that after

reaction, the Ip/lg ratio of the sample experienced a negligible increase from 0.11+0.036 to

0.14+0.048, which is much lower than that of 325-FBD. This result indicated that potassium

intercalation played a very important role in activating the carbon layers and making them

more reactive towards radical attacking. XPS measurement was carried out to detect the

functionality on the surface of the sample. The XPS F1s spectra (Figure 17) revealed clear

presence of fluorine in both 325-FBD and 325+FBD samples. This indicated the successful

attachment of functional groups by mixing 4-FBD with GICs and pristine graphite.
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Figure 17 XPS F1s spectra of 325-FBD and 325+FBD samples. (Explain peak position)

Except for 4-FBD, other diazonium salts including 4-CBD and 4-NBD were also used for
functionalization under the same reaction condition. As shown in Figure 18a and 18c, the
Raman spectra for 325-CBD showed a huge and broad D band centered at 1348 cm™. Similar to
325-FBD sample, a D+D’ model was observed at 2924 cm™. By contrast, no identifiable D+D’
model was found for 325-NBD sample (Figure 18b) and the intensity of D band was much lower

than that of 325-CBD and 325-FBD (Figure 18d), this could be attributed to the low reactivity of
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4-NBD towards functionalization.
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Figure 18 a, b) Raman spectra of 325-CBD and 325-NBD samples; c, d) histogram of Ip/ls ratio

distribution of 325-CBD and 325-NBD samples.

Statistical Raman measurement was also conducted for 325-CBD and 325-NBD samples.
The average Ip/lg ratios of various samples were calculated, and the results were listed in Table
1. It was found that 325-CBD sample possessed the highest degree of functionalization,
revealed by the highest Ip/lg ratio of 0.90+£0.22 and the Ip/lg for 325-NBD was 0.30%0.11. In
general, it can be roughly concluded that the order of functionalization degree was 325-CBD >

325-FBD > 325-NBD.
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Figure 19 TGA spectra of 325 mesh graphite (black line) 325-CBD (red line), 325-FBD (blue line), and

325-NBD (green line) samples.

To further investigate the degree of functionalization of various samples, a TGA
measurement was carried out in a helium atmosphere from room temperature to 500 °C. For
obtaining an accurate value of mass loss, the mass loss before 200 °C was ignored as the mass
loss in this region is usually attributed to the evaporation of moisture or solvent. As shown in
Figure 19, the pristine graphite showed negligible mass loss (<0.1%) when heated up to 500 °C
while the mass loss for 325-CBD, 325-FBD and 325-NBD were 14.2%, 7.4% and 6.9%,
respectively. The concentration of the functionality C; was calculated by equation 5 shown

below:

— Wi/ms
Cr = wy/12 (5)
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In which w¢ is the weight of functionality (mass loss), m; is the molecular weight of
functionality and w, is the weight of residual carbon materials. The functionality
concentration was calculated to be 0.018 per carbon for 325-CBD and 0.010 per carbon for
325-FBD sample. As the -NO; group on 4-NBD might be reduced to -NH, group during the

reaction??, the functionality concentration of 325-NBD sample cannot be correctly calculated.

Table 1 Average Ip/ls Ratio of 325 mesh graphite, 325-CBD, 325-FBD, and 325-NBD

samples.

325 graphite 0.11+0.036 <0.1 /
325-CBD 0.90+0.22 14.2 0.018
325-FBD 0.62+0.20 7.4 0.010
325-NBD 0.30+0.11 6.9 /

The GICs prepared from S-Graphite were also functionalized by 4-CBD, 4-FBD and 4-NBD.

As shown in Figure 20 and Table 2, an enhanced D band and Ip/ls ratio were observed for all

functionalized samples, indicating the successful covalent functionalization. Among these

functionalized samples, SG-CBD possessed the highest Ip/lg ratio (0.53+0.035), followed by

SG-FBD (0.42+0.024) and SG-NBD (0.25+0.066). Besides, an identifiable D+D’ model can be

found in the Raman spectra of SG-CBD and SG-FBD samples, which was absent in the spectra of

SG-NBD sample. These results further confirmed that 4-CBD possess the highest reactivity

towards covalent functionalization of potassium GICs while the 4-NBD has the lowest reactivity.
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Figure 20 a-d) Raman spectra of S-Graphite, SG-CBD, SG-FBD and SG-NBD samples; e-h) histogram of

I/l ratio distribution of S-Graphite, SG-CBD, SG-FBD and SG-NBD samples.

It is worth noting that although S-Graphite had a higher intrinsic defect density
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compared with 325 mesh graphite, the functionalized S-Graphite GICs possessed a lower Ip/lg

ratio than those of functionalized 325 GICs even when they were functionalized by the same

diazonium compound. This could be attributed to that the GICs prepared from 325 mesh

graphite had a higher order of intercalation as well as crystallinity thereby the in-plane carbon

atoms were more reactive than those of GICs made from S-Graphite.
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Figure 21 TGA spectra of S-Graphite (black line) and SG-CBD (red line), SG-FBD (blue line) and SG-NBD

(green line) samples.

TGA characterization was also conducted for S-Graphite and functionalized S-Graphite

GICs samples. As shown in Figure 21, the pristine S-Graphite showed negligible mass loss when

heated up to 500 °C. Interestingly, though S-graphite GICs derived samples had low degree of

in-plane functionalization, the mass loss for SG-CBD, SG-FBD and SG-NBD were measured to be
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17.1%, 8.6% and 7.1% at 500 °C, respectively, which are comparable with that of functionalized

graphene derived from 325 mesh GICs. This could be attributed to that the graphite with

smaller lateral size has more exposed edges, which possess a higher reactivity than in-plane

carbon atoms. As a result, there was more edge functionalization possible for S-Graphite GICs

derived samples.

Table 2 Average Ip/ls Ratio of S-Graphite and SG-CBD, SG-FBD and SG-NBD samples.

S-Graphite 0.15+0.023 <0.1 /
SG-CBD 0.53+0.035 17.1 0.020
SG-FBD 0.42+0.024 8.6 0.012
SG-NBD 0.25+0.066 7.1 /

3.3 Conclusion

In summary, potassium GIC made from 325 mesh natural graphite has been
functionalized by various diazonium salts. Raman spectra, TGA and XPS measurement indicated
the successfully covalent functionalization. Among these three kinds of diazonium compounds
used, 4-carboxybenzene diazonium tetrafluoroborate (4-CBD) had the highest reactivity
towards functionalization. Potassium GICs made from S-Graphite was also functionalized with
the same diazonium compounds. Raman spectra showed that S-Graphite derived samples had
a relatively lower degree of in-plane functionalization. However, TGA measurement showed
that the functionalized S-Graphite GICs possessed a comparable overall functionality

concentration compared with GICs made from 325 mesh graphite. This could be attributed to
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that S-Graphite GICs had more exposed edges than 325 meshed GICs and there is more edge

functionalization present for S-Graphite derived samples.
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Chapter 4: Functionalization of Graphene via
Benzyl Bromide Approach

4.1 Introduction

Benzyl bromide is often used in organic synthesis to introduce benzyl groups to other
moieties as the bromide can act as a good leaving group. Since the benzyl carbocation is
relatively stable under reaction conditions and has high electrophilicity, it is reasonable to
suspect that benzyl bromide can interacted with negatively charged potassium GICs and

achieve the benzylation of graphene.

In this project, the GICs prepared from 325 mesh graphite were functionalized by various
benzyl bromides including 4-bromomethyl benzoic acid (4-BBA), 4-fluorobenzyl bromide
(4-FBB), and 4-nitrobenzyl bromide (4-NBB). The 325 GICs were selected as the starting
materials due to their higher degree of potassium intercalation as well as higher in-plane
reactivity toward diazonium compounds. The degree of functionalization of various samples
was characterized by Raman spectroscopy, statistical Raman Spectroscopy, and TGA. The

functionality will be further detected by XPS measurement.

4.2 Results and discussion

Briefly, inside the glove box, 325 mesh graphite GICs were dispersed in 25 ml of absolute
tetrahydrofuran (THF) with an initial concentration of 0.12 mg/ml. The dispersion was
sonicated at 200 W for 2 mins for further exfoliation of the GICs. Subsequently, 1.5 mmol of

4-FBB was added to the GIC dispersion under magnetic stirring.
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Figure 22 Powder XRD pattern of 325 mesh graphite (black line), KBr (green line), 325-FBB sample before

(blue line) and after (red line) water washing.

During the adding of benzyl bromides, the color of the dispersion turned from golden

brown yellow to black, indicating successful discharge of the GICs. The mixture was stirred for

24 hours after all the reactant was added. The product was then taken out from the glove box

and was further quenched by 1 ml of methanol for complete remove of any residual charge.

The product was collected by vacuum filtration and washed with acetone to remove residual

reactant and then dried in the oven.
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Figure 23 a, b) Raman spectra of 325 mesh graphite and 325-FBB samples; c, d) Histogram of Ip/ls ratio

distribution of 325 mesh graphite and 325-FBB samples.

Powder XRD characterization was conducted to investigate the crystal structure of the

functionalized material. As shown in Figure 22, the sample obtained after acetone washing

exhibited featured XRD pattern of potassium bromide, indicating the bromine has successfully

left during the reaction and combined with potassium ion to form KBr crystals.
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Figure 24 Histogram of Ip/ls ratio for325 mesh graphite and 325+FBB sample.

After washing with water to remove potassium salts, the featured KBr peaks disappeared.
Raman spectra (Figure 23b) and statistical Raman spectra (Figure 23d) showed an enhanced D
band after functionalization and the Ip/l ratio was improved from 0.11+0.036 to 0.35+0.17.
Besides, a weak D+D’ peak was found at 2923 cm?, indicating the functional groups were
covalently attached onto the surface of graphene. A Control experiment was conducted by
directly mixing 4-FBB with graphite in THF inside the glove box and the product was labeled as
325+FBB. Statistic Raman result showed (Figure 24b) negligible change in terms of Ip/lg ratio

after reaction.

XPS measurement was also carried out to detect the functionality on the surface of the
sample. As shown in Figure 25a, the XPS F1s spectrum of 325-FBB sample reveals presence of
fluorine. This indicates the successful attachment of fluorine containing group on graphene
surface. By contrast, no Fls peak was found for 325+FBB sample, indicting no reaction or
adsorption or of 4-FBB on graphene after washing. This result further confirmed that charged

GICs played a key role in functionalization.
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Figure 25 XPS F1s spectra of 325-FBB and 325+FBB samples.

For comparison, 4-bromomethyl benzoic acid (4-CBA) and 4-nitrobenzyl bromide (4-NBB)

were also used for functionalization. As shown in Figure 26 and Table 3, the 325 mesh GIC

experienced an enhancement in Ip/ls ratio after functionalization by 4-CBA and 4-FBB and the

values were 0.34+0.16 and 0.19%0.086, respectively. TGA measurement (Figure 27) showed

that 325-CBA, 325-FBB and 325-NBB samples exhibited a mass loss of 9.1%, 7.8% and 5.6% at

500 °C, respectively, and the functionality concentration was calculated to be 0.0088 per

carbon for 325-CBA and 0.0095 per carbon for 325-FBB. Combining the TGA results and Raman
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spectra, it can be concluded that 4-bromomethyl benzoic acid and 4-fluorobenzyl bromide
have comparable reactivity towards functionalization while 4-nitrobenzyl bromide possessed

the lowest reactivity.
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Figure 26 a, b) Raman spectra of 325-CBA and 325-NBB sample; c, d) Histogram of Ip/ls ratio of 325-CBA

and 325-NBB sample.

The efficiency of functionalization via benzyl bromides was lower than that of the
diazonium approach. This was revealed by a lower Ip/ls ratio as well as a lower functionality
concentration of benzyl bromides functionalized samples compared with diazonium

compounds functionalized samples.
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Figure 27 TGA spectra of 325 mesh graphite (black line), 325-CBA (red line), 325-FBB (blue line) and

325-NBB (green line) samples.

Table 3 Average Ip/ls Ratio of 325 mesh graphite and 325-CBA, 325-FBB, and 325-NBB

samples.

325 mesh graphite 0.11+0.036 <0.1 /
325-CBA 0.3410.16 9.10 0.0088
325-FBB 0.35+0.17 7.80 0.0095
325-NBB 0.19+0.086 5.60 /
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4.3 Conclusion

In summary, potassium GIC made from 325 mesh natural graphite has been
functionalized by various benzyl bromides. Raman spectra, TGA and XPS measurement
indicated successfully covalent functionalization. It was also found that the charged graphene
was essential for the reaction to take place. Among the benzyl bromides studied,
4-bromomethyl benzoic acid (4-CBA) and 4-fluorobenzyl bromide (4-FBB) had comparable
reactivity towards functionalization while 4-nitrobenzyl bromide (4-NBB) had the lowest
reactivity. It can also be concluded that diazonium compounds possess higher reactivity than

benzyl bromides.
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Chapter 5: Decorating Functionalized
Graphene with positively charged gold
nanoparticles (Au-NPs)

5.1 Introduction

Over the past few vyears, nanoparticles decorated graphene, in particular
Au-NPs/graphene hybrids have attracted much attention in diverse areas such as catalysis!4% 42
and bio-sensors'** 1%, This could be attributed to the high specific area as well as the high
conductivity of graphene, which can help the hybrid reach up to a high density of active sites
and a high charge transfer rate. However, one of the drawbacks of pristine graphene is the lack
of an anchor site, which can interact with metal nanoparticles thus preventing their
re-aggregation. The surface modification of graphene can introduce functional groups on the
surface of graphene, which can anchor the nanoparticles to achieve a good distribution of

nanoparticles.
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Figure 28 Structure of PEI molecule.

In our process, amine group functionalized positively charged Au-NPs were synthesized

via reducing gold chloride hydrate by Poly(ethyleneimine) (PEI) (Figure 28). The as prepared
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Au-NPs were used to decorate 325 meshed graphite, 325-CBA and 325-CBD samples.

The synthesized Au-NPs were characterized by UV-Vis to confirm the formation of Au
phase nanoparticles. The decorated graphite/functionalized graphene samples were
characterized by TEM to confirm the successful decoration of Au-NPs. The added benefit of
decorating functionalized graphene with Au-NPs, and comparing with control samples, one can

indirectly infer the presence of functional groups as well as their location and distribution.

5.2 Results and discussion

a) Before reaction After reaction b) *9 —— HAUCI PEI mixture
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Figure 29 a) Image of PElI and HAuCls mixture before (left) and after (right) reaction; b) UV-Vis spectra of

PEI and HAuCls4 mixture before (left) and after (right) reaction.

The amine functionalized Au-NPs were prepared by following the literature®. Typically,
to a 40 ml of polyethyleneimine solution (0.3 g PEI) was added 1 ml of 10 mg/ml of gold
chloride hydrate solution. The PEI molecule contains amine groups and can act as both
reducing agent and stabilizer. The pH of the system was adjusted to 3.5 by adding diluted
hydrochloric acid and the reaction was maintained under stirring for 12 h. During this process
the color of the mixture turned from faint yellow to wine red (Figure 29a), indicating the

formation of Au-NP colloidal solution. The UV-Vis spectrum of the product solution exhibited a
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plasmon peak at 528 nm (Figure 29b), which is a characteristic for spherical Au-NPs%,

Au@325-CBD Au@325-CBA Au/graphite

Figure 30 Images of Au/Graphite, Au@325-CBD, and Au@325-CBA samples after 24 h standing.

As the amine group on the surface of Au-NPs has potential to interact with carboxyl groups,

325-CBA and 325-CBD were selected for the decoration of Au-NPs. Pristine 325 mesh graphite

was also used for control experiment. In brief, 5 mg of graphite or functionalized graphene

samples were dispersed in 10 ml potassium hydroxide solution (pH = 12) in three sample vials

by 10 mins of bath sonication. Subsequently, 2 ml of prepared Au-NPs solution was added into

the dispersion and the system was sonicated for another 10 mins and maintained under

stirring for 24 h. After that, the system was standing for 24 h to let the solid settle down. The

final products were labeled as Au/graphite, Au@325-CBA and Au@325-CBD, respectively.
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Figure 31 UV-Vis spectra of supernatant of Au/graphite, Au@325-CBD, and Au@325-CBA samples after

24 h standing.

As shown in Figure 30, the supernatant in the vial containing 325-CBD sample became

colorless after standing, indicating the adsorption of Au-NPs. While the supernatant in other

two vials maintain faint red. UV-Vis spectra (Figure 31) further confirmed that after 24 hours of

standing there was few Au-NPs left in the supernatant for Au@325-CBD sample, revealed by

the low absorbance (0.025) at 528 nm. In contrast, the absorbance of Au-NPs in Au/graphite

(0.33) and Au@325-CBA (0.26) samples were 13.2 and 10.4 times that of Au@325-CBD sample,

implying a much lower degree of Au-NPs adsorption. This could be attributed to low density of

anchor sites in pristine graphite and relatively low degree of functionalization of 325-CBA

sample.
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i

Graphene sheet

Figure 32 TEM images of Au/graphite (a, b), Au@325-CBA (c, d), and Au@325-CBD (e, f) samples.

TEM measurements were conducted for Au/graphite, Au@325-CBA, and Au@325-CBD

samples after complete washing with water to remove any unbonded Au-NPs. As shown in

Figure 32 a-d, only a few nanoparticles were observed for Au/graphite and Au@325-CBA

samples, this may due to the weak physical interaction between Au-NPs and carbon layers. By

contrast, a higher density of decorated Au-NPs was observed for Au@325-CBD sample (Figure

32 e, f). To gain a further view of the density of decorated Au-NPs, the average number of

Au-NPs on graphite/functionalized graphene was calculated based on 5 TEM images at the

same maghnification with approximately equal area of graphite/graphene sheets and the result
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is shown in Figure 33. It was found that Au@325-CBD sample can reach up to the highest
density of bonded Au-NPs, which was about 18.3 times higher than that of Au/graphite sample
and 13.2 times higher than that of Au@325-CBA sample. This result further confirmed that the
carboxyl functionalized graphene can anchor anime functionalized Au-NPs and the diazonium

approach can achieve a higher degree of functionalization compared with bromide approach.
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Figure 33 Average number of Au-NPs decorated on Au/graphite, Au@325-CBA, and Au@325-CBD

samples.

5.3 Conclusion

Amine functionalized positively Au-NPs have been successfully synthesized according to
the literature. The formation of Au-NPs was confirmed by UV-Vis characterization. For the
preparation of Au-NPs decorated functionalized graphene, 325-CBA and 325-CBD samples

were mixed with Au-NPs at room temperature in alkaline solution. Control experiment was
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conducted by mixing graphite with Au-NPs under the same condition. TEM measurement

revealed that Au@325-CBD reached up to the highest density of Au-NPs anchored on the

surface of graphene. Few Au-NPs was decorated on Au@325-CBA and Au/graphite sample. This

could be attributed to a relatively higher degree of functionalization of 325-CBD compared to

325-CBA.
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Chapter 6: Experimental Section
6.1 General Instrumentation
6.1.1 Mass Spectrometry

The structure of the synthesized diazonium compounds were investigated by electron
ionization (El) (+) mass spectrometry on a TQD mass spectrometer and an Acquity UPLC
(Waters Ltd, UK). Samples were prepared by dissolving 1 mg of the synthesized diazonium

compounds in 1 ml of acetonitrile (HPLC grade).

6.1.2 Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra were recorded on a Perkin Elmer Spectrum equipped with an attenuated
Total Reflectance (ATR) accessory fitted with a diamond/KRS-5. Spectra were taken from 800 to
4000 cm™ at a resolution of 1 cm™. Measurements were conducted for 8 scans for each sample

and performed on solid samples under compression.

6.1.3 Powder XRD

The powder XRD measurements were conducted on a Bruker d8 Advance diffractometer
using a Mo Ka source (A = 0.7093 A) operating at 40 kV and 50 mA, signal collected with a
LYNXEYE detector. The potassium GIC samples were packed into a 1.0mm glass capillary inside

the glove box and were rotated at 60 rpm during the measurement.

6.1.4 NMR

NMR samples were prepared in Methyl Sulfoxide-dg with a concentration of 1 mg/ml.
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Data were collected on a Bruker 400 UltraShield NMR at 400 MHz.

6.1.5 Raman Spectroscopy

Raman spectra were recorded using a Horiba Jobin Yvon LabRam Evolution HR
spectrometer in a back scattered confocal configuration using a Nd:YAG laser (532 nm, 2.33 eV.)
The spectrometer was equipped with a CCD detector. Samples of the carbon materials were
prepared by transferring the materials onto a membrane (0.2 um pore size, PTFE, Hydrophilic)
via filtration of the graphene dispersion (acetone), which was prepared by 5 mins sonication in
an ultrasonic bath (Ultrawave U50, 30-40 kHz.). Samples were dried in air at 60 °C for 1 hour
before test. All spectra were referenced to the position of the A;; Raman active mode of Silicon
at 520.7 cm™. Statistical Raman data was obtained from a 50 x 50 um area with a 2.3 um step
size in the SWIFT mode for low integration times. Sample movement was carried out by an

automated XY-scanning stage.

Analysis of the data was performed using the proprietary Labspec 6 data, where peak fits
were obtained using classical least square (CLS) fitting with lineshapes that were permitted to

have Lortenzian character.

6.1.6 Thermogravimetric Analysis (TGA)

TGA was carried out using a Pyris 1 TGA. Samples (1-10 mg) were heated under helium

from room temperature to 500 °C at a rate of 5 °C per min.

6.1.7 Transition electron microscopy (TEM)

TEM images were acquired using a JEOL 2100F FEG TEM. Samples were prepared by
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dispersing the solid powder in THF to give a dilute dispersion. Several drops of the solution
were then placed onto a holey carbon grid. Imaging was conducted at a working voltage of 80

kV.

6.1.8 X-ray Photoelectron Spectroscopy (XPS)

The XPS measurements were acquired in a Kratos Axis Nova XPS spectrometer at NEXUS
in Newcastle University. The samples were mounted on a clean aluminum platen and
immobilized using carbon tape. The largest analysis area in this spectrometer (300x700 micron)
was used in all the measurements. All the measurements were repeated at three different
analysis positions with non-overlapping analysis areas. Charge compensation was used
throughout the measurements. Survey scans were acquired with an energy resolution of 160
eV, and 0.4 eV steps, 100 ms dwell time and 2 sweeps. F 1s scans were acquired with an energy

resolution of 20 eV, 0.1 eV steps, 300 ms dwell time and 10 sweeps.

6.2 Materials

The chemicals used in this project are listed below. All the chemicals were used as

received without further statement.

Natural graphite flake (325 mesh, 99.8%) Alfa Aesar
Tetrafluoroboric acid (48% min w/w aq. Alfa Aesar
soln.)
Graphite (Micrograft 99503UJ, 99.5%) Nacional de Grafite, Brazil
Potassium hydroxide Fischer Scientific
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Hydrochloric acid Fischer Scientific
Potassium cubes (in mineral oil, 99.5% trace Sigma Aldrich
metals basis)
4-Aminobenzoic acid (99%) Sigma Aldrich
4-Fluoroaniline (99%) Sigma Aldrich
4-Nitrobenzenediazonium tetrafluoroborate Sigma Aldrich
(97%)
4-Fluorobenzyl bromide (97%) Sigma Aldrich
4-Bromomethyl benzoic acid (97%) Sigma Aldrich
4-Nitrobenzyl bromide (99%) Sigma Aldrich
Methyl Sulfoxide-de, for NMR (99.5+ %) ACROS Organics
Acetonitrile (HPLC grade) Fischer Scientific
Tetrahydrofuran Durham SPS
Gold(lll) chloride hydrate ( 50% Au basis) Sigma Aldrich
Poly(ethyleneimine) solution (50% w/w in Sigma Aldrich
water)

6.3 Sample Preparation

6.3.1 Preparation of Graphite Intercalated Compounds (GICs) KCs by

using 325 mesh natural graphite

The KCs graphite intercalated compounds (GICs) were prepared following the liquid

phase (LP) route in a nitrogen filled glove box (H,0 < 10 ppm, O, < 10 ppm)*32, Typically, 0.5 g of
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graphite (325 mesh) was mixed with 0.203 g potassium metal in the atomic ratio C/K = 8 in a
glass vial. The vial was then put on a heating plate and heated to 200 °C. The system was
maintained at this temperature for 4 hours, and the mixture was stirred occasionally with a
spatula. During the intercalation, the grey black graphite powder was turned into golden brown

powder. The system was then cooled down to room temperature.

6.3.2 Preparation of Graphite Intercalated Compounds (GICs) KCs

(Micrograft graphite)

The KCs graphite intercalated compounds (GICs) were prepared following the liquid
phase (LP) route in a nitrogen filled glove box (H,0 < 10 ppm, O, < 10 ppm)**2, Typically, 0.5 g of
graphite (Micrograft) was mixed with 0.203 g potassium metal in the atomic ratio C/K =8 in a
glass vial. The vial was then put on a heating plate up and heated up to 200 °C. The system was
maintained at this temperature for 4 hours, and the mixture was stirred up occasionally with a
spatula. During the intercalation, the grey black graphite powder was turned into golden brown

powder. The system was then cooled down to room temperature.

6.3.3 Preparation of Graphenide solution — Approach 1

A modified literature procedure was followed!32, Inside the glove box (H,0 < 10 ppm, O,
< 10 ppm), 0.35 g of 325 mesh GICs was dispersed in 25 ml absolute THF in a 30 ml sample vial
by tip sonication (33% amp., 5/5s pulse, 30 mins), the concentration of graphite was 10 mg/ml.
Subsequently, the dispersion was stirred at 800 rpm for 5 days for further exfoliation. The
dispersion was then centrifuged at 2,000 rpm for 30 mins to remove insoluble materials and

the supernatant (graphenide) was collected. For measuring the concentration of graphenide
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solution, 10 ml of grahpenide solution was quenched with 1 ml of methanol in the glove box.
During the quenching procedure, graphene sheets were discharged and settled down as black
solid. The sediment was collected via centrifugation and washed with water before drying at
100 °C under vacuum overnight. The mass of the discharged graphene was measured and the

concentration of graphenide solution was calculated to be ~ 0.04 mg/mL.

6.3.4 Preparation of Graphenide Solution — Approach 2

A modified literature procedure was followed!*2, Inside the glove box (H,0 < 10 ppm, O,
< 10 ppm), 0.10 g of metal potassium was mixed with 0.025 g of metal sodium in a glass vial.
The mixture was pressed together with a spatula to form liquid Na/K alloy. The alloy was then
transferred into a 30 ml glass vial containing 0.25 g of graphite (325 mesh graphite, the atomic
ratio of C/K is 8), the concentration of graphite was 10 mg/ml. The vial was charged with 25 ml
absolute THF and the dispersion was sonicated for 30 mins (amp. 33%, 5/5s pulse). The dark
graphite dispersion was turned into golden brown dispersion during the sonication process
indicating the formation of stage 1 KCs. Subsequently, the dispersion was stirred at 800 rpm for
5 days for further exfoliation. The dispersion was then centrifuged at 2,000 rpm for 30 mins to
remove insoluble materials and the supernatant (graphenide) was collected. For measuring the
concentration of grapenide solution, 10 ml of grapenide solution was quenched with 1 ml of
methanol in the glove box. During the quenching procedure, graphene sheets were discharged
and settled down as black solid. The sediment was collected via centrifugation and washed
with water before drying at 100 °C under vacuum overnight. The mass of the discharged
graphene was measured and the concentration of graphenide solution was calculated to be ~

0.15 mg/mL. To further improve the efficiency of exfoliation, we pre-shear mixed the
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dispersion at 16,000 rpm for 30 mins and extended the sonication time to 1 hour, the

concentration of the final graphenide solution was measured to be 0.8 mg/ml.

6.3.5 Synthesis of 4-Carboxybenzene Diazonium Tetrafluoroborate

Following a literature procedure®®®, typically, to a solution of 4-Aminobenzoic acid (4.00
mmol, 548.56 mg) in H,O (1.6 mL) was added 1.56 ml HBF, solution (48 wt. % ag.) and the
mixture was stirred while cooling on ice. Subsequently, a solution of NaNO; (4.00 mmol, 276.00
mg) in H,0 (0.8 mL) was added dropwise. After addition, the reaction mixture was stirred for
30 mins on ice and subsequently filtered. The obtained crystals were washed with Et,O and
dried under vacuum. The products were stored at room temperature under N, atmosphere to

prevent degradation. The characterization data was the same as that found in the literature¥’.

Yield: 54%.

'H NMR (DMSO-ds) & ppm 8.8 (m, J = 8.0 Hz, 2H); 8.4 (m, J = 8.0 Hz, 2H) F NMR (DMSO-d¢) &

ppm -148.2; -148.3.

FT-IR (ATR solid): 2301 (-N,")

MS (ESI) (m/z): [M]* calculated for C;HsN,O,*: 149.13 found 149.93

6.3.6 Synthesis of 4-Fluorobenzene Diazonium Tetrafluoroborate

Following a literature procedure®, to a solution of 4-Aminobenzoic acid (4.00 mmol,
444.48 mg) in H,0 (1.6 mL) added 1.56 ml HBF, solution (48 wt. % aq.) and the mixture was
stirred while cooling on ice. Subsequently, a solution of NaNO; (4.00 mmol, 276.00 mg) in H,0

(0.8 mL) was added dropwise. After addition, the reaction mixture was stirred for 30 mins on
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ice and subsequently filtered. The obtained crystals were washed with Et,O and dried under
vacuum. The products were stored at room temperature under N, atmosphere to prevent

degradation. The characterization data was the same as that found in the literature*®,

Yield: 70%.

IH NMR (DMSO-ds) & ppm 8.81-8.79 (m, 2H), 7.90 (t, J = 8.0 Hz, 2H) *°F NMR (DMSO-ds) & ppm

-87.1; -148.0; -148.1.

FT-IR (ATR solid): 2293 (-N,*)

MS (ESI) (m/z): [M]* calculated for CeH4N,F*: 123.11 found 123.93

6.3.7 Preparation of Functionalized KCg via Diazonium Approach

Inside the glove box (H20 < 15 ppm, O; < 15 ppm), 51 mg of KCs (3.00 mmol carbon) was
dispersed in 20 mL dry tetrahydrofuran (THF) via probe sonication (2 mins, 27 % amplify, 2/2s
pulse). 4-carboxybenzene diazonium tetrafluoroborate (1.5 mmol) was weighed and added into
the KCs dispersion dropwise under magnetic stirring, the mole ratio of carbon to bromide was
2:1. The reaction was maintained under stirring for 24 h after all the diazonium compounds
was added. After that, the dispersion was taken out from the glove box and quenched with 1
ml methanol to remove the residual charge and filtrated on a 0.45 um Nylon membrane. The
filter cake was then washed with 150 ml acetone, 150 ml water and 50 ml ethanol to remove
the residual reactant and potassium species. The obtained grey black powder was dried at
60 °C under vacuum overnight. The final product was labeled as 325-CBD, 325-FBD and

325-NBD for 325 mesh graphite GICs and SG-CBD, SG-FBD and SG-NBD for micrograft graphite
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GICs.

6.3.8 Preparation of Functionalized KCz via Bromide Approach

The functionalization of KCg was conducted inside the glove box (H,0 < 10 ppm, 02 < 10
ppm). Typically, 51 mg of KCs (3 mmol carbon) was dispersed in 20 mL dry tetrahydrofuran (THF)
via probe sonication (2 mins, 27 % amplify, 2/2s pulse). Benzyl bromide (1.5 mmol) with
various R group (R = COOH, F, and NO;) was weighed and dissolved in 5 mL of absolute THF in
another vial, the mole ratio of carbon to bromide was 2:1. Subsequently, the bromide THF
solution was added into the KCs dispersion dropwise under magnetic stirring. The reaction was
maintained under stirring for 24 h after all the bromide solution was added. After that, the
dispersion was taken out from the glove box and quenched with 1 ml methanol to remove the
residual charge and filtrated on a 0.45 um Nylon membrane. The filter cake was then washed
with 150 ml acetone, 150 ml water and 50 ml ethanol to remove the residual reactant and
potassium species. The obtained black powder was dried at 60 °C under vacuum overnight.
And the final products were labeled as 325-CBA, 325-FBB and 325-NBB for functionalized 325

mesh graphite GICs.

6.3.9 Preparation of Functionalized Graphenide via Diazonium Approach

The functionalization of graphenide was conducted inside the glove box (H,0 < 10 ppm,
02 < 10 ppm). Typically, a glass bottle charged with 80 mg of graphenide solution (3.5 mmol
carbon) was added with 1.75 mmol 4-Carboxybenzene Diazonium Tetrafluoroborate under
vigorous stirring. The reaction was maintained under stirring for 24 h after all the diazonium

compound was added. After that, the dispersion was taken out from the glove box and
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quenched with 1 ml methanol to remove the residual charge and filtrated on a 0.45 pum Nylon
membrane. The filter cake was then washed with 150 ml acetone, 150 ml water and 50 ml
ethanol to remove the residual reactant and potassium species. The obtained black powder

was dried at 60 °C under vacuum overnight and the product was labeled as graphenide-CBD.

6.3.10 Synthesis of Positively Charged Gold Nanoparticles (Au-NPs)

The positively charged gold nanoparticle was synthesized referring to the literature®.
Briefly, a bottle was charged with 40 ml of polyethyleneimine (PEl solution, 50% w/w in water,
0.6 g) aqueous solution. Subsequently, 1 ml of 10 mg/ml of gold chloride hydrate solution was
added to the system. After adjusting the pH of the system to 3.5, the mixture was allowed to
stir for overnight at room temperature. The color of the mixture changed to a red color after

reaction. The solution was used without any other treatment.

6.3.11 Preparation of Au-NPs Decorated Graphite/Functionalized

Graphene

Briefly, 5 mg of 325 mesh graphite, 325-CBA and 325-CBD samples were dispersed in 10
ml potassium hydroxide solution (pH = 12) in three individual sample vials vial short time bath
sonication (10 mins). 2 ml of the prepared Au-NPs solution was added into three sample vials
and the dispersion was further sonicated for 10 mins. Subsequently, the system was
maintained under stirring for 24 h, followed by another 24 h of standing to let the solid settle
down. The sediment was collected by vacuum filtration and washed completely with water.

The products were dried under vacuum at 60 °C overnight.
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Chapter 7: Conclusion and Future Work
7.1 Conclusions

In this project, potassium GICs were prepared from 325 mesh graphite and graphite
powder with smaller lateral size (S-Graphite, flake size < 5.2 um), respectively. Raman
spectroscopy and XRD showed that GICs prepared from 325 mesh graphite can reach a higher
order of intercalation. The prepared GICs were then functionalized by diazonium compounds
including 4-carboxybenzene diazonium tetrafluoroborate (4-CBD), 4-fluorobenzene diazonium
tetrafluoroborate (4-FBD), and 4-nitrobenzene diazonium tetrafluoroborate (4-NBD). XPS
characterization confirmed the successful attachment of functionality. Raman and TGA
characterizations showed that the GICs prepared from 325 mesh graphite can achieve a higher
degree of functionalization compared with S-Graphite GICs, which could be attributed to the
higher order of intercalation of 325 mesh GICs. In addition, among these three diazonium salts,
4-CBD possessed the highest reactivity towards functionalization of GICs while 4-NBD
possessed the lowest reactivity. Subsequently, various benzyl bromides including
4-bromomethyl benzoic acid (4-CBA), 4-fluorobenzyl bromide (4-FBB), and 4-nitrobenzyl
bromide (4-NBB) were also used for the modification of 325 mesh GICs. It was found that
4-CBA and 4-FBB have comparable reactivity while 4-NBB has the lowest reactivity towards
functionalization. Moreover, the reactivity of benzyl bromides was lower than that of
diazonium compounds. Finally, the 325-CBD, 325-CBA and pristine graphite samples were
decorated with amine modified gold nanoparticles (NH>-AuNPs) and the hybrids were
characterized by TEM. It was found that 325-CBD exhibited the highest adsorption capacity

towards NH,-AuNPs while 325-CBA and graphite showed comparable adsorption capacity.
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7.2 Future work

7.2.1 Graphenide Solution

The work discussed in this thesis was predominantly about functionalized graphene
directly from potassium GICs. However, more recently, graphenide has attracted great
attention. Graphenide is a derivative of potassium GICs. It contains charged carbon layers,
which can be well dispersed in organic solvents such as NMP and THF. They differ from
potassium GICs the carbon layers in graphenide solution are fully exfoliated. This feature makes
graphenide more promising for functionalization as there are more exposed electron doped
surface. However, one of the drawbacks of graphenide solution is the low efficiency of graphite
exploration in the solvents. For example, the concentration of graphenide in THF is usually less
than 0.2 mg/ml *°. Though the concentration can be improved to 0.8 mg/ml by using NMP as
the solvent, the toxicity and high boiling point of NMP have restricted its application. To obtain
a higher concentration of graphenide in THF, we have utilized two approaches for the
preparation: 1) directly exfoliating potassium GICs in aprotic solvent, and 2) exfoliating graphite
in alkali metal alloy (such as Na/K) dispersion. In our procedure, 325 mesh graphite was
selected as the starting materials as it can reach to a higher order of intercalation. THF was
selected as the aprotic solvent due to its low billing point and low toxicity compared with NMP.
For method 1, 354 mg of 325 mesh GICs was dispersed in 25 ml THF via 0.5 h of tip sonication,
the concentration of initial carbon was 10 mg/ml. The dispersion was then stirred at 800 rpm
for 3 days to achieve further exfoliation of the GICs. After that, the dispersion was centrifuged
at 1500 rpm for 30 mins to remove non-exfoliated large particles. The supernatant was

collected and labeled as graphenide-1. For method 2, 250 mg of 325 mesh graphite was mixed
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with Na/K liquid alloy in 25 ml THF. The Na/K alloy was made by pressing 102 mg of metal

potassium and 25 mg of metal sodium, and the molar ratio of potassium to carbon was 1:8. As

the Na/K alloy was liquid at room temperature, it can be well dispersed in THF to reach a high

contact area with graphite sheets. The dispersion then experienced the same exfoliation as

well as centrifugation process as described in method 1. The supernatant collected in method

2 was labeled as graphenide-2. For measuring the concentration of graphenide solution, 10 ml

of graphenide-1 and graphenide-2 solution were charged with 1 ml of absolute methanol

inside the glove box, respectively. As the quenching of negatively charged graphene by alcohols

will only lead to the hydrogenation of graphene, the mass of graphene sheet was negligibly

affected and could be accurately measured. After discharging, the black sediment was

collected and washed with water to remove potassium species before drying under vacuum

overnight. The mass of the powder was measured and the concentration of graphenide-1 and

graphenide-2 was calculated to be 0.04 mg/ml and 0.14 mg/ml, respectively.

For further improving the production efficiency of method 2, the Na/K alloy —graphite

dispersion was shear pre-mixed before the sonication process and the sonication time was

extended to 1 hour. The concentration of the final graphenide solution was improved to 0.52

mg/ml.

To obtain a view of the reactivity of graphenide solution towards functionalization, the

prepared graphenide solution was charged with 4-CBD. As shown in Figure 34b and 34d, a

highly intense D band was observed for the graphenide-CBD sample and the Ip/lg ratio of

graphenide-CBD was comparable with that of 325-CBD (Table 4), indicating a high degree of

functionalization. It is also noteworthy that the I/l ratio of graphenide-CBD sample was
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higher than that of 325-CBD. This could be attributed to a higher degree of exfoliation.

a) —325-CBD ) 60
mm 325-CBD
504
~
B 40
©

ot 12

o € 304
7] =
c Q

E O 204

n A 104

T T T T T T T T T 1 04

1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 000.10203040506070808101.1121314
; 4 .
b) Raman shift (cm™) d) Io/le band ratio
—— Graphenide-CBD 1007 mmm Graphenide-CBD

90

80 4

= 70

S o 601
> €

Z’ 3 504

g O 404

= 304

20

104

e o

1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500 0.0 01020304 050607 080910111213 14
: 2 .
Raman shift (cm™) Io/lc band ratio

Figure 34 a, b) Raman spectra of 325-CBD and graphenide-CBD samples; c, d) Histogram of Ip/ls ratio

distribution of 325-CBD and graphenide-CBD samples.

In summary, highly exfoliated graphenide solution with high reactivity towards

electrophile-type functionality can be prepared via a modified method. The as prepared

graphenide could be recognized as an ideal candidate for further functionalization reactions.

Table 4 Average Io/ls Ratio and l2p/lc ratio of 325-CBD and Graphenide-CBD samples.

325-CBD 0.90+0.22 0.14
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Graphenide-CBD 0.86+0.098 0.52

7.2.2 Find an Application

In this project, we have reported an approach to covalently attach carboxyl group on the
surface of graphene via diaoznium chemistry. And in Chapter 5, we have shown that
NH,-AuNPs can be successfully attached onto 325-CBD sample as amine group can interact well
with carboxyl group. Consequently, it is reasonable to suspect other NHz-rich
nanoparticles/polymers can also be attached on 4-CBD functionalized graphene for specific
application. For example, NH,-rich polymers such as poly(allylamine hydrochloride) can be
used to further functionalize 325-CBD via crosslinking to improve its dispersity in water®,
Besides, NH,-rich SiO, nanoparticles®® can be anchored on the surface of 325-CBD to achieve a
good distribution of SiO, nanoparticles as well as an improved carrier mobility of the hybrid,

which then could be used as excellent Dye-Sensitized Solar Cells (DSSC) devices.

In general, the attachment of carboxyl group onto the surface of graphene made it a

great platform for further deign of high-performance hybrids.
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