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ABSTRACT

Nanostructures have sizes that lie between macroscopic and molecular structures.
Carbon nanostructures attract large attention due to their attractive properties which
can be modified. They find applications in diverse fields such as electrodes, sensors,
catalyst support etc. Among these structures, carbon nanospheres (CNSs) are of great
interest in scientific research due of their properties such as good electrical
conductivity, high surface area, uniformity and thermal stability. They have been used in
many applications such as Li-ion batteries, material reinforcement, fuel cells etc. In the
present study the mono-dispersed carbon nanospheres were synthesized by
hydrothermal process using various saccharide solutions - sucrose, glucose, and xylose.
The saccharide solution in required concentration was sealed in a steel autoclave and
heated at 180 °C for the prescribed time. The as-synthesized CNSs were characterized
using X-Ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy,
Scanning electron microscope (SEM), Transmission electron microscope (TEM), UV-
Visible spectroscopy, Thermo-gravimetry (TG) etc. for their structural, optical, thermal
and other important properties. The size of the CNSs decreases with the saccharide
solution concentration with smaller concentrations having more drastic effect. The
CNSs produced from the present method typically have an average size in the range of
1500 - 15nm having smooth surfaces. Xylose gives the smallest CNSs. The CNSs were
amorphous in nature. Samples show direct band gap which changes with the size of
CNSs. This makes the synthesized samples viable for the photo catalytic applications in
UV as well as visible region. The application of the synthesized CNSs as photo catalyst
for organic waste degradation has been confirmed by degradation of methylene blue
(MB) dye in the presence of UV and visible light. The degradation efficiency is more in
visible light.

xi
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CHAPTER 1
INTRODUCTION

1.1 Carbon nanospheres
The discovery of carbon nanostructures have attracted the research in modern era due
to attractive properties which can be modified controlled ways. Carbon nanostructures
are widely used in various fields such as catalysis, material reinforcement, hydrogen
storage and electronics [1-6]. These materials have multiple interesting and useful
applications.

Carbon shows the property of catenation. It can make bond with other atoms (O, H,
S, N, C etc.). This property leads to formation of many structures which are useful in
many fields [7]. The applications and advantages of carbon materials, synthesis and
characterization have attracted the modern research. These structures have dangling
bonds present on their surface which have good physical strength. The presence of
dangling bonds provides functional groups on the surface of the carbon materials. This
property makes them useful for Li-ion batteries and catalysis. Fullerenes were
discovered in 1985. Fullerene is a molecular carbon which exists in many shapes like
hollow sphere, ellipsoid and tube. The other carbon structures are nanofibers,
nanotubes and nanospheres which have size in the range from 0.4-500nm. These are
formed by pairing of pentagonal, heptagonal and hexagonal shaped carbon rings.

Among the carbon nano materials, spherical carbon materials have attracted great
attention because of their uniform size, high surface area and physicochemical
properties. These spherical carbon structures have been given different names due to
their different sizes like carbon onions, carbon black etc [8]. The nano size and
morphology leads them to show different properties than the bulk carbon materials.
This may be attributed due to high surface to volume ratio, quantum confinement effect.
Our main focus is to synthesize the carbon nanospheres (CNSs) by hydrothermal

process [9].



Figure 1.1: (a) SEM image of CNSs and (b) open edges at the surface of Carbon Sphere
[10].

1.2 Formation and structure of carbon nanospheres

With the help of suitable synthesis process and controllable parameters, the nano sized
and spherical shape carbon materials can be obtained. The spherical structures are
formed when the fullerene rings get attached into each-other. Many open edges are
created at the surface of carbon spheres. The nature of carbon structures can be
graphitic or non-graphitic. The graphitic sheets have unclosed shells and make dangling

bonds on the surface of carbon structures [11].

Random orientation Concentricorientation Radialorientation

Figure 1.2: The arrangement of graphite layers in different forms to make CNSs [8].

For the synthesis of carbon structures many models have been proposed. The most
studied model in the literature is the nucleation of pentagonal rings of carbon atoms.
These rings attach with each-other results in the formation of spiral shell growth as

shown in the following figure 1.3.



In-plane growth

Figure.1.3: A diagram of spiral shell development from nucleation of pentagonal rings
(a) Pentagonal nucleation (b) shell growth of quasi-icosahedral (c) Development of
spiral shell (d) Synthesis of a big carbon sphere. [12]

A continuous curved sheet can be observed on the surface of carbon spheres. The
carbon structures greater than 10nm in size have graphite layers on their surface. The

carbon rings are essential and useful to obtain this curvature [13].

Zero Curvature

(@)

(b@ ﬁ Positive Curvature

Negative Curvature

J

Figure 1.4: A diagram representing the effect of (a) Hexagonal, (b) Pentagonal and (c)
Heptagonal carbon rings on the curvature of carbon flakes [13].
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1.3 PROPERTIES OF CNSs

Carbonaceous materials are useful in many fields and industries due to their properties
such as: [14-19]

Good electrical conductivity (~ 45 S/m)

High surface area (~3,022 m2g1)

Porosity (>80%)

Tailored specific surface chemistry

Uniformity (~ 95%)

High thermal stability (~ 500 °C)

Large packing density

1.4 APPLICATIONS OF CNSs

Carbon nano spheres have wide range of applications and improvement of these
applications depends on the ability of controlling the size, band gap and surface

properties of CNSs [20-22].

Electrode for super capacitors
Anode in secondary lithium batteries
Absorbent

Sensors

Material reinforcement

Capsules for magnetic nano particles
Template for hollow structures
Catalyst for direct methanol fuel cells
Refinement of aqueous solutions

Hydrogen storage and electronics
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CHAPTER 2
LITERATURE REVIEW

Carbon nanospheres are used in many fields of application because of their large
surface area and have become an interesting topic in scientific studies. An overview of
different methods to prepare carbon nanospheres and their properties characterized by
different techniques has been discussed in this chapter. Some methods available in

literature to synthesize carbon spheres are as follows:

2.1 Hydrothermal method

Qiang et al. (2005) [1] synthesized carbon microspheres using hydrothermal process.
Carbon microspheres were prepared by methylcellulose sol in a stainless steel
autoclave by heating it on 400°C for 6 h in an oven. The crystal structure of as-
synthesized CNSs was analyzed by X-ray diffraction. A wide peak was observed at angle
26° which indicates the amorphous structure of CSs. The morphology, size and structure
were characterized by scanning electron microscope (SEM) and transmission electron
microscope (TEM). SEM micro images showed the formation of smooth CNSs having
diameters in the range of 1-5pum and spherical morphology with chain like structure of
CSs was presented by TEM.

Rongjing et al. (2008) [2] prepared monodispersed colloidal CNSs using microwave
hydrothermal method by glucose solution. A self-assembly process was used to prepare
gold nanoparticles (AuNPs) on the surface of colloidal CNSs. These colloidal carbon
nanospheres (AuNPs) hybrid materials had good chemical stability and used as
template for bio molecule deactivation and biosensor invention. The as-prepared CNSs
were characterized to examine their chemical stability and biocompatibility. The FT-IR
spectra showed the presence of C=0, C=C, C-OH and OH functional groups. The FE-SEM
and TEM results represented the images of AuNP/C materials and colloidal CNSs of
uniform size (250nm) and morphology. It was observed that these AuNP/C carbon
spheres can be used for the formation of immunosensor to examine their feasibility in
bio electro analysis.

Jingxing et al. (2009) [3] obtained monodispersed CNSs from glucose by hydrothermal
technique without any catalyst. High specific area and mesoporous CNSs of nanometer

size were prepared by melton KOH treatment.



The uniform and nano size CNSs were characterized by SEM where as solid structure
and rough surface of carbon spheres were analyzed by TEM. The size of CSs was about
700-800 nm that was observed by SEM. The HR-TEM images showed 3 nm CNSs with
0.20 nm fringe spacing. The amorphous structure of CNSs was observed by XRD pattern.
The peaks of O-H, C-H and C-O functional groups were analyzed by FT-IR on the surface
of mesoporous CSs. These MCSs were used as electrode materials for super capacitors.
Minmin et al. (2009) [4] produced hollow CNSs by hydrothermal process without
using template. In this procedure sodium alginate was mixed in DI water. The solution
was sealed in a Teflon coated autoclave and then heated at 180°C for 10 h. CNSs of size
100nm were obtained using alginate as reagent. TEM images showed the nano size
spheres in the range of 70-120nm and uniform morphology. Because of poor
crystallization the amorphous structure of carbon was obtained from XRD analysis.
Several functional groups i.e. C=0, C=C, OH, C-OH and CHO were found on the surface of
CNSs by FT-IR spectra. Cross linked hollow CNSs and changing morphology was
characterized when the concentration of sucrose was changed from 0.1 to 0.5gm. As-
prepared CNSs can be used in many fields like catalysts, storage and carriers.

Antonio et al. (2010) [5] obtained hollow CNSs of 100nm from hydrothermal process.
The solution of glucose and sodium dodecyl sulphate was treated at 180°C. The
amorphous structure of CNSs due to low crystallinity was observed from broad peaks of
XRD pattern. The D and G-bands of Raman spectra represents the graphitic layer
structure of CNSs. TEM micrographs showed the hollow and solid CNSs. From SEM
images it was observed that CNSs had spherical and uniform morphology. These hollow
CNSs can be used in many fields like nanocomposites, fuel cells etc.

Ying et al. (2010) [6] synthesized mesoporous and nano size carbon spheres from a
low concentration hydrothermal route. These carbon structures had large surface area
and porosity which is useful in adsorption and can be used in super capacitors, lithium
batteries and fuel cells. SEM results showed that these mesoporous CNSs had
nanometre size and spherical shape. The isolated particles of size 140 nm were
obtained from HRSEM and TEM images. At high temperature the cross-linking process
of CNSs was observed and spherical morphology was obtained due to isotropic crystal
growth.

Shaochun et al. (2012) [7] used hydrothermal process to obtain CNSs. In the typical

hydrothermal process the sucrose solution was heated at 190°C for 2-8 h in an



autoclave. The size, morphology and shape of CNSs were characterized by FESEM and
TEM. From FESEM images it was noticed that the size of CNSs increases from 250-1200
nm with the increasing reaction time. The TEM images represented the formation of
CNSs having size in the range of 8-10 nm.

Aled et al. (2014) [8] converted carbohydrates and raw lignocellulosic biomass into
carbonaceous materials using hydrothermal process. The glucose solution was
transferred in a steel autoclave and heated at temperature 160-180°C into an oven. The
size controlled carbon spheres (CSs) were obtained by changing the reaction time from
2-10 h. The size of CNSs was increased from 200-1500 nm with the reaction time. These
CSs can be used in Li-ion batteries and electrodes for Li-S batteries.

Shashi et al. (2014) [9] produced imine-functionalized CNSs with plant extract from a
single-step hydrothermal carbonization. The chemical properties of as-synthesized
CNSs were characterized from different techniques. The size of peCNSs (0.5-3 pm) was
determined with the varying concentration of plant extract. The FTIR spectrum showed
the presence of C-H, C-O, C=C and imine functional groups. The nature of CSs was
determined by Raman spectra and the amorphous carbon structure was obtained by
XRD pattern. The adsorption-desorption process showed that the efficiency of peCNSs
does not decreases after repetitive use and these CNSs can be potentially applied to
uranium recovery from aqueous solutions.

Mohsan et al. (2015) [10] made monodispersed, high yield carbon nanospheres by
hydrothermal process and their sizes were reduced by changing the concentration of
initial solution. The sucrose solution was transferred in a steel autoclave and heated in
an oven at 1709C for 8h. The diameter of CNS was reduced to 100nm by post- annealing
of 300nm CNSs at 435°C for 30min. These CNSs had wide range of applications which
depend on the size and surface properties.

The samples were characterized to examine the structure, size and properties of CNSs.
The XRD pattern showed the low graphitization degree and disordered carbon
structures. SEM images showed that the CNSs had good spherical shapes and smooth
surfaces. IR spectroscopy (Infrared spectroscopy) showed that the surface functional
group -OH increases with decreasing size of CNSs due to increase in their surface area.
Qiangu et al. (2015) [11] characterized CNSs prepared by hydrothermal carbonization
of four different saccharides- sucrose, glucose, xylose and saccharide formed by

pinewood. From SEM images it was observed that CNSs produced by xylose had small



size (80nm) and uniform shapes. While CNSs prepared from glucose (120-150nm) and
sucrose (300-400nm) had non-uniform shapes. TEM images showed the images of long
C-C chain structures prepared by sucrose and nano size CNSs of size 50-100nm derived
from pine wood sugar solution. These CNSs with surface oxygen functional groups and
nanometre size were used in hydrothermal carbon hybrid materials. These CNSs had

potential to use in many applications.

2.2 Pyrolysis method

Hans et al. (2015) [12] prepared carbon nanospheres under nitrogen atmosphere by
simple pyrolysis method. They used activated carbon as support, ferrocene as catalyst
and cooking palm oil as renewable. The concentration of iron was changed to prepare
nano size CNSs.

The change in size and morphology of carbon were observed by scanning electron
microscope (SEM). It was that the density of CNSs increases with the increasing
concentration of iron catalyst. The concentration of iron on the surface of carbon was
determined by Energy dispersive X-ray spectroscopy (EDS). Amorphous structure of
activated carbon was observed by XRD analysis.

Vinodkumar et al. (2015) [13] prepared CNSs by template free pyrolysis method. In
this method a metal salt was added in sucrose. The decomposition of sucrose was done
by heating it to make metal oxide particles. During the process of lithiation-delithiation
it was observed that the as-synthesized CNSs had structural stability.

XRD pattern showed the amorphous structure of porous CNSs. The SEM and TEM
images showed that temperature did not affect morphology and size of CNSs (100-2000
nm). The graphitic layers were observed from high resolution TEM (HR-TEM) images.
The electrochemical performance of CNSs was explained due to the porosity and
disordered crystal structure. These porous CNSs had higher charge potential and can be

used in Li-ion batteries.

2.3 Chemical vapour deposition method

Antonio et al. (2010) [5] observed applications and properties of porous carbon
spheres synthesized chemical vapour deposition method. The CNSs were obtained by
the decomposition of acetylene over Co supported on a kaolin plate at 750°C. These CSs

had poor graphitization degree and diameters in the range of 2-10 pm.



The amorphous structure of CNSs was observed from broad peaks of XRD pattern
because of low crystallinity. The graphitic layer structure of CNSs was observed from D
and G-bands of Raman spectra. SEM images represented the uniform and spherical
structure of CNSs. TEM micrographs showed the hollow and solid CNSs. These CNSs can
be used in many areas such as catalysis, electrical devices and fuel cells.

Aled et al. (2014) [8] produced porous carbon spheres by chemical vapour deposition
(CVD) method. In this method the high temperature treatment of carbon precursor was
done to prepare hollow and solid carbon spheres. The presence of catalyst acted as
nuclei for the formation of CNSs. The nano size CSs were obtained by changing the state
of carrier gas. The sample was characterized to examine the morphology and
topography of CNSs. the SEM and TEM images represented the hollow and narrow size
CNSs having diameters in the range of 200 -400 nm. These CNSs can be used in Li-ion
batteries and electrodes for Li-S and Li-air batteries.

2.4 Solvothermal method

Mani et al. (2015) [14] made CNSs by solvothermal route using acetone and Mg as a
reducing agent. The samples were characterized by different techniques to examine the
size, structure, stability and properties of CNSs. Photo catalytic activity was studied
from the degradation of methylene blue in UV light in the presence of CNSs. The broad
peaks obtained by XRD pattern showed the disordered carbon structure. SEM results
represented the images of spherical, uniform and nano size CNSs of size 40-50 nm.
TG/DTA analysis provides the thermal stability curve of CNSs. The band gap for direct

transitions was calculated by UV-Vis spectra i.e. 3.54 eV.

2.5 Composite-molten-salt method

Xue et al. (2010) [15] used composite-molten-salt (CMS) method to prepare functional
CNSs. The carbonization and dehydration of glucose was done at 200°C without using
any solvent. The SEM and TEM images showed the nano size (200nm) and solid
structure of CNSs. The FT-IR spectrum showed the presence of -OH, C-H and C=C
functional groups on the surface of CNSs. The D (diamond) and G (graphitic) bands of
Raman spectra represented the band hybridisation of CNSs. CNSs prepared by this
method had good electrochemical performance as compared to the other methods used

to make CNSs.
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CHAPTER 3

MATERIALS AND METHODS

In this chapter sample preparation method and characterization techniques are
discussed which were followed during the study of present investigations.

3.1 Synthesis of carbon nanospheres

Uniform and monodisperse carbon nanospheres (CNSs) were prepared by sucrose,
glucose and xylose using hydrothermal process. The molecular structure and chemical
formula of these saccharides is given in the section 3.2 of this chapter. The purity of
saccharides which were used to synthesize the samples was = 99%. All the chemicals
were purchased from LOBA Chemie or SDFCL, India. DI water was taken from Millipore

Q3 system having resistivity 18.2 M() to prepare the saccharide solution.
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Figure 3.1: Typical flow chart showing the process for synthesis and characterizations
of CNSs.



For each sample, the solution was prepared by dissolving the proper amount of
saccharide in DI water. The solution was transferred into a 25ml specially designed
steel autoclave. The autoclave was sealed properly and placed in an oven. The oven
temperature was increased from room temperature to 180°C and kept at this
temperature for prescribed time. The autoclave was then allowed to cool down at room
temperature naturally. The products were collected by using 10000 - 14000 rpm
centrifuge and washed several times with DI water [1]. The information related with

preparation and characterizations are given in the flow chart (figure 3.1)

3.2 Structure and chemical formula of saccharides

3.2.1 Sucrose:

Chemical formula- C12H22011

Sucrose

CH,OH CHLH
0 H
M_D. _
A Glycosidic HAH
H OH Bond (QH H
Glucose Fructose

Figure 3.2: Crystal structure of sucrose.
3.2.2 Glucose:

Chemical formula- CeH1206

THZOH
H ,C—0O, OH
N
ANGERYA
0

H OH

Figure 3.3: Crystal structure of glucose.



3.2.3 Xylose:

Chemical formula- CsH1005

O ~OH
HO

,///
HO  ©OH
Figure 3.4: Crystal structure of xylose.

3.3 Characterizations:

Different characterizations must be performed on the samples to examine their
properties. The X-ray diffraction technique has been done to characterize the structure
of CNSPs. The size, morphology, topography was observed by Scanning electron
microscope (SEM), Field emission scanning electron microscope (FE-SEM) and high
resolution transmission electron microscope (HR-TEM). The particle size distribution
profile was analyzed by dynamic light scattering (DLS). The presence of functional
groups on the surface of CNSPs was observed by Fourier transform infrared
spectroscopy (FT-IR). The band gap was calculated by UV-Visible spectroscopy. The

particulars of these techniques are as follows:
3.3.1. X-ray diffraction (XRD)

XRD analysis is a non-destructive technique to determine the structure of crystalline
materials, their disordering and crystallite size. As shown in figure 3.5 X-rays incident
on the crystal and makes an angle ‘6’ with respect to plane of atoms and the separation
distance is d. The relation between the constructive interference of rays is determined

by Bragg’s law, which is given by:

2d sinB = nA (3.1)
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Figure 3.5: Diffraction of X-ray by planes of atom [2].
The XRD pattern was recorded at room temperature using PANalytical X’Pert PRO
diffractometer to find the crystal structure of carbon nanospheres. The 20 values were

taken in the range of 10° to 80° for XRD pattern.
3.3.2 Scanning Electron Microscope (SEM):

SEM is a common characterization technique that produces images of a sample by
scanning it with focusing a narrow beam of electrons emitted from the microscope onto
a point on the sample. The information about the topography and composition of the
sample can be obtained by producing various signals of electrons that interact with

atoms in the sample. Figure 3.6 shows the schematic diagram of SEM.
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Figure 3.6: Schematic illustration of Scanning Electron Microscope [3].



Electron microscope images at low and high magnification were taken with a JEOL JSM-
6510LV scanning electron microscope at 15kV. A drop of the CNSs solution was placed
on carbon tape (applied on the SEM sample stub), dried under a lamp and finally heated
in oven at 55°C to remove the moisture. The samples were coated with gold after they

dried completely.

3.3.3. Field Emission Scanning Electron Microscope (FE-SEM):

In a field emission SEM field emission source (gun) is used to generate the electrons.
This FE gun emits the electron from a very small area and has low cross over diameter.
This gun is more coherent and energy spread is very low. The beam passes through
electromagnetic lenses focussing onto the sample. The object is scanned by electrons
according to pattern. FESEM produces clear, low voltage and high quality images. FE-
SEM is used to determine very small topographic details on the surface of an object. A
schematic diagram of near field emission scanning electron microscope is shown in

figure 3.7.
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Figure 3.7: Schematic of Field Emission Scanning Electron Microscope [4].

The topography of CNSs in the present work was observed with Carl Zeiss Merlin
Compact at 20kV. The samples were prepared on glass slides (1x1 cm) and carbon tape
was applied on one side with marking on other side. The samples were dried by using a

lamp to remove the moisture of the sample. The sample was gold coated after they dried



completely. CNSs with size 150-40nm were observed in high magnification images of

FE-SEM.
3.3.4. High Resolution Transmission Electron Microscope (TEM/HR-

TEM)

In transmission electron microscope transmission mode of electron imaging is utilized
to find out the features inside the material. The sample characterized from TEM is most
often an ultrathin section less than 100 nm thick. Transmission electron microscopes
are capable to give images at high resolution than other microscopes, due to the smaller

de Broglie wavelength of electrons. A high energy beam is passed through a sample and

the interaction between the atoms and electrons can be used to observe crystal
structure, dislocations and grain boundaries in the structure. A schematic diagram of
Transmission electron microscope is shown in figure 3.8.

In the present study the samples were prepared on Cu grids for TEM analysis. One drop
of each sample was dropped on the grid and then dried under lamp to remove the
moisture. Jeol 2100f transmission electron microscope of high resolution at 20kV was

used to analyze CNSs.
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Figure 3.8: Schematic of Transmission Electron Microscope [5].
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3.3.5. Ultraviolet Visible (UV-Vis) Spectroscopy:

The optical properties of CNSs are investigated from UV-VIS spectroscopy. It uses light
in the visible, ultraviolet and near infrared ranges. It requires the spectroscopy of
photons in the UV-Visible region. In this region of the electromagnetic spectrum,
particles undergo electronic transition from excited state to ground state, while
absorption transition from ground state to excited state. It measures transmittance or
absorption of a sample as a function of wavelength when light of certain intensity and
frequency range is passed through the sample.

1) The band gap energy, E=h c/A

2) Band gap can be calculated by Tauc method [6]

ahv = B2 (hv-Eg)» (3.2)
Where, hv = photon energy

a= absorption coefficient

Eg= band gap of the material
n =2, 1/2, 2/3 and 1/3 for direct allowed, indirect allowed, direct forbidden and
indirect forbidden transitions respectively. UV-Visible spectrometer is shown in figure

3.9.
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Figure 3.9: UV-Visible spectrophotometer setup [7].



In the present work the data was analyzed to calculate the band gap of CNSs. The
absorption spectra for CNSs in solution was recorded at room temperature with Hitachi
U-3900H spectrometer in the wavelength range of 200-800 nm.

3.3.6. Fourier Transform Infrared Spectroscopy (FT-IR):

IR spectrum is an analytical tool to identify the functional groups of a particular
compound and to excess the purity of a sample. It is the measurement of absorption of
different frequencies by a sample placed in the path of an IR beam. It provides spectrum
with a large number of absorption bands and gives the information about the structure
of a particular compound. The IR spectrum is generally presented by wave number on
the x-axis and percent transmittance on y-axis. A simple optical layout of FTIR
spectrometer is shown in figure 3.10.

In the present study the presence of different bonds on the surface of CNSs was

analyzed by Spectrum 400 FTIR spectrometer for CNSs solution in 650-4000 cm-1.
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Figure 3.10: Schematic illustration of FTIR system [8].

3.3.7. Dynamic Light Scattering (DLS):

Dynamic light scattering studies the properties of inhomogeneous and dynamic media.
This technique is used to determine the size and size distribution profile of small
particles in the submicron region. When light hits the particles it scatters in all
directions. Then the suspended particles exhibit brownian motion and the velocity
distribution of particles determines the particle size. A schematic diagram showing the

scattering of laser from particles is shown in figure 3.11.



The size distribution of CNSs was analyzed with Brook heaven 90 plus particle size

analyzer for CNSs in solution.

- W

\ < ) £

Larger Particles 5

O Time
o - )

O J
¢ &g\ .

- ¥ 1

Smaller Particles

Time

Figure 3.11: Schematic of Dynamic Light Scattering [9].

3.3.8. Thermo gravimetric (TG) Analysis:

The properties of a material change with temperature and the thermal stability of the
material can be observed from thermogravimetry. Thermal analysis can also be used to
study the heat transfer through the structures or temperature difference between a
sample and a reference material. To calculate the mass loss of a sample with
temperature, the mass of an unknown material is compared with a standard mass by
comparing their weights in TGA. The measurements are taken in air or under an inert
gas (N2 or Hz). Figure 3.12 shows the schematic of thermo gravimetric analysis.
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Figure 3.12: Thermo gravimetric Analysis [10].



In the present study the thermal stability of the sample was characterized by SDT
METTLER TOLEDO DSC-TGA. The measurements were taken in the presence of air at
10°/min. The temperature range was taken from room temperature to 1000°C.

3.3.9. Energy dispersive X-ray spectroscopy (EDX):

EDX is an analytical technique which is used to estimate the amount of an element in the
sample. A beam of electrons or X-rays is focussed on the sample and this energy of X-
rays from the sample is measured by EDX. This energy is the difference between the two
shells and the atomic structure of the element. Hence the composition of the element
can be measured from EDX.

In the present work the elements were analyzed by OXFORD INCA x-act instrument. The
sample was prepared on a brass stub. The sample was dropped on the stub and then
dried under a lamp to completely remove the moisture of the sample. The sample was
gold coated and then EDX analysis was done to find the composition of elements.
3.3.10. Inductively Coupled Plasma Mass Spectrometry (ICP):

An inductively coupled plasma mass spectrometry includes a high temperature ICP
source and a mass spectrometer. This ICP source changes the elements to ions in the
sample and these ions are detected by the mass spectrometer.

In the present study the concentration of iron was determined by LEEMAN Prodigy XP
ICP. The sample was digested in aqua regia and the measurements were taken at room
temperature.

3.3.11. Photo Catalytic Activity:

Photo catalysis is an ability of a nano material to accelerate a photo reaction as a
catalyst in the presence of light (Ultraviolet light, sunlight). Photo catalytic activity
depends on the capability of the catalyst to create electron-hole pairs. It generates free
radicals to undergo secondary reactions. This technique has been investigated for the
degradation of methylene blue (MB) dye as a metal organic contaminant under UV-Vis
light irradiation.

In our present investigation the experiments were done in a photo reactor having a
cylindrical glass vessel in the presence of UV and visible light source. A 0.005 gm of
CNSs as the catalyst was dissolved in the 100ml of the MB dye solution (0.0001 gm).
Prior to the UV light radiation the reaction mixture was stirred for 30 min in the dark

for the adsorption-desorption equilibrium between the dye solution and the catalyst.



Then the mixture was activated under the UV light source. After specific intervals of
time, 4ml sample solution was taken from the bulk solution and the dye solution was
separated out from the catalyst by using a 4000 rpm centrifuge. The absorption
spectrum of MB solution was recorded by UV-Vis spectrophotometer at wavelength 664

nm during the photo degradation process.
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CHAPTER 4
RESULTS AND DISCUSSION

In this chapter, the characterization results for the carbon nanospheres (CNSs)
synthesized from various polysaccharides have been presented.

4.1 Sample synthesis optimization

The synthesis conditions for obtaining the uniform and mono-disperse CNSs from
saccharides were optimized by varying the synthesis time at the constant concentration
of 0.1mol/l sucrose. Figure 4.1 shows the SEM images for the samples obtained. The
results obtained from the analysis of SEM images are listed in table 4.1. From this data it
is clear that in present setup the mono-dispersed samples are obtained for heating at

180°C for 8 hrs.

SEI  15kV WD10mm  SS33 x10,000 1um — SEI  15kV WD10mm  SS30 Xx60,000 0.2um ‘—
SAl Labs, Thapar Univ, Patiala, G.Mourya 0000 26 Dec 2016 SAl Labs, Thapar Univ, Patiala, G.Mourya 0000 21 Jan 2017

SElI  5kV WD10mm  SS30 x5,000 S5um — 1 SEl  3.0kV WD10mm  S827 x2,000 10pm
SAl Labs, Thapar Univ, Patiala, G.Mourya 0000 09 Jan 2017 SAl Labs, Thapar Univ, Patiala, G.Mourya 0000 09 Jan 2017

Figure 4.1: SEM images showing the effect of synthesis time on the obtained product.
(@)1h,(b)5h,(c)8h,(d)18h



Table 4.1: Details of CNSs samples obtained for different synthesis times.

Sample name Time (h) Size
01h 1 0.7-1.05 pm
05h 5 0.2-0.3 um
08h 8 1.5 um
18 h 18 2.5-5 pm

4.2 Mono-dispersed CNSs synthesis from sucrose

The crystal structure and the phases present in the synthesized CNSs were
characterized by XRD. A representative XRD pattern for CNSs is shown in figure 4.2. The
broad peak at angle 400 represents the amorphous structure of CNSs. Such amorphous
structures have also been obtained in previous studies because of low crystallization in

the samples [1-2].
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Figure 4.2: XRD pattern of synthesized CNSs (sample SC04).
The uniform and mono-disperse CNSs were synthesised from different concentration
sucrose solutions (0.1-0.0025 mol/l) to know the variation of CNSs size with parent
solution concentration. Figure 4.3 shows the SEM/FE-SEM images for the synthesized
samples. The images clearly show the smooth surface, uniform size and spherical

morphology of the synthesized samples.
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Figure 4.3: SEM/FE-SEM images of CNSs showing uniform and spherical morphology of
CNSs for SC01, SC02, SC03, SC04, SCO5 and SCO6 (a-f).

The detailed particle size analysis of the synthesized samples was done from
SEM/FE-SEM images with AxioVision LE64 software. Nearly 100 particles from

different areas of different images were analysed. The analysis shows that the particle



size follows narrow sized log-normal distribution (Figure 4.4 (a)). The log-normal

probability distribution was calculated by using the following equations [3]:

1 | Uegdi-logug)® (4.1)
f(d) - V2md;logag exp{ 2 (log ag) }
4.2
o [ZUogd; ~logu,)’ (4.2)
&%= XN
o _ Xlogd; (4.3)
g,ug - Z ni

Where,

f(d) denotes the log-normal distribution, di the diameter of particle, ni the number of
particles with diameter d;, log pg the mean diameter and oy is the geometrical standard
deviation, respectively.

Table 4.2 lists the average CNS size obtained from the log-normal distribution graphs.
As expected, Figure 4.4(b) shows the variation of CNSs size with parent solution
concentration. The size of the CNSs decreases with solution concentration and low

concentration shows a sharp decrease in CNSs size.

Table 4.2: Details of monodispersed CNSs samples synthesized in present study. All the

samples have been obtained by soaking the autoclave for 8 h at 180 °C.

Sample Name of Concentration ] Band Gap
Name saccharide (mol/1) Stze (eV)
SCo1 Sucrose 0.1 1.4 pm 2.2
SC02 Sucrose 0.05 1.1 pym 2.2
SC03 Sucrose 0.025 0.5um 2.3
SC04 Sucrose 0.01 0.28 um 2.8
SCO5 Sucrose 0.005 163nm 2.8
SC06 Sucrose 0.0025 35 nm 3.3
GLO1 Glucose 0.005 36 nm 3.3
XL01 xylose 0.005 15 nm 3.3
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Figure 4.4: (a) Particle size distribution of SC04 sample. (b) Particle size variation of

CNSs with concentration. (Y-axis of the graph has been plotted in log to show the small

size data clearly)

Figure 4.5 shows the representative TEM and HR-TEM images for the CNSs synthesized

from sucrose (SCO5 Sample). HR-TEM image shows fringes which are 0.33 nm apart.

These correspond with the {006} plane for hexagonal carbon (ICDD no.: 00-026-1076)
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200 kV 200000 x
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Figure 4.5: (a) TEM image for single CNS and (b) HR-TEM image for CNS showing {006}

plane.



The optical properties of the synthesized CNSs were characterized by UV-Vis
spectroscopy. Figure 4.6 (a) shows the representative graph for the UV-Vis data
obtained for the CNSs samples. The synthesized samples show direct band gap. The
band gap values have been calculated using the Tauc-plot and are listed in table 4.2.

Figure 4.6 (b) shows the representative Tauc plot for the CNSs samples.
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Figure 4.6: (a) The UV-Vis data obtained for the GL04 (b) Tauc plot for GL04.

The functional groups in CNSPs were investigated by FT-IR spectroscopy. The FT-IR
spectra of SC05, GLO1 and XL01 CNSPs have been shown in figure 4.7.
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Figure 4.7: FT-IR spectra of synthesized CNSs for SC05, GLO1 and XLO1.



The position of different IR peaks and the corresponding functional group are

mentioned in the table 4.3.

Table 4.3: represents the IR peak and the corresponding functional group.

Peak Bond
3308-3338 cm! -OH
1635.76 cm-! C=C

4.3 Effect of saccharide

The effect of saccharide variation on the synthesized CNSs is checked by using replacing
the sucrose in the starting solution with glucose and xylose (Table 4.2). The CNSs
obtained were compared with those obtained for the same concentration of sucrose.
TEM and FE-SEM images of the synthesized CNSs for glucose and xylose have been
shown in figure 4.8 and 4.9.
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Figure 4.8: (a-b) TEM images of CNSs of GL01 and XL01
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Figure 4.9: (a-b) FE-SEM images of CNSs of GLO1 and XL01.



From the analysis, it was observed that for the same concentration the size of CNS
varies as Sucrose (163nm)>Glucose (36nm) >Xylose (15nm) (figure 4.10). This
variation occurs due to the difference in decomposition products of the respective

saccharides [4].
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Figure 4.10: Particle size variation of CNSs with saccharides.

4.4 Study of size distribution profile in the solution

The size of CNSs in solution was analysed by Dynamic light scattering (DLS).The
representative particle distribution graph of CNSs as obtained from DLS has been
shown in Figure 4.11. The data obtained for all the samples has been summarized in
table 4.4.

Comparing the data obtained from DLS (table 4.4) and SEM (table 4.2), it is observed
that the size distribution of CNSs for GLO1 and XLO1 from DLS is very large due to

increased agglomeration of CNSs.



Table 4.4: represents the concentration and size distribution of various samples.

Sample Name Concentration (mol/1) Size (nm)
SCo1 0.1 637
SCo03 0.025 525
SC04 0.01 316
SCO05 0.005 239
SC06 0.0025 174
GLO1 0.005 845
GLO2 0.01 250
XL01 0.005 4563
XLO02 0.01 249
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Figure 4.11: Particle size distribution graph for SCO5.

4.5 TG analysis

The thermal stability of synthesized CNSs was analysed using TG. Figure 4.12 gives the
TG plot for the SC04 sample. The initial weight loss of 8% which starts at 100 °C is due
to removal of water and other adsorbed species from the surface of the CNSs. Above
200 °C there is an increase in the slope of the TG curve and a continuous weight loss till

500 °C with nearly 50% weight loss. This continuous weight loss is a signature of the



oxidation of dangling bonds present on the surface of the CNSs. The extended amount of
weight loss indicates that at temperatures above 200 °C the CNSs are being degraded
due to the fraying of the constituent graphitic sheets. The stabilization at around 550 °C
indicates that the inner core of the CNSs is quite stable. And the breakdown of this core
takes place at around 630 °C which results in complete destruction of the CNSs. TG data
clearly shows that the CNSs in the synthesized samples are consisting of loosely wound

graphitic layers with a strong inner core [5-7].
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Figure 4.12: TG plot of synthesized CNSs for SC04.

The stabilization of TG data at 11% at high temperatures clearly indicates that the
synthesized CNSs solution contains a non-volatile impurity.

4.6 Determination of impurity in CNSs samples:

The ICP analysis of the CNS dissolved in aqua regia shows the presence of 10ppm Fe in
25mg SC04 sample. The presence of Fe was also confirmed by EDAX (figure 4.13).
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Figure 4.13: EDAX spectrum of CNS of SC04

4.7 Photo-catalytic Activity
The band gap calculations (table 4.2) show the synthesized CNSs have a direct band gap

of value < 3.3eV [8]. This renders the samples as a suitable candidate for photo-catalysis

under UV and Visible spectra.
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Figure 4.14: Absorption spectra of degradation of MB under (a) visible source (b) UV

source
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Figure 4.15: Degradation of MB with time in the presence of UV and Visible light.

The degradation of MB with time for UV and Visible source is shown in Figure 4.16. To

calculate the degradation efficiency the following equation can be used [8]:
D(%)=[(Co-Ct)/Co]x 100 (3.4)

Where, Co and Ct represents the concentration of MB at time 0 and t respectively. The
degradation efficiency of CNS for MB is 78% under UV light in 540min and 87% under
visible light in 420min.

The higher degradation efficiency of CNS was obtained due to its spherical and nano
size particles and dangling bonds at edges. The photo generated electrons lowers the
molecular oxygen (0O2) into superoxide radicals and these radicals react with water
molecule and form oxidizing radical species the interact with MB and degrades it.

These results clearly show that the synthesized CNS can be used as photo catalysts for

organic waste materials.
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CHAPTER 5
CONCLUSIONS AND FUTURE SCOPE

5.1 Conclusions

The mono-dispersed carbon nanospheres (CNSs) using saccharide solutions were
synthesized by hydrothermal process and then characterized by XRD, HRTEM, DLS, UV-
Visible spectroscopy, FT-IR, SEM with EDS technique, VSM, ICP etc. Three saccharides
namely, sucrose, xylose and glucose have been used in the present work. The size of the
CNSs decreases with the saccharide solution concentration with smaller concentrations
having more drastic effect. The CNSs produced from the present method typically have
an average size in the range of 1500 - 15nm having smooth surfaces. Xylose gives the
smallest CNSs. The CNSs were amorphous in nature. Samples show direct band gap
which changes with the size of CNSs. This makes the synthesized samples viable for the
photo catalytic applications in UV as well as visible region. The application of the
synthesized CNSs as photo catalyst for organic waste degradation has been confirmed
by degradation of methylene blue (MB) dye in the presence of UV and visible light. The

degradation efficiency is more in visible light.

5.2 Future scope:

The TG indicated the presence of non-volatile impurity in the CNSs solution. ICP and
EDAX confirmed the impurity as iron. To prevent the same in future the work should be
carried out in lined autoclave. The effect of CNSs size on the degradation efficiency in

photo catalytic experiments needs to be studied further.



