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ABSTRACT
Graphene, unlike other carbon allotropes has recently been the subject of interest
in the field of nano material research. Graphene is being utilized as the building
block for graphitic materials such as the 0-D fullerenes, 1-D nanotubes and 3-D
graphites. Graphene is a single layer material, made up of interconnected
hexagons of sp bonded carbon atoms arranged in a honeycomb crystal lattice.
Graphene and its derivatives have been shown in previous studies/research to
exhibit exceptional high electronic and thermal conductivity, optical transparency
and high specific surface area additional to outstanding mechanical flexibility and
environmental stability. Graphene is amongst the most studied nanomaterial to
date and modifications are being made to the shape, physical properties and
composition. Graphene has demonstrated some applications to biosensors for
health monitoring, energy storage devices, solar cells, micro actuators used in
biologically inspired designs such as DNA sequencing. A number of synthesis
methods have been used to produce graphene. These including mechanical
exfoliation, liquid- phase exfoliation, reduction of graphene oxide, chemical vapor
deposition (CVD), surface segregation and molecular beam epitaxy (MBE). These
techniques differ in various respects and produce graphene of different qualities.
Discovery of graphene has also attracted the interest of graphene-like materials
such as transition metal dichalcogenides (TMDs), transition metal oxides (TMOs)
and other 2D compounds such as boron nitride (BN). The purpose of this research
is to synthesize and characterize reduced graphene oxide derivatives of
molybdenum disulfide and their properties that will lead us to potential

applications as the Reduced Graphene Oxide (RGO) synthesized have active sites
on the surface that can be modified chemically. Techniques employed are
scanning electron microscopy imaging (SEM), X-ray diffraction (XRD), Fourier
Transform Infra-R ed (FT-IR), UV-vis spectroscopy, Raman spectroscopy and
electrochemical characterization.
Keywords: Reduced graphene oxide, graphene, molybdenum disulfide.
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1. INTRODUCTION
1.1 Carbon materials
Carbon is a chemical element that is nonmetallic and tetravalent. It has three
naturally occurring isotopes and several allotropes such as graphite, diamond and
amorphous carbon. These allotropic forms differ in physical properties. Diamond is
highly transparent and very hard while graphite is opaque and soft. Graphite is bonded in
layers and these layers slide against each other with much ease. This makes graphite very
useful as a solid state lubricant, and it can be used to write on a piece of paper. This is
how it gained the common name “lead” used in pencils. Diamond is low in electrical
conductivity while graphite is a good conductor in two dimensions.
Graphite is the most thermodynamically stable and most common allotrope of
carbon. Other forms of carbon materials have found variable applications; activated
carbon is utilized in the purification of water and air. Tires are made strong through the
use of carbon black. Aircraft brakes and ultra-light graphite sporting goods are produced
with carbon fiber composites and fire retardant insulation is manufactured using carbon
foams.1
Recently, various forms of carbon materials, including graphene and fullerenes have
been discovered and developed.6 These vary in dimensionality and properties, and have
become the center of modem research. Some structures of carbon may include nanotubes,
nanobuds and nanoribbons. Graphene, amongst all the other carbon allotropes has gained
a lot of popularity based on its unique physical, chemical, optical, and mechanical
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properties with potential for applications making it the most widely studied in recent
times.

1.2 Graphene
Graphite is the parent material from which graphene is obtained. Graphite is a three dimensional (3-D) material and often the two dimensional graphene could be synthesized
from the former since they are more convenient to use to create complex structures, so
they act as the base material or building block for complex structures.2,3,4
Graphene is single layered and made up of interconnected hexagons of carbon atoms
closely packed, arranged in a honeycomb crystal lattice like that found in graphite.3,4,2
Graphene serves as the building block for all the graphitic materials such as 0-D fullerene
(when isolated spherical or ellipsoidal molecules), 1-D nanotubes (when rolled) and 3-D
graphite (when stacked together), see Figure 1. All these forms display unique and
interesting electrical properties.6,7

Figure 1. The different forms of graphene. 2-D graphene (top left),

1-D nano tube structure (bottom left),

3-D graphite (top right) and O-D fullerene (bottom right).
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As previously mentioned, graphene is composed of covalently bonded sp2 carbon
atoms that are densely arranged in a 2-D honeycomb lattice. The structure is single planar
sheet. It is composed of both six and five membered rings, so that the bonding is well
oriented. The bond length between the carbon atoms is approximately 0.142 nm. The
interplanar spacing between the graphene layers stacked together to form graphite is
0.335 nm. Previous calculations have indicated that, graphene sheets that are less than 20
nm thick are thermodynamically unstable as compared to the other fullerene structures
and are most stable with sizes that are bigger than 24,000 carbon atoms. The plane sheet
is also said to be unstable at its lower energy state.2
Band gap is absent in pristine graphene, making it very conductive and this gives it
an important property in a lot of applications in electronics such as transistors.3,8
Graphene and its derivatives have several properties that are undergoing further
research currently. They exhibit exceptional high electronic and thermal conductivity,
optical transparency, and high specific surface area in addition to outstanding mechanical
flexibility and environmental stability. All these qualities make graphene and its
derivatives materials of the future.9,10
Some applications of graphene include the following: biosensors for health
monitoring, energy storage devices, solar cells, and micro actuators that are used in
biologically inspired designs such as DNA sequencing. Nonetheless, all these
applications are based on how the graphene is produced in a very controlled manner.
The number of layers produced or the different routes used in synthesizing the
graphene affects the physical and chemical properties greatly.
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Several methods have been developed to produce the suitable layers of graphene. Some
of the methods include mechanical exfoliation, liquid-phase exfoliation, reduction of
graphene oxide, chemical vapor deposition (CVD), surface segregation and molecular
beam epitaxy (MBE).10
Amongst these methods, the chemical exfoliation is the one that is currently being
employed for large scale production and also in applications like graphene composites
and lithium ion batteries.11,12

1.3 Graphene-like materials
Ever since the discovery of graphene, it has attracted the attention of many
researchers to other graphene-like materials such as transition metal dichalcogenides
(TMDs), transition metal oxides (TMOs) and other 2-D compounds such as boron nitride
(BN).13'10
The analogue of graphene being studied in this work falls under the category of the
transition metal dichalcogenides (TMDs). These are the single layered 2-D molybdenum
disulfide (M0 S2) and tungsten disulfide (WS2) grown on graphene. Both molybdenum
and tungsten are in group six of the periodic table and hence are expected to exhibit very
close properties and hence similar applications.
The transition metal dichalcogenides have the hexagonal structure of layers of metal
atoms (M) that have been sandwiched between two layers of the chalcogen atoms (X) and
are represented stoichiometrically by MX2 (X - M - X) where X is most often S, Se or
Te in group 16 of the periodic table and M is Mo, W, Nb, Re, Ni, or V.
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The properties of the transition metal dichalcogenides depend on the chalcogens that
are combined with the metal atoms, and there are more than 40 different combinations
with variable properties. The bonds present are the covalent (within layers) and Van der
Waals interaction (between layers). The covalent bond holds the M-X whiles the Van der
Waals forces between the layers of X-M-X. For example Mo and S are covalently bonded
in M0 S2. Each Mo atom is sandwiched between two sulfur layers that are hexagonally
packed as shown in Figure 2.14,15,10’16
The tungsten disulfide has a similar structure to that of molybdenum disulfide.
Tungsten (W) is also sandwiched between two sulfides that forms the trigonal prismatic
structure like the molybdenum disulfide, which explains its similarity in properties and
hence applications. Both metals have trigonal prismatic coordination.

a

.V W W 'T

r~ \
Trigoojl PriVTutK (2M)

• *i H \ \ v »

(a) The atomic structure of layered MoS;
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Figure 2. Mo atom sandwiched between two sulfur layers hexagonally packed and the top view of the
honeycomb lattice displayed (left) and to the right is the trigonal prismatic structure of pristine MoS2with
octahedral structure shown for comparison.
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The Van der Waals forces between the layers give these graphene-like compounds
unique electronic, optical and catalytic properties.12 Applications of these materials
include high energy density batteries, hydrogenation catalysts, high-temperature
lubricants, new generation of transistors, photo-emitting devices, hydrogen storage and
double layer capacitors.17,18,19,20
Molybdenum disulfide and tungsten disulfide have demonstrated potential for
biochemical applications such as coatings for artificial joints as reported by
Samorodnitzky-Naveh et al 50 and also the biofunctionalization of tungsten disulfide
nanostructures discovered by Tahir et al.51 Molybdenum disulfide has been employed in
the petroleum industry as a catalyst for hydrodesulphurization and efficiency is increased
by normally doping the molybdenum disulfide with small quantities of cobalt or nickel.
31,21

The correlation between the structure and function is very fascinating, in that the
lubrication properties is due to the Van der Waal forces between the basal plane and
catalytic properties is due to the Van der Waal forces in the faceted edges.19 The low
friction coefficient of molybdenum disulfide also gives it potential application as a
lubricant. 27
TMDs such as M0 S2, MoSe2, WS2 and WSe2 are very good materials for
photovoltaic energy conversion with band gaps between 1.1 and 1.7 eV.24 Single layer
molybdenum disulfide has a direct electronic band gap of 1.8 eV which contributes to the
manufacturing of transistors that can be switched 25 and also photodetectors that are very
sensitive. Molybdenum disulfide is the matrix during the formation of intercalated
6

compounds such as LiMoS2- LiMoS2 is formed by reaction of M0 S2 with «-BuLi.28,29
Molybdenum disulfide has been employed in the application of lithium ion batteries.
Molybdenum disulfides along with other molecules containing it are undergoing research
as they have showed abnormal tribological and electronic properties.32
As a result, molybdenum disulfide has been explored as a part of photoelectrochemical and microelectronics applications.33 These applications are based on how
the molybdenum disulfide crystallites are oriented and their morphology which can lead
to very high functioning of it as an electronic and electrochemical material.36
Tungsten disulfide has been used as a dry lubricating material. Also, used as a
catalyst in hydrodesulphurization and hydrodenitrification in petroleum refining.
Tungsten disulfide is used as a catalyst in carbon monoxide production thereby increasing
the yield above 99.9 %. WS2 has also been employed in hydrogen and lithium storage
materials and in solid state secondary lithium battery cathodes. It is also applied in other
electrochemical devices.34,35
Tungsten disulfide is chemically inactive and, due to this behavior, only dissolves in
mixtures of nitric and hydrofluoric acid.30 Tungsten disulfide has been produced by
many methods of which include: hydrothermal synthesis, gas phase reaction of H2S or
H2S/Ar mixture with tungsten metal, reduction of ammonium tetrathiotungstate
((NH^W S^ at -1300 °C in a flow of hydrogen gas,35,37 direct decomposition of various
tetraalkylammonium tetrathiotungstate precursors in inert gas atmosphere, microwave
treatment of a solution of tungstic acid, elemental sulfur and mono ethanolamine,35 liquid
phase exfoliation of bulk WS2 in chlorosulfonic acid, and many others.38
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The synthesis of 2-D crystals of molybdenum disulfide and tungsten disulfide along
with the other TMDs as stable structures of a few layers has proven difficult due to their
unstable nature and ability to quickly scroll up into closed structures like quasi 0-D
onions or the 1-D tube.
Many procedures have been suggested to synthesize these materials in the stable
form. Some examples of these procedures are hydrothermal processing, mechanical
activation at high temperature or shape transformation from 1-D tungsten disulfide
nanorods to 2-D nano sheet crystals and many others.18

1.4 Methods of synthesizing graphene and its derivatives
Some methods have been experimentally employed for the synthesis of molybdenum
disulfide and tungsten disulfide recently and proven successful. They include
micromechanical cleavage, chemical exfoliation and chemical vapor deposition (CVD).39
Micromechanical cleavage is often not practically used since its yield is very low
with difficulty in producing thinner or monolayers though it has demonstrated to be an
easy and faster way of producing highly crystalline atomically thin nano sheets.
Chemical exfoliation method, example including liquid phase exfoliation and ionintercalation induced exfoliation have been used to separate single layer and few layers
from thicker structures in very large quantities. This method is also known as the wet
method and it is the best for synthesizing 2D materials with different range in size.
The liquid phase exfoliation method is achieved by sonication of the mass layered
material in polar solvents and reaction reagents. The mixture is then separated into thin
8

layers by exfoliation with the aid of a centrifuge or allowing the mixture to stand still for
separation to take place. The layers are separated upon sonication due to the weakening
of the inter-layer interactions occurring as a result of the strong attraction generated
between the solvent and the matrix material. The yield obtained in this method depends
greatly on the choice of the ‘right’ solvents, the rate of centrifugation and the time for
sonicating the chemical mixture.
Single- and few-layered 2D M0 S2, WS2 and BN nano sheets have been synthesized
using the liquid exfoliation method by Coleman et a l40
The other method of the chemical exfoliation is the ion-intercalated method which
has been used for many transition metal dichalcogenides such as single layer
molybdenum disulfide and tungsten disulfide. As the name implies, lithium is
intercalated between the layers of mass material, exfoliation follows then, the immersion
of the intercalated lithium compounds in water and ultra-sonicating the mixture. This
forms LiOH and H2 and opens up the interlayer space to allow easy exfoliation. 41
The disadvantage with this is the low yield in the concentration of lithium hence less
intercalation taking place and in order to improve this yield to a higher one, elevated
temperature and longer reaction time are the extreme conditions required.
This procedure also yields high synthesis of single-layered dichalcogenides such as
molybdenum disulfide, tungsten disulfide, titanium disulfide, etc., through a conserved
electrochemical lithiation process as demonstrated by Zeng et al. 42
The drawback with this method is the change in structural phase of the compounds.
For instance, the Mo coordination in M0 S2 changes from trigonal prismatic to octahedral
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shape after the lithium has been inserted in the space between the layers. This affects the
electronic behavior and device functionalization of the molybdenum disulfide.
Chemical vapor decomposition (CVD) is the third method which has also been used
to synthesize 2D materials. This is a surface assisted method for the growth of graphene
by serving as the template and at the same time catalyzing the epitaxial growth of solid
films. Zhan et al 43 and Lee at al 44 both synthesized molybdenum disulfide thin films
deposited on SiC^/Si substrates by using the CVD method. The advantage of this method
is that, it produces large scale growth of 2D materials whose resultant single- and few
layered structures are liberated from nano sheets that are thicker in size. Nonetheless, this
method requires high reaction temperature which is a major experimental challenge.
In this work, graphene oxide synthesized by the Hummers method23 was applied.
The Hummers method alongside with two other principal methods namely, Brodie and
Staudenmier’s techniques are the methods used to synthesize graphene oxide. They fall
under the chemical exfoliation method as they allow the oxidation of graphite by using
strong acids and oxidants which introduces functional groups such as epoxide and
hydroxyl between the graphene layers to make it easier to separate the 3D graphite into
graphene by forming graphene oxide. The hydrophilic oxygen between the graphene
layers allows easy separation of the layers during sonication as shown in the Figure 3.12
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Figure 3.

Schematic synthesis of graphene by oxidative and reductive treatments of graphite.

Graphite is treated with a mixture of strong oxidizing agents. Insertion of ions and
solvents makes it possible for exfoliation of graphene oxide layers upon sonication. The
separated graphene oxide is subsequently reduced to graphene.
Graphene oxide is thermally unstable due to the oxygen functional groups since at
very high temperatures, it is subject to pyrolysis. Also, it must undergo further processing
to be changed into a conductive nano material since it occurs as an electrically insulating
material.
The graphene oxide still maintains the hexagonal structure like graphite, and the
difference here is that graphene oxide is less dark compared to graphite due to the change
in the electronic conjugation as a result of oxidation.23
This graphene oxide produced is the first step in generating graphene. Graphene
oxide is then chemically reduced using hydrazine (strong reducing agent) to form reduced
graphene oxide (RGO). Simultaneously, a chemical in high concentrations of
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molybdenum disulfide is added to the reaction system to get the graphene composite
derivative (RGO/M0 S2). The RGO/M0 S2 synthesized is then characterized by
electrochemistry (cyclic voltammetry), Fourier transform infrared spectroscopy (FT-IR),
UV-vis spectroscopy, X-ray diffraction (XRD), scanning electron microscopy imaging
(SEM) and Raman spectroscopy.

Synthesis of MoS2
L iq u id p h a s e
u ltro so n ic

Peel

L i in te rp la n e

CTO

O th e r
te c h n iq u e

Figure 4:

Schematic of the various method of synthesizing molybdenum disulfide.

2. MATERIALS AND METHODS
2.1 Materials
Graphene oxide purchased from Sigma-Aldrich, ammonium tetrathiomolybdate was
purchased from Aldrich, dimethyl sulfoxide was purchased from Alfa Aesar, hydrazine
hydrate, l-vinyl-2-pyrrolidinone (NVP), poly acrylic acid (PA), ethylenediamine (EA),
poly diallyldimethyl ammonium chloride (PDDA), polyvinyl pyrrolidone (PVP), nafion,
ethanol, anhydrous ethylene glycol, potassium chloride were all purchased from Sigma12

Aldrich, potassium nitrate and sodium sulfite were purchased from Fischer Scientific
Company. All the chemicals are reagent grade and were used as received from the
manufacturers. Solutions were prepared using double distilled water.

2.2 Reduced graphene oxide/MoS2 synthesis
100 mg of graphene oxide purchased from Sigma-Aldrich was weighed and
dispersed in 100 mL of anhydrous ethylene glycol in a beaker. The mixture was sonicated
for approximately 90 minutes at room temperature until the graphene oxide had almost
and completely dissolved in solution. 220 mg of ammonium tetrathiomolybdate,
(NH4)2MoS4, was then added to the mixture and color changed from dark brown to brick
red occurred due to the thiometallate anion undergoing oxidation at the center of the
sulfur accompanying the reduction of Mo(VI) to Mo(IV). The (NH4)2MoS4 precursor was
reduced to MoS2 on graphene oxide (GO). The mixture was further sonicated for 30
minutes to make a homogeneous dispersion of the brick red color and 1 mL of hydrazine
monohydrate was also added to the mixture, color changed from the brick red to black as
GO underwent reduction to reduced graphene oxide (RGO) in the presence of hydrazine.
The mixture was transferred into tubes and heated in silicon oil at 200 °C for
approximately 72 hours. The products were allowed to cool and settle, and the
supernatant was pipetted. The products were then washed with ethanol several times and
vacuum filtered to ensure the complete removal of the anhydrous ethylene glycol. The
products were finally put into containers and placed in the vacuum oven to dry and used
for analysis.
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2.3 Chemical exfoliated M0 S2
The M0 S2 nanoflakes were obtained by dispersing 0.5 g of natural M0 S2 crystals in 5
mL of 1.6 M butyllithium solution in hexane (Sigma-Aldrich) for 48 hours in a flask
filled with argon gas. The LixMoS2 was retrieved by filtration and washed with hexane
(60 mL) to remove excess lithium and organic residues. Exfoliation was achieved by
ultrasonicating the obtained LixMoS2 slurry in DI-water for 1 hr. The mixture was
centrifuged and re-dispersed in DI water for at least 5 times to remove excess lithium in
the form of LiOH and unexfoliated material. Thin films were prepared by filtering
through a mixed cellulose ester membrane with 0.025 pm pores (Millipore).

2.4 Electrochemical analysis
Electrochemical characterization of the synthesized composites was performed under
a Faraday cage with a Pico amp Booster electrochemical work station from CH
Instrument, Inc., equipped with CHI660C software. Cyclic voltammetry was used for the
electrochemical studies and was performed in an undivided cell, involving a three
electrode system. Reference and counter electrodes were Ag/AgCl (saturated KC1) and
gold respectively. Working electrodes were fabricated by immobilizing samples of the
composite on a glassy carbon electrode. This was achieved by depositing 2.5 pL of a
solution made by adding 4 mg of a particular graphene oxide composite to 4 mL of
double distilled water (1 mg/mL) on the glassy carbon surface and drying at room
temperature. A 1.5 pL sample of 0.2 % nafion solution was added to immobilize the
14

active material on the glassy carbon surface. Prior to working electrode fabrication, the
glassy carbon substrate was cleaned by polishing in a 0.05 micron powdered gamma
alumina (CH Instruments, Inc.) Cyclic voltammograms were obtained on bare glassy
carbon and on glassy carbon modified as described above, in 10.0 mM Fe(CN)64"in 0.2 M
KC1 solution and at 60 mV/s.

2.5 Ultraviolet-visible spectroscopy analysis
The ultraviolet-visible spectroscopy was performed with an Evolution 300 uv-vis
spectrophotometer (Thermo Scientific), equipped with visionpro software for data
analyses. Solutions of molybdenum disulfide and reduced graphene oxide/molybdenum
disulfide (1 mg/mL) were prepared and put into vials and sonicated for about an hour and
allowed to settle. The supernatant solution was collected and used for the absorbance
measurements. Spectra were taken for blank and analyte solutions in 10 mm cuvettes and
within 200 nm to 800 nm wavelength.

2.6 FT-IR analysis
The Fourier transform infrared spectroscopy was performed using the Nicolet 4700
FT-IR model and with the Omnic software for data analysis. The system is started and
dry nitrogen gas is allowed to flow through to purge the interior of the instrument by
flushing out atmospheric moisture which can destroy the KBr window and the optical
components which are also made up of KBr and other salts. It can also interrupt the
readout since they contain IR active molecules such as carbon dioxide and water vapor. A
15

KBr disc is made by adding potassium bromide (Alfa Aesar) to the sample in a clean, dry
crucible and uniformly mixing to get the right shade of gray. The mixture is then put into
the holder and tightly screwed to form the crystal disc. The sample holder containing the
sample is then placed in the sample chamber in the FT-IR spectrometer to be analyzed.
Number of scans was varied from 16 to 64 and the wavenumber resolution used was four
(cm'1).

2.7 SEM analysis
Scanning Electron Micrographs of the dried portions of the various prepared
solutions of M0 S2 were obtained on a Hitachi S-3400N field emission scanning electron
microscope operated at 15 kV accelerating voltage. Each solution was voluminously
diluted with double distilled water and sonicated for approximately an hour to ensure the
separation of the particles and that the size is not greater than 10 mm. A drop of the
suspension was then pipetted onto a gold etched Hi-Grade mica plates and placed under
vacuum overnight to completely evaporate. SEM images were acquired on these dry
samples.

2.8 XRD analysis
A few grams of the M0 S2 sample were ground to powder in an agate mortar. The
grinding time of the sample was between seconds to minutes since prolonged grinding
may create a large specific surface by reconstructing the surface which can lead to loss of
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crystallinity and incorrect data. The powdered sample is placed into a sample holder and
leveled with a glass slide to remove excess sample to give a flat upper surface which
allows the achievement a random distribution of lattice orientation. The XRD is then run.

2.9 Raman analysis
The molybdenum disulfide material synthesized was used in the powdered form and
placed in the sample holder to be characterized.

3. RESULTS AND DISCUSSION
3.1 Preparation of M0 S2
M0 S2 was chemically exfoliated by the process below;

5 ml 1.6 M butyl lithium
Solution inhexane, 48h inthe
Presenceof argon gas

1)Ultrasonication in D.l
Water for 1 h
2)
Centrifuged in D.l water
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1) Filtration
2) Washing in
60 ml
hexane

The synthesized M0 S2 nanoflakes were then characterized by uv-vis spectroscopy, SEM,
XRD, Raman spectroscopy and electrochemistry as described in the following sections.

3.1.1 UV-vis spectroscopy of M0S2
Figure 5 displays vials of the various solutions of M0 S2 that were prepared for the
UV-vis spectroscopic analysis. Figure 6 shows the solubility of M0 S2 in the various
solutions used. From the spectrum, DMSO does not show any peak at any of the expected
wavelengths, while NVP showed a very weak and broad peak as compared to PA,
PDDA, EA and PVP which show a band at 629 nm, closer to the theoretical value of
single/fewer layer M0 S2 at 620 nm. As a result, we can therefore say that DMSO and
NVP are poor solvents for M0 S2.
The UV-vis absorption spectrum of M0 S2 has been measured to have two peaks at
620 nm and 650 nm as observed as shown in Figure 7. These peaks are as a result of the
excitons in the samples and hence prove the presence of M0 S2 dispersion in the solution.

18

C h a ra c te riz a tio n o f M 0 S 2

The solubility o f M oS; m various solutions at concentration o f Ime mL
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Figure 5.The solubility of MoS2 in various solutions at concentration of 1 mg/mL prepared at room
temperature.

Wavelength (nm)
-------PA —

PDDA —

EA —

PVP —

NVP —

DMSO

Figure 6. The UV-vis absorption spectrum of MoS2 dispersed in various solutions prepared to a
concentration of
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1 mg/mL at room temperature

Figure7.

The UV-vis absorption spectrum of MoS2.48

3.1.2 XRD characterization of M0S2
XRD is used to characterize crystalline materials and also serves as a fingerprint for
pure substances. Every mineral has its own unique d-spacing and can be achieved by
comparing the patterns produced with their references. The XRD analysis gave the
information on the atomic structure of the single layer molybdenum disulfide obtained as
a peak. In Figure 8, #5 is XRD pattern of M0 S2 precursor, and the (002) peak of M0 S2 is
clearly seen in all the diffraction patterns. The 002 peak represents a plane that is parallel
to the M0 S2 layers. Its presence is clear indication that the M0 S2 layers are still intact. #1
to #4 are the patterns at different treatment time and it shows that the sonication treatment
time affects the structure of single layer M0 S2 significantly and this is still undergoing
investigation in the lab. For Figure 9, Li intercalation results in loss of the
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semiconducting properties due to emergence of a metallic phase. This is partly attributed
to the phase changes that occur during Li intercalation and concomitant alteration of the
electronic properties and this is seen with the decrease in peak for LixMoS2 as compared
with M0 S2. The sharpness of the peak is an indication of the crystallinity of the samples.

XRD

D iffraction angle* 20/dc$»rec

Figure 8.

Shows the XRD pattern of MoS2precursor (#5) and MoS2 (#1 - #4), taken at different
treatment times.
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Figure 9. XRD pattern of MoS2 and LixMoS2 with the same conditions.

3.1.3 SEM imaging of M0S2
Scanning electron microscope (SEM) has been used to characterize graphene and
graphene- based nano materials. SEM gives a map of the surface thereby the types of
element on the surface can be identified. The unique pattern to identify substances
revealed by SEM technique makes it very useful in the study of crystals, atomic and
molecular structures of substances.
Figure 10, shows the SEM image of natural M0 S2 crystals and Figure 11 shows the
single/fewer layer of the synthesized LiMoS2.
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SEM images of Natural MoS2 Crystal

SEM imaging of single/ few layered MoS2
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3.1.4 Raman spectroscopy characterization of M0S2
The M0 S2 sample was also characterized by Raman spectroscopy which is a spectral
fingerprint. It further confirms the single layer M0 S2 identified in the SEM. Four first
order Raman active modes that are present in most reported Raman spectroscopic
analysis include E'ig (286 cm'1), E'2g (383 cm'1), Aig (408 cm'1) and E22g. The Raman
spectra in Figure 12 below show two prominent peaks occurring at approximately 384
cm'1and 409 cm'1. These peaks represent ETgand Aigvibrational modes respectively.
The mode of vibration of bulk M0 S2 has been studied both theoretically and
experimentally and it was found that the ETg mode illustrates in plane vibration while the
Aig was found to be linked to the out of plane vibration of sulfides. The energy difference
between Aig and ETgRaman peaks has been found to relate to the number of M0 S2
layers.47
Numbers 1-5 identify the treatment of M0 S2 at different temperature (200, 300, 400,
500 and 800 °C), and the effects of treatment with temperature on the structure of M0 S2
are undergoing investigations.
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Figure 12.

Raman spectrum of MoS2 at different temperatures.

3.1.5 Electrochemical characterization of M0S2 and RGO/ M0S2
The electrochemical characterization shows that the bare GC electrode is highly
conductive in the 10 mM Fe(CN)64’with 0.2 M KC1 solution, actively participating in the
reduction and oxidation of Fe(CN)64" to Fe(CN)63’. The current response was lower for
the electrode modified with the nafion, RGO/M0 S2 and M0 S2 as compared to the bare
electrode. M0 S2 and RGO/M0 S2 electrode had a higher current response compared to that
of the nafion electrode and as a result of this characteristics displayed by the M0 S2 and
RGO/M0 S2 electrode, they can be used as electrochemical electrode materials. This also
confirms the findings of M0 S2 as a semi conductive material.
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Figure 13. Cyclic voltammetry comparison o f

M0S2 elearode

(a) bare GC electrode (b) GC electrode/0.2% nation

solution (c) GC electrode/RGO-MoS2/nafion (d) GC electrode/MoS2/nafion in 10 mM Fe(CN)64'with 0.2
MKC1.
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3.2 Preparation of RGO/MOS2
Reduced Graphene Oxide/MoS2 was synthesized by the reduction of graphene oxide as
shown below:

100 mg of
Graphene
Oxide (GO)

1)

100 mL ethylene glycol

2)

90 mins sonication@

Dispersed GO in
ethylene glycol

room temperature

1) 220 mg of
(NH4):M o S4

2) 30 mins
sonication U
room temperature

Reduced
Graphene Oxide

r

1) 1 mL hydrazine
2) Heat in silicon oil @
200 °C for 72 h

Bnck red mixture
of GOM 0S2

(VCiCW
L.__________________________ J

^

L________ _______

3) Filtration
4) Vacuum dry

^

The above synthesized material was then characterized by electrochemistry, FTIR, and
UV-vis absorption spectroscopy as follows.

3.2.1 FT-IR characterization
The FTIR analysis of RGO/M0 S2 and graphene oxide (GO) were performed to
investigate how the bonds interact after GO was reduced thus to confirmed the reduction
process using hydrazine. The presence of the different oxygen functionalities such as the
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C=0 at 1731.7 cm’1, 1715 cm"1 and C-0 1073.9 cm’1 in the GO spectrum confirms the
oxidation process. The results in Figure 14 below, shows that there is some change in the
structural composition of GO after being reduced with the hydrazine hydrate which can
be seen with 1101.6 cm'1 appearing as a sharp peak in Figure 15 compared to the broad
peak in Figure 14. This peak is as a result of residual of carboxyl group after the
reduction process. A band is observed at a wavenumber of 480 cm _1 by extrapolation in
Figure 15 which corresponds to Mo-S bond 46.

Figure 14. FTIR of graphene oxide prepared in a KBr disc at wavenumber resolution of four cm '1and
number of scans from 16 to 64.
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Figure 15. FTIR of RGO/M 0 S2 prepared in a KBr disc at wavenumber resolution of four cm'1and
number of scans from 16 to 64.

3.2.2 Uv-vis spectroscopic characterization of RGO/M0S2
The uv spectroscopic of the RGO/M0 S2 was performed, and a peak was obtained at
629 nm. These results agree with the peak obtained for the single layer M0 S2 dispersed in
PA, PDDA, EA and PVP solutions, hence confirming the presence of the single layer
M0 S2 synthesized on graphene. The synthesized material was dispersed in double
distilled water, and this also shows the solubility of RGO/M0 S2 in water, hence water is
also a good solvent.
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Figure 16. UV-vis spectroscopic comparison of RGO/MoS2 dispersed in double distilled water and
MoS2dispersed in various solutions at a concentration of 1 mg/mL prepared at room temperature.

3.2.3 Electrochemical characterization of RGO/M0S2
From Figure 13, it is observed that graphene oxide is less conductive due to the
functionalized oxygen groups on its surface as a result of oxidation of graphite as
compared to pristine graphite. Due to this change in property, graphene oxide is therefore
reduced using hydrazine as the reducing agent to form reduced graphene oxide which is
more conductive than the graphene oxide, as the oxygen functional groups are removed
as much as possible, if not completely. This makes it less conductive than the graphite.
Now, because the conductivity has been reduced, the flow of electrons between the
material coated on the electrode and the analyte is slow, hence there will be a decrease in
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current flow as the cyclic voltammetry is performed. This is also observed, when the
unmodified electrode is run and the flow rate of current is high since the electrode is
conductive. The reduced graphene oxide can be combined with other transition metals to
form its composite as it is now more active than pristine graphene and hence can be
modified in many ways for various applications. M0 S2 has been studied to be a
semiconductor and with the cyclic voltammetry of the RGO/M0 S2 confirming this with
the decreased conductivity and also demonstrates that RGO/M0 S2 has been synthesized
effectively and can be used as an electrochemical electrode material.

4. CONCLUSION
RGO/ M0 S2 and M0 S2 have been successfully synthesized using the chemical exfoliation
method which was very safe, simple and toxic free as compared to other methods that
evolve H2S. This was confirmed with the uv-vis spectroscopy and electrochemical
characterization. Electrochemical analysis displayed its semi conductive nature. The
FTIR revealed the reduction of the GO to RGO by showing the reduced oxygen
functional groups. The XRD and SEM show the single layer/ layered M0 S2 was
synthesized and its crystalline nature. Raman showed the various vibrational modes of
M0 S2, which corresponds to pristine M0 S2. These characterizations confer to the various
properties of graphene-like M0 S2.
Future work should be done on the effect of temperature on the structure of M0 S2 in
Raman spectroscopy and application of M0 S2 as a catalyst for electrochemical hydrolysis
of water will be investigated.
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