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The motivation and research background of the present investigation are discussed
in this chapter along with brief literature review on catalytic properties of graphene
based nanocomposites.



Chapter 1: General Introduction

1.1 Motivation and background

Catalysis is the key to success in developing new processes for various industries as
well as in academic research. They can speed up chemical reactions or improve the
selectivity of reactions without consuming themselves [1]. They are extensively used in
energy related systems, organic reactions and environmental protection. The practical
applications of the conventional catalysts such as noble metals, metal oxides, enzymes,
etc. are often limited by their high cost, low efficiency, toxicity or environmental issues.
To tackle these problems, graphene and its derivatives have been studied broadly to
replace conventional catalysts or as catalyst support for improving the catalytic
performance [2]. The single layered structure of graphene provides a huge specific
surface area for loading catalysts. In addition, its high conductivity, optical transparency,
chemical, optical, thermal and electrochemical stability make it an attractive material for
developing new catalysts with improved lifetime of catalysts. Thus, it has been regarded
as an important component for functional materials.

Graphene sheets can be functionalized with various active components such as
metals, metal oxide, polymers, small organic molecules or even other carbon
nanomaterials to furnish unique properties and possibly induce new functions based on
synergetic effects, providing a new opportunity for designing and developing next-
generation catalysts. Chemically modified graphene (CMG) materials such as graphene
oxide (GO) and reduced graphene oxide (rGO) can be obtained at relatively low cost at
large scale. They are widely explored as catalysts or catalyst support due to their ability
to form stable dispersion in aqueous or organic media and can be blended with other
nanomaterials to form functional composite. Therefore, they are promising catalysts and
also attractive components for developing new catalysts.

This thesis represents my research efforts focused on developing new ideas on the
preparation and characterization of some functionalized graphene based nanocomposites
and their catalytic applications in organic transformations, energy related systems,
photocatalysis and environmental protection.

1.2 Graphene
Graphene is a two-dimensional one atom thick single-layer of sp?-hybridized
carbon atoms packed densely into a honeycomb crystal lattice. It is the thinnest and

strongest known material in the universe. Its extended honeycomb network is the basic
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building block of other important allotropes of carbon, including graphite, carbon
nanotubes (CNTs) and fullerenes (Fig. 1.1). It can be stacked to form graphite, rolled to
form CNTs and wrapped to form fullerenes [3,4]. In October 2004, Andre Geim and
Konstantin Novoselov have first isolated single layer graphene from naturally occurring
graphite. They received Nobel Prize ‘‘for groundbreaking experiments regarding the

two-dimensional material graphene’” in 2010 [4, 5].
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Fig 1.1 Graphene, the basic building material for other allotropes of carbon, 0D

fullerene, 1D carbon nanotube and 3D graphite

1.2.1 Properties of Graphene

Among different carbon nanomaterials, graphene has fascinated the most intense
attention due to the fact that it has several genuine advantages over other carbon
nanomaterials for developing new catalysts or catalyst support [6-8]. The specific surface
area of graphene is much higher than any other carbon nanomaterials. It has a theoretical
specific surface area (~2630 m? g %), twice that of single walled CNTs (1315 m?* g %) and
much higher than those of carbon black, activated carbon and graphite. Therefore,

graphene is highly desirable for potential application as a catalyst support. Graphene
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based materials can be obtained from graphite at relatively low cost on a large scale. So,
the production cost of graphene based materials is much lower compared to other
nanomaterials [09-13]. Moreover, graphene shows superior electron mobility (15000 cm?
V! s under ambient conditions [14]. The high electron mobility of graphene facilitates
the electron transfer during the catalytic reaction. Hence improves its catalytic activity.
Furthermore, graphene is found to have a high optical transparency due to its one atom
thickness. Therefore, graphene based materials are extremely useful in transparent
conducting electrodes [15]. In addition, graphene possess excellent chemical,
electrochemical and thermal stabilities and mechanical strength which can possibly
improve the lifetime of catalysts [16]. Its Young’s modulus, elastic modulus, fracture
strength and thermal conductivity values are 1.0 TPa, 0.25 TPa, 130 GPa and 5000 W m”
LK, respectively [17, 18]. Table 1.1 shows the superior physical properties of graphene

compared to other carbon allotropes.

Table 1.1 Physical properties of graphitic carbon materials

Properties Fullerene Carbon nanotube Graphene
Structural dimension 0D 1D 2D
Young’s modulus 15.9 GPa ~1.25 TPa (SWNT) 1TPa
Tensile strength ------ 13 ~ 52 GPa (SWNT) 130 GPa
Band gap 1.5~2.0¢eV 0~1.9eV Oev
Electrical 10-6x10°S  017~2x10°Scm®  ~10°Scm”
conductivity o 1
Electron mobility ~ 0.5+0.2 lcm2 Vs 1000 cm* vV 's* 150010 c[n2
- V-is-
Thermal 04Wm'tK? 6600 Wm K (SWNT) 5000 W m ™'
conductivity K™!
Thermal stability 1000°C ~1800°C ~2800° C
Solubility (in NMP) 890 p g mL 116 pgmL™* 47 pgmL™
Density 1.65gcm 1.33gcm® 22gcm’?°

1.2.2 Synthesis of Graphene
Till now, tremendous efforts have been made for the synthesis of graphene and
graphene based composites. The synthetic methods can be broadly classified as the

bottom-up and top-down methods.
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Bottom-up method

In bottom-up method graphene materials are synthesized directly from carbon
sources. This method includes chemical vapor deposition (CVD), plasma enhanced CVVD
(PECVD), epitaxial growth on electrically insulating surfaces (SiC), solvothermal,
organic synthesis etc [19]. CVD method is used to grow large size, high quality, single
and few-layered graphene sheets on metal surfaces such as Ni, Cu, Co, Pt, Ir and Ru
[20]. In PECVD method, single-layered graphene is synthesized from a H,/CH4 gas
mixture on Cu surface at shorter reaction time and lower deposition temperature
compared to CVD [21]. In epitaxial growth method, high-quality very large area few
layer graphene sheets can be prepared by ultrahigh vacuum annealing of single-crystal
SiC [22]. Graphene is also obtained from the wet chemical reaction of Na and ethanol
followed by pyrolysis or by organic synthesis via thermal fusion of polycyclic aromatic
hydrocarbons [23, 24].

Top-down methods

Top-down methods have several advantages compared to bottom-up methods.
This include high yield, solution based processability and ease of implementation. These
methods are used for large scale production of graphene. In this method, graphene is
prepared by exfoliation or cleavage of graphite. Exfoliation use mechanical, chemical or
thermal energy to break the week van der Waal bonds of graphite to separate out
individual graphene sheets. In 2004, K. S. Novoselov et al. prepared single layered
graphene films by mechanical exfoliation (repeated peeling) of small amount of highly
oriented pyrolytic graphite [25]. They used scotch tape to peel off layers from graphite.
Graphene sheets can also be prepared by liquid exfoliation of graphite by using
intercalates such as N-methyl-pyrrolidine [26] and sodium dodecylbenzene sulfonate
[27], thermal exfoliation and liquid intercalates (intercalates: oleum and tetrabutyl-
ammonium hydroxide [28] and electrochemical exfoliation of graphite in ionic liquid
[29]. Unfortunately, these methods face disadvantages such as low yields, expensive
intercalates and low conductivity.

One of the most developed methods to obtain higher yields of graphene at low
cost, facile preparation process, large sheet size and potential for functionalization is the

chemical reduction of GO. In this method, initially graphite oxide is prepared by Brodie
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[30] or Hummers [31] methods via the reaction of graphite with strong oxidizing agents
such as potassium permanganate (KMnQy,), sodium nitrate (NaNOs3) in the presence of
nitric (HNO3) or sulfuric acid (H,SO4). Then it is exfoliated to GO sheets by
ultrasonication which are highly oxidized and featured with oxygen functionalities on
their surfaces. After chemical reduction of GO graphene with one to three layers are
produced. Fig. 1.2 shows the illustration on the preparation of graphene. Commonly used
reducing agents are hydrazine, dimethylhydrazine and sodiumborohydride etc [32, 33].
There are several other reduction methods for reduction of GO such as photochemical
reduction, thermal reduction, photothermal reduction, sonolysis, microwave-assisted

reduction and electrochemical reduction [34].
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KMnOy, H,SO4
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—
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Reduced graphene .
oxide Graphene oxide

Fig. 1.2 Illlustration on the preparation of GO and rGO (adopted from ref. 36)

1.2.3 Characterization of Graphene

A variety of techniques can be used for the analysis of graphene and its
derivatives. Among them X-ray diffraction (XRD), Raman spectroscopy, scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and atomic force
microscopy (AFM) are frequently applied. The crystalline structure of graphene can be

evaluated by XRD. Pristine graphite shows a sharp diffraction peak at 20 = 26°
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corresponding to the (002) reflection. This peak is shifted to 26 = 11° after the oxidation
of the layers (Fig. 1.3 (ii)). The sharp peak of graphite becomes broadened as the number
of layers decreases. The number of layers in graphene can be obtained by using Scherrer
equation from the corresponding line broadening [35]. Raman spectroscopy is an
important technique to characterize the ordered and disordered structure of graphene
(Fig. 1.3 (iii)). It can also be used to determine the number of layers present in the
graphene [36]. From SEM and TEM analyses structure and morphology of graphene and
be obtained. AFM is another important method to analyze the topography of graphene.
By using this technique mechanical, electrical, magnetic and even elastic properties of

graphene can be studied [36].
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Fig. 1.3 (i) Single layer graphene, first observed by Geim [5] (ii) XRD of (a) pristine
graphite, (b) GO, (c) chemically reduced GO and (d) electrochemically reduced GO and
(iii) Raman spectra for graphite and graphene (adopted from ref. 36).

1.3 Graphene oxide (GO)
GO can be derived from the chemical exfoliation of graphite oxide obtained from

the oxidation of natural graphite powder in presence of various oxidants in acidic
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medium. These synthetic protocols introduced a wide variety of oxygen functional
groups such as carbonyl, carboxyl, hydroxyl, epoxy and a lot of water molecules into the
materials. Due to the presence of these functional groups GO is hydrophilic, slightly
acidic and function as a solid acid or green oxidant. Moreover, it contains both sp® and
sp® carbons, which further increase the types of interactions that can occur with the
surface. It can be characterized by using Fourier Transform infrared (FTIR)
spectroscopy, XRD, SEM, TEM, Raman spectroscopy, X-ray photoelectron microscopy
(XPS), nuclear magnetic resonance (NMR) and AFM techniques. The oxygen containing
functional groups can be quantitatively and qualitatively described by the XPS and FTIR
spectroscopy and presence of water can be studied by FTIR and NMR. SEM, TEM and
AFM are used to investigate the morphology, structure and number of layers of GO
sheets [37]. GO can be readily functionalized to improve its mechanical, thermal or
electronic properties. It can be functionalized by adding small molecules and polymers
through 7- stacking or covalent C-C coupling reactions. Its properties can also be
improved by chemical doping [38]. Fig. 1.4 shows the schematic model, TEM and XPS
images of GO.

Intensity (a.u.)

292 290 288 286 284 282
Binding energy (eV)

Fig. 1.4 (a) Schematic Lerf-Klinowski model of GO (b) TEM image of GO and (c) XPS
of graphene and GO
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1.4 Functionalization of graphene

Functionalization is the best way to accomplish the greatest performance out of
graphene. Functionalization and dispersion of graphene are very important for its
applications
The functionalization of graphene can be done through covalent and non-covalent
interactions. The covalent functionalization on graphene is achieved via atom doping or
reaction with residual functional groups present on graphene which is formed during
synthesis or destruction of graphene’s conjugated structure. Thus, covalent
functionalization results defects and loss of electronic properties of graphene. This
method is required when the stability and the strong mechanical properties of
functionalized graphene are needed. Modification via direct doping of heteroatoms into
the graphene lattice is an effective method to tailor the electronic, mechanical and
electrochemical properties of graphene [39, 40]. Nitrogen and boron atoms are
considered as the best candidates for doping in graphene because of their similar atomic
size with carbon [41].

In contrast, non-covalent functionalization appears more versatile and promising
as it does not affect the structure and electronic properties of graphene. Non-covalent
functionalization includes m-m interactions, van der Waals forces, hydrogen bonding,
electrostatic interaction and coordinate bonds. Compared to covalent functionalization,
non-covalent functionalizations are relatively weak but they are easy to achieve and
when graphene’s high surface area and electrical conductivity are required, these method
are preferred [42]. m-m interactions is occurred between two components having ©
orbitals and planar geometry. Graphene monolayer has extended aromatic system and
almost planar geometry. Therefore, it interacts strongly with small aromatic species. This
interaction is comparable to covalent attachment in strength and provides a more stable
alternative method where the conjugation of the graphene sheet does not disturb.
Therefore, its electronic properties remain unchanged. Fig. 1.5 represents n-n
interactions of graphene with benzene, naphthalene and pyrene above and below the
basal plane of graphene. CH'''m interactions are also possible between the edge of
graphene and hydrogen atom of organic molecules oriented perpendicular to the surface
of graphene. In GO, along with w-m interactions, hydrogen bond occur due to the
presence of various oxygen bearing functional groups [43]. Other non-covalent

interactions are observed between graphene and hydrophobic organic molecules or
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polymers. Since graphene is hydrophobic, it interacts with hydrophobic or partially
hydrophobic organic molecules such as surfactants, ionic liquids and macromolecules.
These interactions are used for dispersion of graphene in both aqueous and organic

media or its incorporation in polymer matrix.

Fig. 1.5 (a) n-n or C-H****& interactions of graphene (b) both n-n and hydrogen
bonds with GO (adopted from ref. 43).

1.5 Functionalized graphene based nanocomposites

The 2D structure of graphene with high specific surface area and excellent
physical and chemical properties make it an attractive functional material for
incorporation of several nanomaterials to produce highly dispersed nanocomposites. By
intercalating nanoparticles within the graphene sheets can also prevent aggregation of
graphene layers. Graphene sheets can be blended with various components such as metal
[44], metal oxide [45], polymer [46], small organic compound [47], biomaterial [48],
metal-organic framework [49], or even other carbon nanomaterials like CNT [50] to
furnish unique properties and possibly induce new functions based on synergetic effects,
providing a new opportunity for designing and developing next-generation catalysts.

1.5.1 Metal-nanoparticles graphene nanocomposites

Metal nanoparticles graphene based nanocomposites are widely employed in
several applications. Most of the composites reported in literature include Au/graphene
[51-58], Pt/graphene [59-67], Pd/graphene [44, 68-75], Ag/graphene [75-80],
Ru/gaphene [81-84], Rh/graphene [85,86], Ir/graphene [86], Fe/graphene [87-90],
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Cu/graphene [91-93], Ni/graphene [94-98], Co/graphene [99], Ge/graphene [100, 101]
and Sn/graphene [102].

There are several commonly used methods to synthesize well dispersed metal
nanoparticles on basal plane of graphene. These methods include physical vapor
deposition [68], atomic layer deposition [62, 66] and wet chemical synthesis. The wet-
chemical synthesis methods have attracted significant intention because of their low cost,
high yields, mass production and versatility. Till now, several wet-chemical synthetic
methods have been reported, such as chemical reduction [69, 76, 84], photochemical
reduction [52], microwave-assisted synthesis [103], sonochemical method [53, 70],
electrochemical reduction [54] and eletroless metallization [44]. One of the most popular
approaches is the chemical reduction of metal precursors in the dispersion of graphene or
its derivatives. For example, Igbal et al. had prepared 3D masoporous Pd nanoparticles
tethered to surfactant modified rGO with an average diameter of 34 nm, where ascorbic
acid was used to reduce metal precursor (H,PdCl,) [69]. Table 1.2 shows a comparison

between common preparation methods for metal-graphene nanocomposites.

Table 1.2 Comparison of preparation methods for metal-graphene nanocomposites,
accompanied by the corresponding metal precursors and particle size (adopted from ref.
36)

Nanocomposite Metal precursor Preparation method Particle
size/nm
Au/Graphene Chloroauric acid Reduction with sodium 20
citrate
Au/ Graphene Chloroauric acid Photochemical reduction <1
Pt/ Graphene Potassium Electrodeposition As small as 2
tetrachloroplatinate
Pt/ Graphene Potassium Microwave synthesis 3.31
hexachloroplatinate
Pd/ Graphene Tetraamminepalladiu Gas-phase reduction 1-6
m(ll) nitrate
Pd/ Graphene Palladium nitrate Microwave assisted 7-9
reduction
Ag/ Graphene Silver nitrate Hydrothermal synthesis 10

1.5.2 Metal oxide-nanoparticles graphene nanocomposites
The development of metal oxide graphene based nanocomposites provides an

important milestone to improve the application of oxide nanomaterials in different fields.
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Several metal oxide nanoparticles supported on graphene and its derivatives have been
synthesized including TiO,/graphene [104-105, 108], Fe3O4/graphene [106],
SnOy/graphene [107], ZnO/graphene [45, 109], ZrOj/graphene [110], MnO/graphene
[111], Co3O4/graphene [112], Cu,O/graphene [113], CuO/graphene [114],
Fe,Os/graphene [115], NiO/graphene [116], Al,Oz/graphene [117, 118], RuO,/graphene
[119] and MoOs/graphene [120].

Metal oxide nanoparticles are usually synthesized by using several techniques
which includes sol-gel, hydrothermal/solvothermal process, electrochemical deposition,
microwave-assisted growth, etc. The direct mixing approach is the most commonly used
method to prepare the nanocomposites. In this method, the metal precursor is mixed with
GO and converted to the corresponding metal oxides. After reduction of GO, graphene-
metal oxide nanocomposites are obtained. For example, Zhu et al. has synthesized TiO-
graphene nanosheet using GO and TiCl; as the starting materials in the presence of

polyvinylpyrrolidone (PVP), where TiCl; acts as a both reducing agent and a precursor

(Scheme 1.1).
PVP '
3 TIC)y e / i

A ;
GO G TiO,

Scheme 1.1 Procedure to design TiO,-graphene nanosheet (adopted from ref. 105)

The sol-gel process is a popular approach for preparation of metal oxide
structures and film coatings. This method have been used to in situ prepared TiO, [104],
Fe304 [106] and SnO, [107] nanostructures on graphene. The key advantage of this
process is the fact that the surface hydroxyl groups of the GO/rGO sheets act as
nucleation sites for the hydrolysis step so that the resulting metal oxide nanostructure are
chemically bonded to the GO/rGO surfaces.

Hydrothermal/solvothermal is a powerful method for the synthesis of inorganic
nanocrystals, which operates at elevated temperature in a confined volume to create high
pressure. This one-pot hydrothermal process can give rise to nanostructures with high

crystallinity without post-synthetic annealing or calcination, and simultaneous reduction
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of GO to rGO occurred [108,109]. For example, Low et al. has prepared ZnO-graphene
nanocomposite by hydrothermal method, where the dispersion of GO and zinc nitrate
heated in Teflon stainless steel autoclave at 90 °C at 12 pH [109].

The direct electrochemical deposition approach has been mainly developed for
thin film based applications. This approach allows the decoration of inorganic crystals on
graphene based materials without the requirement for post-synthetic transfer of the
composite materials. Du et al. has synthesized ZrO,-graphene nanocomposite by one-
step electrochemical deposition onto a glassy carbon electrode (GCE) from a mixture of
ZrOCl,, rGO and chitosan [110] (Scheme 1.2).

Zrocl,
—-—

Electrochemical
deposition

Electrochemical
stripping

Current (RA)

Potential (V')

% Graphene Z595:GZN ¢ ZrO, = OP

Scheme 1.2 lllustration of the one-step electro deposition of ZrO,-graphene
nanocomposite and its application for the extraction and electrochemical detection of MP
(adopted from ref. 110).

Microwave irradiation is a rapid and facile method to prepare metal oxide-rGO
nanocomposites, such as MnO,-rGO [111] and Co304-rGO [112]. In spite of the ease of
process and scalable production, this method does not show the fine control over the size
uniformity and surface distribution of nanoparticles over rGO. Another important
preparation method is the ex situ synthesis of metal oxide-graphene nanocomposites. In
this method, pre-synthesized nanoparticles are added to the GO suspension, followed by
chemical or thermal reduction to yield the final nanocomposites. This approach has more

precise control over the particle size and surface properties of the nanoparticles as
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compared to in situ method. However, the reduction process may change the
nanoparticles surface properties and damage graphene lattice [36]. Table 1.3 shows a
comparison between common preparation methods for graphene-metal oxide

nanocomposites.

Table 1.3 Comparison of preparation methods for graphene-metal oxide
nanocomposites, accompanied by the corresponding metal precursors and particle size
(adopted from ref. 36)

Nanocomposite Metal precursor Preparation Particle
method size/nm
Graphene-TiO; Titanium isopropoxide  EX situ synthesis 2-4 diameter
nanorod 20-30 length
Graphene-TiO, Tetrabutyl titanate Hydrothermal 9
synthesis
Graphene-ZnO Zinc acetate EX situ synthesis 4.5
Graphene-Sn0O, Tin(I1) chloride Direct growth ~5-10
dihydrate
Graphene-MnO, Potassium Microwave 5-10
permanganate irradiation
Graphene-Fe;03 Iron(111) chloride Direct growth 60
Graphene-Co30,4 Cobalt nitrate Direct growth 10-30
Graphene-RuO;, Ruthenium (111) Sol-gel 5-20
chloride
Graphene-Al,03 a- Aluminium oxide  Mechanical mixture 2.5-20

1.5.3 Other functionalized graphene based nanocomposites

Except metals and their oxides, a variety of other functional materials can also be
immobilized onto graphene materials. Self-assembly is an effective method to prepare
these materials. For example, Wang et al. prepared poly (diallyldimethylammonium
chloride), PDDA functionalized graphene by reducing GO with NaBHj, in the presence
of PDDA. The electrostatic interaction between the positively charged PDDA and
negatively charged rGO was the driving force for self-assembly [121].

A one-pot hydrothermal or solvothermal process can also be used for the
functionalization of graphene based nanocomposites. For example, Chen et al. prepared a
nitrogen-doped graphene/ZnSe nanocomposite by hydrothermal treatment at low

temperature from GO nanosheets and ZnSe-(diethylenetriamine)ys nanobelts (Scheme
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1.3). In this method, ZnSe(DETA)o 5 nanobelts were used not only as the sources of ZnSe

but also as the nitrogen source [122].

} N - T ﬁ Hydrothermal [
-T - Mixed - procedure -
+ —_— —— ;
. . 25 9C,5 min ' 180 °C,12 h i
n .
[ZnSe}(DETA),;

Scheme 1.3 Schematic illustration of the preparation of GN-ZnSe nanocomposites
(adopted from ref. 122)

1.6 Applications of graphene based nanocomposites in catalysis

Graphene based materials have a deep impact on electronic and optoelctronic
devices, chemical sensors, energy conversion and storage, catalysis and biomedical
applications. They have been explored for catalyzing organic, electrochemical, and
photochemical reactions. Some of the catalytic applications graphene and functionalized

graphene based materials are summarized below.

1.6.1 Catalysts for organic reactions

(i) Metal-free graphene based catalysts

The use of metal-free carbon catalysts i.e. carbocatalysts instead of metal-supported
catalysts in organic synthesis has largely progressed. This results the discovery and
development of novel carbon forms as fullerenes, CNTs, graphene and others. The
catalytic performance of a catalyst depends on the nature, concentration and accessibility
of the active sites that are capable of chemisorbing the reactants and form surface
intermediates. It has been observed that functionalized carbons are more proficient
catalysts than unfunctionalized one. Pristine graphene has weak catalytic activity due to
its zero band gap and lack of functional groups. In contrast, functional group rich
materials, such as GO, exhibits high reactivity under mild conditions and are potential
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catalysts for various organic reactions. In pristine graphene, the basal planes are not very
reactive. The only active sites present at the edge of the graphene layers as unsaturated
carbon atoms [36]. Yet it can still find catalytic applications that make use of its
delocalized m-electron system, such as complexation reactions of chromium [123].
Graphene could be a selective catalyst for model chemical reactions involving the
insertion of oxygen into organic molecules with high productivity e.g. the selective

oxidation of acrolein to acrylic acid (Fig. 1.6) [124].

Fig. 1.6 Suggested reaction pathway for the oxidation of acrolein to acrylic acid
at the graphitic carbon surface (adopted from ref. 124)

As a highly oxidized and thermodynamically unstable materials, GO has been
commonly used as a precursor to graphene. It not only showed high catalytic activities
for various chemical reactions, but can also be conveniently recycled and reused.
Bielawski et al. [125] has used GO as a mild and efficient carbocatalyst for the
generation of various aldehydes or ketones from various alcohols, alkenes and alkynes
with high yield and good selectivity (Fig. 1.7). Due to its excellent dispersion in aqueous
medium and convenient reactivity for functionalization via covalent anchoring of
catalytically active units, GO has been widely used as a carbocatalysts to promote
various oxidation, C-C coupling, polymerization, and acid base reactions [126].

Reduction of GO makes rGO, which is hydrophobic with low solubility in water
and polar solvents and also it has a tendency to undergo stacking. Therefore, some
stabilizers or functionalization of rGO is required. The functionalized rGO has been used
as a carbocatalysts in various oxidation, reduction, acid base, and thermal decomposition

reactions [126]. For example, sulfonated rGO was used as a solid acid catalyst in the
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hydrolysis reaction of ethyl acetate [127]. Again, the presence of heteroatoms in the
graphene layer can enhance the catalytic activity of graphene. Garcia et al. [128] has
used N and B doped graphene as carbocatalysts for the activation of molecular oxygen in
selective aerobic oxidation of benzylic hydrocarbons, cyclooctane and styrene.

OH GO (200 wt%) 92 % yeild
R
100 °C, 24h
GO (200 wt%)
- > >49 %

100 °C, 24h yeild

GO (200 wt%) 98 %

100 °C, 24h concersion

Fig. 1.7 Oxidation of benzyl alcohol and cis-stilbene and hydration of 1-ethynylbenzene

4

=

catalyzed by GO

(if) Metal supported graphene-based catalysts

C-C cross coupling reactions is generally catalyzed by Pd catalysts. The
immobilization of Pd on an appropriate support is favorable for improving their catalytic
activities. Graphene and GO has been considered as a potential support for Pd-catalyzed
C-C cross coupling reactions. Mulhaupt et al. [70] prepared Pd/GO nanocomposite and
used as a highly active catalyst for Suzuki-Miyaura coupling reaction (Fig.1.8). These
catalysts showed much higher activities with turnover frequencies exceeding 39000 h™

and very low palladium leaching (<1 ppm).

Pd/GO —
B(HO), Na2C03 R,
“H,O/EOH \ | /
80°C |
Ry
R,= OMe, H
R;= OH, OMe, H, COOH, F, etc.

Fig. 1.8 Suzuki-Miyaura reactions of aryl bromides with Pd/GO
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Pd/graphene nanocomposites were also used for the catalytic hydrogenation
reactions of nitrophenols and nitrotoluenes [72]. The Pd/graphene catalyst exhibited
much higher activity and stability compared to the commercial Pd/carbon catalyst. The
plausible mechanism for the hydrogenation of 4-nitrophenol (4-NP) in presence of
NaBH,; is shown in scheme 1.4. In another work, Das et al. [79] used Ag/rGO
nanocomposite as catalyst towards 4-NP reduction. They have reported a green synthetic

approach for reduction of GO to rGO by using L-Arginine amino acid.

( —Pd nanoparticle

Scheme 1.4 A plausible mechanism for the reduction of 4-nitrophenol catalyzed by the

Pd/graphene catalyst in the presence of NaBH, (adopted from ref. 72).

1.6.2 Catalysts for electrochemical reactions

Graphene and its derivatives have been utilized as templates for the synthesis of
different graphene-based nanocomposites used as electrocatalysts in various energy-
conversion applications such as hydrogen evolution reaction (HER), oxygen reduction
reaction (ORR), alcohol oxidation reaction, and CO, reduction reaction. Tremendous
researches have been carried out to enhance the electrocatalytic performance of these
nanocomposites. The high electrocatalytic performance of these electro-catalysts is due
to the synergistic effect between the noble metals and the graphene support. Pt is the
most studied noble metal active center due to its intrinsic activity towards HER, ORR,
and alcohol oxidation reaction. However, solely utilization of Pt as an electro-catalyst is
limited due to its high cost, CO poisoning, poor durability and agglomeration of
catalysts. One of the most widely methods for improving the activity of Pt catalyst is

immobilizing Pt onto graphene surface [129].
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Mazzaro et al. [60] synthesized monodispersed Pt nanoparticles supported on
high-quality graphene nanosheets via an easy, low cost and reproducible procedure. The
nanocomposite exhibited a remarkable electrocatalytic HER activity in 0.1 m phosphate
buffer achieving a turnover frequency of 4600 h™* at zero overpotential, which is almost
three times that of the commercial Pt/C electrocatalyst. In another work, Ojani et al. [61]
fabricated graphene-supported hollow Pt nanospheres using Co nanoparticles as the
sacrificial template for HER. The electro-catalyst exhibited superior electrocatalytic
performance towards HER compared to the solid Pt nanoparticles supported graphene.

Pt-graphene based catalysts are also used for electrocatalytic ORR. For example,
Kou et al. [130] prepared Pt-graphene nanocomposite via the impregnation method
where Pt nanoparticles with average diameter of 2 nm were uniformly distributed on
graphene surface. The catalyst showed higher electrochemically active surface area,
ORR activity, and enhanced stability compared with the commercial catalyst. The
electrocatalytic applications of different metal oxide-graphene based nanocomposites
were also carried out for ORR. Dai et al. [131] studied the electrocatalytic performance
of C0304/rmGO and Co304/N-rmGO for ORR. Both the electro-catalysts have higher
catalytic activities for ORR in an alkaline solution through 4-electron process as
compared to that of commercial Pt/C catalyst.

Jahan et al. [49] synthesized a hybrid MOF by adding pyridinium dye-
functionalized rGO sheets to metalloporphyrin MOF with enhanced catalytic activity for
ORR. rGO and pyridinum acted synergistically with th porphyrin catalysts to afford
facile 4-electron ORR which is also useful for DMFC. The composite had higher
selectivity for ORR and significantly reduced methanol crossover effects compared to Pt
catalyst. Fig. 1.9 shows the schematic of chemical structure, CVs of ORR and

electrochemical activity of the composite.
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Fig. 1.9 (a) Schematic of the chemical structures of the composite (b) CV of
ORR on exfoliated graphene, GO, and composite (c) Electrochemical activity for (Fe-P)n
MOF, GO and the composite(adopted from ref. 49)

Electro-catalytic methanol oxidation is an important reaction in direct methanol fuel
cells (DMFCs). Li et al. [59] synthesized graphene composites decorated with Pt
nanoparticles with higher electrochemically active surface area (ECSA) and better
electrocatalytic performance for methanol oxidation than a commercial Pt/carbon
catalyst. The lower oxidation potential, higher current density and better stability of
Pt/graphene indicated a higher catalytic activity for the methanol electro-oxidation,
which is due to the higher ECSA and good dispersion of Pt on graphene surface. In
another work, Yoo et al. [132] also reported the same reaction using Pt/graphene with Pt
size smaller than 0.5 nm. The smaller particle size of Pt enhanced the electrocatalytic
activity for DMFCs due to the strong interaction between graphene and small Pt atoms.

Recently, Ni has been reported as a promising candidate for methanol oxidation.
Huang et al. [133] prepared ternary Pt/Ni(OH)./rGO hybrid by a two-step solution
method. The incorporation of Ni(OH),, promoted the dissociative adsorption of water

molecules and subsequent oxidative removal of carbonaceous poison on neighboring Pt
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sites. Thus, the hybrid exhibited exceptional activity and durability towards methanol
oxidation reaction. Fig. 1.10 shows the CV curves of the composites in KOH,
methanol/KOH and their durability tests. Table 1.4 shows comparison of the methanol
oxidation reaction performances with graphene-based noble-metal nanocomposites as
electrocatalysts.
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Fig. 1.10 CV curve of Pt/Ni(OH),/rGO in 1 M KOH. (b) CV curves of Pt/Ni(OH),/rGO,
Pt/rGO hybrid and standard 20 wt% Pt/C in 1 M methanol/1 M KOH. (c) Short-term

durability measurement of the materials (adopted from ref. 133)

Table 1.4 Comparison of the methanol oxidation reaction performances with graphene-

based noble-metal nanocomposites as electrocatalysts (adopted from ref. 129)

Electrocatalyst Electrolyte Peak current Durability
from CV
curves
Pt/Ni(OH)./rGO 1MKOH+1M 1070 mA 90% activity
methanol mg ! retention after
3600s
Rh IMKOH+1M 264 mA mg <20% activity
nanosheets/rGO methanol retention after 6000
S
PtNi/graphene 0.IMHCIO;+1M 2.065 mA N.A.
methanol cm 2
Pt/graphene 0.5MH,;SO,+0.5M 199.6 mA ~53% activity
methanol mg ! retention after 500 s
Pd/N, S-doped 05NNaOH+ 1M 11.3mAcm? 41.6% activity
graphene methanol retention after 3000
S
PtoRhi/graphene 0.1MHCIO;+0.1M  =~1.3mAcm? N.A.
ethanol
NizsPd,s/graphene 1IMKOH+0.1M 614 mA mg " 21.7% activity
ethanol retention after
10000 s
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1.6.3 Catalysts for photo chemical conversion

In the photochemical conversion reaction, photo-generated electron-hole pairs are
formed on the catalyst surface. In the excited state the photo-generated electron-hole
pairs are very unstable and can be recombined. Graphene can act as a high performance
support for photocatalysis due to its superior electron mobility and conductivity, high
specific surface area, high adsorption capacity and high transparency. Lightcap et al.
[134] has demonstrated the feasibility of graphene to store and transport electrons
through a stepwise electron transfer process (Fig. 1.11), where it can prevent electron-
hole recombination by accepting and transporting photoelectrons. Thus graphene could
be regarded as an efficient photocatalytic support for the development of next generation

catalyst systems.

Reduced Graphene Oxide

Fig. 1.11 Illustration of the three-step electron transfer process involved in

making graphene a 2D conducting support (adopted from ref. 134)

Zhang et al. [135] synthesized chemically bonded a graphene-P25 TiO;
nanocomposite through one-step hydrothermal process from GO and P25 and applied to
the photocatalytic degradation of organic dye. Incorporation of graphene causes the
bandgap narrowing of P25 (Fig. 1.12). The nanocomposite was found to have high dye
adsorption capacity, enhanced charge separation and transportation properties. The
results demonstrated that the graphene-P25 TiO, nanocomposite exhibited enhanced
photocatalytic activity towards the degradation of methylene blue compared to bare P25
and P25-CNTs under UV and visible lights.

Studies on catalytic properties of Graphene and Functionalized Graphene based nanocomposites Page 1.21



Chapter 1: General Introduction

B N\
N,C\ .‘ e N
(1) P25 - v o § b i,
{2) P25-GR j TSR FNAsa
n___
e
(1)
i i 1 1 ‘c"‘
300 400 500 600 700 800 €O, H;0 and
Alnm other mineralization
C1 ok UV Light (1) P25 D Visible Light (1) P25
il b (2) P25-CcNTs| 1014 (2) P25-CNTs
) (3) P25-GR \ 1) (3) P25-GR
—
0.8} o = & Wr—n -y g
\ ‘.\- |
.\\ 0.8}
UO ‘ 00 I
X 06 \
L ]
R g (2) U R
0al - e \\\ \\4 \\._ (2)
il o S
R — —
e ———e p = S Pre—
0.2} & s 04} (3) ~——_
0 10 20 30 .. 40 50 60 0 10 20 30 40 50 60 70
¢t/ min

t

/ min

Fig. 1.12 (a) Diffuse reflectance absorption spectra of P25-graphene, (b) structure

of P25-graphene and possible process of photo-degradation; comparison of
photocatalytic activity under (c) UV light and (d) visible light (adopted from ref. 135)

Recently, Shende et al. [136] prepared ternary hybrid nanocomposites graphene-

Ce-TiO; and graphene-Fe-TiO, by using one step in-situ ultrasound assisted method and

applied in photo-degradation of crystal violet dye. They found that the degradation

efficiency was enhanced with doping of Ce or Fe in graphene- TiO,. Also, graphene-Fe-

Ti0, showed better efficacy towards the photo-degradation of the dye. Fig. 1.13 shows

the proposed charge transfer mechanism of the photocatalytic dye degradation.
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Fig. 1.13 The proposed charge transfer mechanism during the photo degradation
of dye in the presence of Ce or Fe doped graphene-TiO, nanocomposite (adopted from
ref. 136).

1.6.4 Environmental and other applications

Due to the high specific surface area and good chemical stability graphene can also
be used as an adsorbent for adsorption treatment of polluted water. Igbal and Abdala
[137] produced thermally reduced graphene by thermal exfoliation of GO and used as an
adsorbent to remove methyl orange (MO) dye from aqueous solution. They found that
graphene could be a very proficient adsorbent with 98% removal efficiency and can also
be regenerated and reused with no significant change in its adsorption capacity. Zhao et
al. [138] reported graphene sponge (GS) as an efficient and reusable adsorption and
desorption material for contaminated water. GS showed a tunable pore structure and
surface properties and were mechanically tough. They showed high adsorption and
desorption ability for various water contaminations such as dyes, oils and many other
organic solvents. Fig. 1.14 shows the adsorption and desorption of rhodamine B dye in
GSs.
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e®
a’®

Fig. 1.14 (a) and (b) A GS in rhodamine B solution (a) at the beginning and (b) for

180 min (c) and (d) The same GS adsorbed with rhodamine B in ethanol for (c) 2 min
and (d) 10 min (adopted from ref. 138)

Graphene is also used as an ideal platform for the high sensitive detection of
various species. Wang et al. [139] chemically functionalized GO with p-
phenylendiamine which showed ultra-high sensitivity for the detection of Pb**. By using
anodic stripping voltammetry method on the amine functionalized GO modified
electrode, the detection limit for Pb** in aqueous solution was 0.1 pM.

Graphene materials have also been utilized usefully as promising alternate electrode
materials in energy storage devices. For example, Xia et al. [140] designed a ternary
nanocomposite of graphene/Fe,Os/polyaniline and wused for high-performance
supercapacitors. The nanocomposite exhibited improved energy density, high specific
capacitance, and long electrochemical life due to the synergistic effects from the
combination of the three components. Ye at al. [141] reported a 3D graphene aerogel on
Ni foam hybrid material prepared through a two-step process and explored its energy
storage application as a binder-free supercapacitor electrode. The nanocomposite
exhibited excellent electrical double-layer capacitance behavior including high rate
capability, good electrochemical cyclic stability and high specific capacitance value at

low current density.

1.7 Objective of the present investigation

The discovery of graphene has opened a new route for the use of two-
dimensional carbon materials as catalysts or catalytic supports. Graphene materials not
only have inherent catalytic properties, but can also enhance the performance of other
catalysts by forming functional composites. This has allowed researchers to design and

develop new functionalized graphene based materials. The aim of this work is to
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functionalize graphene based nanocomposites and to investigate their catalytic properties

for different applications.

Main objectives of the work are listed below:

To synthesize graphene and functionalized graphene-based nanocomposites.
Functionalization of graphene based nanocomposites with metal, metal oxides,
polymers, small organic molecules and CNTSs.

To explore the applications of the functionalized graphene-based nanocomposites
in catalysis including organic transformations, energy related systems,

photocatalysis and environmental protection.

1.8 Plan of the present work

To fulfill the above mentioned objectives, the following plan of work has been adopted:

Vi.

Synthesis of graphene and graphene oxide from natural graphite by modified
Hummer’s method.

Preparation of functionalized graphene based nanocomposites with CuO, Ni-
polypyrrole, ZrO,-chlorosulfonic acid and p-phenylenediamine-MWCNT.
Characterizations of the nanocomposites by fourier transform infrared (FTIR)
spectroscopy, X-ray diffraction (XRD), scanning electron microscope (SEM),
and energy dispersive X-ray (EDX), Raman spectroscopy, dynamic light
scattering (DLS), transmission electron microscope (TEM).

Study of absorption and photo-degradation of some of the nanocomposites by UV
visible spectroscopy.

Study of the electrochemical properties of some the nanocomposite by using
cyclic voltammetery (CV), galvanostatic charge/discharge and electrochemical

impedance spectroscopy tests.

Applications of the nanocomposites as catalyst for reduction of 4-nitrophenol, as
electrocatalyst for electro-oxidation of methanol, as supercacitor, as photocatalyst
for dye degradation and dye adsorbent.
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