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Preface

New materials revolutionize the human race and science as well. The modern age has
found its present form by advancing through the Stone Age, Bronze Age, and Iron Age.
The continuous research for technologies to elevate the standards of life and quest for
getting into the unknown has led to “discovery” and “engineering” of novel materials.

During the last few decades, carbon and carbon based materials commonly called as
“Carbonaceous materials” have grabbed a lot of attention from industry and academia.
Carbon is a special material that is stable and chemically resistant to common
corrosives. In addition carbon has low density which paves the way for its suitability in
compact devices. The diverse morphologies in which carbon exists make it a suitable
material for multi-pronged energy and environmental applications.

Medical Implagits

i w

Biofuel : Pollviiien Control

‘ 1/

Carbonacéous Materials’

Representative image showing the fields where carbonaceous materials are in demand.

Advances in carbonaceous materials have led to shifts from carbons, graphite, biochars
to “engineered carbons” which include fullerenes, graphene, carbon foam, nanotubes,
graphene oxide, carbon aerogels, carbon matrix composites, reinforced polymers and
many others. These materials have high economic value and environmental benign
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nature. In fact they can be functionalized variably for preparation of organic-inorganic
hybrid materials.

Carbon based fibrous materials find their uses in construction and building materials in
form of ceramic composites and polymer composites with a carbon matrix. In addition
they are also used for moisture resistant walls and paints. Carbon nanotubes,
conducting polymers and graphene based materials have found their role in energy
storage in form of electrodes for batteries and supercapacitors which have better
specific energy.

Due to increasing energy demands and dependence on non-renewable energy sources,
demand for novel technologies and materials has increased. Hence owing to its extreme
structural versatility in form of crystalline, amorphous, nano, bulk, functionalized,
structured, reinforced, etc. a variety of materials are available for energy applications as
in fuel cells. Carbon based materials are both used as sources as well as catalysts for
bio-fuel production.

Activated carbon also referred to as charcoal is the most popular form of carbonaceous
materials used for adsorption of organic pollutants, heavy metals and gaseous in
addition to use as catalysts and catalytic supports. Another amorphous form biochar
has been utilized for soil enrichment and greenhouse gaseous sequestration for climate
control applications. Graphene a 2D carbon form possesses a large surface, electron
mobility, strength and conductivity and is comprehensively used in electronics and bio-
medical applications. Graphene oxide, reduced graphene oxide and graphitic carbon
nitride are used as photocatalysts for hydrogen production and contaminants
degradation. Carbon nanotubes have been used in various fields of engineering due to
their high strength and low density.

The challenge lies in the development of new technologies to convert biomass and
carbonaceous materials into more useful materials to prepare future smart hybrids for
sustainable applications. This book focusses on current progress in development,
designing and utilization of carbonaceous materials in various spheres. This will surely
help in upgradation and innovations to be performed in the future for creating of an
elite class of technologically advanced “carbonaceous materials”

We thank all the contributors. It’s our fortune to grateful acknowledge Prof. P. K.
Khosla, Vice chancellor Shoolini University, Dr. Inamuddin and Dr. Mu. Naushad for
their support.
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Chapter 1

Graphene and Graphene/TiO, Nanocomposites for
Renewable Dye Sensitized Solar Cells

Foo Wah Low, Chin Wei Lai*, Christelle Pau Ping Wong

Nanotechnology & Catalysis Research Centre (NANOCAT), Level 3, Block A, Institute of
Postgraduate Studies (IPS), University of Malaya, 50603, Kuala Lumpur, Malaysia

*cwlai@um.edu.my

Abstract

Renewable solar cell energy is a key target for sustainable energies development, which
are inexhaustible and non-polluting for our energy system. To bring more solar related
technologies to the point of commercial readiness and viability in terms of performance
and cost, substantial research on the development of high efficient renewable dye-
sensitized solar cell (DSSCs) device is necessary. Recent studies have indicated that
graphene is a relatively novel material with unique properties that could apply in
photoanode/counter electrode component as efficient electrode. In fact, the atom-thick 2D
structure of graphene (rGO) provides an extraordinarily high conductivity, repeatability,
productivity, and prolong lifetime to the related solar cell applications. Continuous efforts
have been exerted to further improve the graphene textural and electronic properties by
loading an optimum content of titanium dioxide (TiO;) as an efficient photocatalyst in
DSSCs. In this chapter, different synthesis strategies and characterization analyses for
TiO,-rGO nanocomposites (NC) as well as its prospects in DSSCs will be reviewed in
detail.

Keywords
Graphene, TiO,, Graphene/TiO, Nanocomposites, Photoanode/Counter Electrode,

Renewable Energy
Contents
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1. Introduction

In recent years, lots of efforts have been paid to enhance the photocatalytic activity of
Ti0,-rGO NC as the photoanode in DSSCs using the conventional synthesis techniques
such as molecular grafting, spray and dispersion. Numerous researchers are giving their
best to prepare an efficient approach on photoanode element to obtain a desired
photocurrent density in order to obtain higher power conversion efficiency (PCE) for
DSSCs application. However, there are still drawbacks on photocurrent density resulting
in poor PCE performance. Accordingly, the one-step hydrothermal method is one of the
common approaches utilized to enhance the photocatalytic activity and reduce the lattice
matter of the TiO,-rGO NC hybrid materials [1-3]. Perhaps, this technique is a way to
shorten fabrication time. Previously, TiO,-rGO NC as photoanode have attracted
numerous researchers to explore and widely utilize them in DSSCs. The PCE
performance based TiO,-rGO NC is shown in Table 1.
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Table 1:

Summaries of PCE based TiO,-rGONC photoanode in DSSCs

Photoanod | Preparation | Reference | Optimized Reference Cell of Photoanode Improved of TiO,-rGO NC Ref.
e materials method Cell content of Photoanode
rGO
Jse Voo |ff 17 (%) | Jsc, Voc ff n (%)
(mA/cm?) | (V) (mA/cm?) | (V)

TiO, with | Molecular Ti(OBu), | With/withou 1.95 052 | 0.31 | 0.32 6.67 056 | 045 | 1.68 [5]
rGO (from | grafting t rGO
GO) incorporatio

n
P25-rGO | n/a P25 0.05 wt.% 5.04 nfa | nla | 2.70 8.38 n/a nfa | 4.28 [6]
TiO, with | Spray  on | TiO, Device 16.40 | 0.60 | 0.52 | 5.09 18.20 0.58 | 0.58 | 6.06 [7]
rGO (from | TiO, film comparison
GO)
P25-rGO | n/a P25 1 wt.% 1883 |0.69| 0.46 | 5.98 19.92 0.70 | 0.49 | 6.86 [8]
TiO, with | Solvotherma | P25 ultra-small 2 6.20 0.67 | 0.69 | 2.85 13.50 0.77 | 0.70 | 7.25 [9]
rGO (from | | nm TiO2-
GO) rGO

nanosheets
TiO, with | Dispersion | TiO, 0.75 wt.% 13.70 0.59 | 057 | 461 16.80 0.61 | 0.57 | 5.77 [10]
rGO (from Nanosheets
GO)
TiO,-rGO | Hydrotherm | P25 1wt% 11.90 0.68 | 0.61 | 4.96 18.30 0.74 | 0.56 | 7.54 [11]

al

Cds- Hydrotherm | Ti(OBu); |8 mg 4.74 0.55| 0.42 | 1.08 7.19 058 | 041 | 1.70 [12]
TiO,-rGO | al
TiO,-rGO | Gratzel P25 0.75 wt.% 10.75 |0.69 | 057 | 4.20 12.16 0.67 | 0.68 | 5.50 [13]
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P25-rGO | Dispersion | P25 1 wt.% 1190 |0.69 | 0.61 | 4.96 15.40 0.67 | 0.64 | 6.58 | [14]
TiO,-rGO | CVD TiO, Multilayer 1270 | 0.70 | n/fa | 5.60 16.0 0.73 | nfa | 6.70 | [15]
oxygenated
rGO-TiO,
TiO,-rGO | Infiltrated TiO, 3wt.% 1239 | 0.66 | 0.60 | 4.86 17.10 0.72 | 0.61 | 752 | [16]
inverse inverse
opal opal
TiO,-rGO | Hydrotherm | Ti(OBu); |n/a 7.85 0.66 | 0.60 | 3.11 10.07 0.75 | 057 | 4.28 | [17]
al
TiO,-rGO | n/a TiO, 0.005 wt.% 1222 | 0.65| n/a | 350 13.55 068 | nfa | 403 | [18]
TiO,-rGO | Hydrotherm | 450 °C 550 °C 1365 |0.69| 051 | 4.85 14.17 0.74 | 051 | 534 | [19]
al TiO,-rGO
Ti  with | Hydrotherm | TTIP Method 15.26 0.68 | 0.59 | 5.82 18.46 0.73 | 0.69 | 8.62 | [20]
rGO (from | al comparison
GO)
Ti-rGO Sonication | TiO, 0.01 wt.% 6.27 0.71| 0.60 | 2.68 8.42 0.68 | 0.64 | 3.69 | [21]
TiO,-rGO | Hydrotherm | TiO, 0.5 mg/mL 6.93 0.62 | 0.65 | 2.82 12.13 0.65 | 0.64 | 508 | [22]
al
rGO (from | Thermal TiO, n/a 10.14 0.68 | 0.67 | 4.60 11.06 0.67 | 0.74 | 550 | [23]
GO) with | Reduction

TiO,
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To enhance the PCE performance, the continuous study regarding ion implantation
technique are explored as novelty technique for DSSCs application. Notable, there are no
researches reported on Ti ion implanted on rGO as efficient photoanode for DSSCs
application. This approach is trying to build and endorsed most effective routes to
improve the DSSCs performance is the fabrication of TiO,-rGO NC (photoanode).
Moreover, it is an enhanced approach which takes into consideration the photoinduced
charge carrier, photogenerated electron-hole pairs, charge recombination and energy band
gap of the TiO,-rGO NC has been proposed to bring the PCE to the satisfactory level. On
top of that, this technique allows the incorporation of accelerated high-energy Ti** ion
species into the raw surface under high applied power in a short period of time with less
structural defect/low interfacial defect possibility and good optical properties as
compared to the literature study [4].

2. Historical overview of DSSCs

In the 1960s the idea developed that organic dye could function most efficiently to
generate electricity at oxide electrode in electrochemical cells [24]. The preliminary
concept was imitated as plants photosynthesis process and explored by the University of
California at Berkeley with chlorophyll extracted from spinach (bio-mimetic or bionic
approach) [25]. In 1972, the electric power generation experiments was started and
demonstrated the principle of DSSCs [26]. For the following two decades, the instability
in terms of PCE still remains a major challenge although porosity of the photo-electrode
was optimized by fine oxide powders [27]. A modern DSSCs utilizeds a porous layer of
TiO, nanoparticles as photo-electrode and is covered with organic dye for sunlight
absorption purpose. Eventually, it obeyes the chorophyl in green leaves concept. Besides,
the electrolyte solution is placed between the anode (TiO,) and cathode (Pt) in DSSCs. In
other words, the principle is also similar to the conventional alkaline battery.

In 1991, the innovation of third generation of photovoltaic technology named DSSCs was
inspired with a breakthrough of ~7.1 % [28] under solar illumination. The evolution has
continued progressively in aspect of structural, substrate morphology, dye modification,
and also electrolyte solution and thus obtained the latest improved performance with ~13
% [29]. Semiconductor materials of photoanodes played an essential component in
DSSCs to perform the great conversion PCE with agreement to the thin nanostructured
mesoporous film, maximum transparency of the thin layer, rapid electron transportation
with low resistance, and the porous photoanode can be completely accessible for the
electrolyte [30]. To date, DSSCs retained attention due to its large availability and low-
cost material especially in term of low processing temperature. DSSCs also could
integrated in portable devices as well as indoor facilities like chargers, solar key boards,
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and solar bags [31]. In 2006, Poortmans and co-researchers reported that the lifetime of
DSSCs is around 20 years but the leakage of the liquid electrolyte still remain a challenge
[32].

2.1  Material Selection for DSSCs

The DSSCs typically consists of photoelectrode, counter electrode, dye molecules, and
organic electrolyte [33, 34]. Among these essential parts, the photoelectrode is the main
factor in order to achieve the desired light PCE and maintain its stability. Taking into
account of the processes involved in the photoactivity reaction under solar irradiation, the
materials used as photoanode must satisfy several functional requirements with respect to
high dye loading absorption, charge separation, and efficiency in charge carriers such as
ZnO [35], La**& Mg [36], Cu & Ag [37], and rGO [38] etc. Among all of the available
metal photoanode, rGO offers great promise for photovoltaic applications and it is
perfectly suitable as a photoelectrode in DSSCs systems, which has a positive impact on
the photo-induced charge transport and suppress the charge recombination in DSSCs.
Moreover, rGO also will lead rapid charge carrier mobility (holes and electrons) in
DSSCs by the ultrafast extraction of photo-generated carriers. However, one of the major
drawbacks of rGO in DSSCs is related to its structural defects.

For further development, the metal oxide is required to enhance its photocatalytic
activity. Some metal oxides such as TiO,, zinc oxide (ZnQO), and stannic oxide (SnO,)
have been used as photoanode in DSSCs. Among these metal oxide, TiO, nanocrystals
gives the best PCE as compared to ZnO and SnO, due to the higher photocatalysis
activity, abundance, and high quantum vyield [39-46]. However, TiO, has limited solar
light harvesting ability due to its wide band gap (3.0-3.2 eV) [47]. Henceforth, the
incorporation of TiO,-rGO NC has become a promising strategy for the enhancement in
terms of PCE in DSSCs application.

3. Reduced graphene oxide (rGO)

In 2004, a single layer rGO was first discovered by Geim and Novoselov using the
“Scotch tape method” under ambient conditions. Accordingly, pristine graphene is an
allotrope of carbon with honeycomb structure, in which the sp’-hydridized carbon atoms
are arranged in a basal plane of graphite lattice structure. However, pristine graphene
remains a challenge where the aggregation or restacking occurred due to the van der
Waals interactions. The interlayer spacing between graphite layers is around 0.34 nm
[48]. The graphene, either in single-layer nanosheet or few stacking-layer nanosheets, has
attracted extensive attention attributed to its rapid electron transport and good
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conductivity properties. On top of that, rGO acts as a conductive media, which is
beneficial to the mechanism of the electrolyte liquid [49]. Additionally, rGO material is
considered as a potential candidate to be introduced as photoanode in DSSCs due to its
tunable bandgap and photon absorption, high visible light transparency, as well as ultra-
fast charge carrier mobility. Figure 2.5 illustrates the carbon materials network, where a
single-layer of 2D rGO is considered to be the dominant material for 0D fullerene
(wrapped up), 1D nanotube (rolled up), and 3D graphite (stacked up). Among them, the
function of fullerene is significantly different from the CNT and rGO. CNT and rGO are
only slightly different in terms of the chemical and electronic properties, while CNT and
fullerene are not exactly sp’-hybridized. The outstanding properties of electronic, thermal
stability, and optical of rGO will be described in the following sections.

3.1 Electronic properties of rGO based bilayer systems

Generally, the electronic properties of rGO provide high charge carrier concentrations
and mobility, which make it a promising candidate for DSSCs. In particular, pristine
graphene is considered as a zero band gap semiconductor due to its conduction and
valance bands meeting at the Dirac points. However, it is still difficult to produce one
atom thick carbon layer of pristine graphene. In rGO synthesis, the bilayer systems have
3 modifications called AA, AB or Bernal phase, and twisted bilayer. The AA bilayer
where the second carbon atom layer is stacked on the first carbon atom layer [50]. The
twisted bilayer structure is where the top carbon layer is rotated with the lower carbon
layer by a specific angle, 6. The AB or Bernal phase is the most stable among the bilayer
systems which half of the carbon atoms of the top layer are stacked on carbon atoms of
the lower layer whereas the remaining are covered by different materials [51].

The electronic properties of rGO bilayer systems are built from the electronic properties
of graphene single layer system. Indeed, the sp® hybridization (one s and two p obitals)
formed o bond between neighboring atoms in a single layer of pristine rGO. Carbon
atoms have 6 electrons and its electron configuration is 1s* 2s? 2p®. In rGO, each carbon
atom is bonded to three nearest neighbors of carbon atoms by strong covalent bonds.
These 6 bonds are formed from electrons in 2s, 2py and 2p, valence orbitals and leaving
one mobile electron in 2p, orbital which aligned perpendicular to the rGO sheet [52]. The
overlapping of 2p, orbitals with neighbor atoms caused delocalization of valence (i) and
conduction (rr*) bands. One electron from each carbon is donated to fill the valence band
and leaving the conduction band empty.

For the AB bilayer configuration, the interlayer spacing, ¢ is estimated around 3.35 A
while AA and the twisted bilayer are slightly different [53]. Furthermore, the sp?
hybridization of the bilayer is much heavier than a monolayer of pristine graphene. As an
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addition, Dirac-like effective Hamiltonian described that the charge carriers of pristine
graphene are massless chiral quasiparticles with a linear dispersion [54]. Besides, the
electronic spectrum of the bilayer of rGO maybe gapped or gapless and it could be
controlled by a doping rate or other effective parameter. At last but not least, the
electronic spectrum depends on the needs of the electronic application. Notably, bilayer
of rGO is a more promising candidate than pristine graphene in DSSCs application due to
the electronic properties being stacking-dependent and may change the electrodynamic
features during hybridation processes with other semiconductor materials [55].

3.2  Thermal conductivity of rGO

Thermal conductivity is the ability of the material to conduct heat over a wide range of
temperature. In rGO, the heat conductivity is dictated by phonons transport rather than
electrons. This is due to the concentration of free carriers in rGO being relatively low as
compared to metals. Phonon transport can be divided into two types, namely diffusive
and ballistic. Diffusive conduction only occurs at high temperature while ballistic
conduction occurs at low temperature [56]. The investigation of thermal conductivity of
rGO through conventional method is extremely difficult as it requires measuring the
temperature drop over the thickness of examined film and the fact that pristine graphene
is only one carbon atom thick. The nature of the rGO in terms of thermal conductivity
properties respective with DSSCs was reported by some researchers [57-59]. The rGO is
a good heat conducting material with 5000 W/mK{[52]. High thermal conductivity of rGO
could be advantageous when high current density is loading that generate significant
amount of heat within the DSSCs system.

3.3  Optical properties of rGO

Due to its unique optical properties, rGO is able to capture ~2.3 % of visible light per
sheet [60, 61]. The amount of visible light absorption is proportional to the number of
rGO layers [62]. Furthermore, a single layer of pristine graphene can only absorb 2.3% of
light harvesting. This gives us a hint that the maximum light harvesting can go through
~5 sheets of pristine graphene or bilayer film provided the light transmittance is 90%
[62]. For this phenomenon, rGO sheet/film is a dependent material and a supporter to
reduce the charge mobility rate in which the photoexcited electron transfers from VB to
CB passing through the outer circuit of DSSCs. However, the absorption per unit electron
mobility is low. When Fermi level is located at the Dirac point, the number of charge
carriers will decrease while the resistivity will increase untill its maximum (V4 = 0V).
This is known as optical transition of rGO. The relaxation and recombination of photo-
induced electron-hole pairs in rGO is highly dependent on the concentration of carrier in
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DSSCs [56]. Furthermore, rGO is also considered as a low-cost material and provides
outstanding transparency properties to allow maximum light absorbance transfer along
the FTO glass in DSSCs.

3.4  Electrochemical performance of rGO

In fact, rGO is a single layer sheet of sp’>-bonded carbon atoms arranged in honeycomb
crystal lattice, has gained huge attention as electrode material due to its good
electrochemical stability, high surface area (> 2600 m? g*), fast ions diffuse to its
structure and good mechanical property [63]. Taking these facts into account, a recent
literature review on the rGO electrode adopted in various forms of supercapacitor
application is presented in Table 2. A wide variety of synthesis methods have been used
in the preparation of rGO, including chemical, thermal, electrochemical, and
microbial/bacterial as shown in Table 2 [64]. Prior reduction treatment, graphite powder,
a precursor of rGO undergoes oxidation reaction to form graphite oxide using modified
Hummers’ method. This oxidation process helps to increase the interlayer spacing
between graphene sheets in graphite powder by introducing oxygen functional groups
such as hydroxyl, epoxides, carboxyl and carbonyl as illustration in Figure 1 [65].
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Table 2: The electrochemical performance of rGO material.

Sample | Reduction method Specific Current density/ Remarks Ref.
capacitance | Scan rate (A g™)
(Fg?
rGO Thermal reduction 260.5 0.4 A lot of oxygen functional groups still present on the surface of [66]
rGO, which contribute the pseudocapacitance.

rGO Electrochemical 150.4 5 The enhanced specific capacitance of rGO due to more [67]
reduction electrochemically active surface area.

rGO Electrochemical 128 212.16 rGO displayed high specific capacitance due to removal of [68]
reduction functional group help to increase the surface contact for ions.

rGO Alkaline 145 0.5 High electrochemical capacitance may attributed to the large [69]
hydrothermal sp? domains of rGO which benefit the ion mobility and lower
reduction charge transfer resistance.

rGO Chemical reduction 135 0.01 High electrical conductivity of rGO give rise to the stable [70]
(Hydrazine) electrochemical performance over a wide range of scan rates.

rGO Chemical reduction 205 0.1 High specific capacitance owing to the high accessibility of [71]
(Hydrazine) electrolyte ions and high electrical conductivity (100 S m™).

rGO Chemical reduction 154.1 1 High specific surface area that can be readily accessed by [72]
(Hydrazine) electrolyte ions.

rGO Chemical reduction 348 0.2 Remarkably specific capacitance due to rGO facilitates the [73]
(HBr) penetration of aqueous electrolyte and the stable oxygen groups

introduce pseudocapacitive effects.
rGO Chemical reduction 135 0.75 rGO thin film electrode showed high specific capacitance due [74]

(NaBH,)

to high accessibility of surface area resulting in improved
charge transfer kinetics.
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Figure 1: Synthesis of reduced graphene oxide via chemical reduction method [75].

Chemical reduction, a scalable technique, towards the production of reduced graphene
oxide (rGO) from graphene oxide (GO), which normally sustaining the solution at low
temperature in the range of 85-100 °C. GO is an exfoliated form of graphite oxide and
prepared through ultrasonication methods in deionized water. The transformation of GO
to rGO is normally indicated by a color change from brown to black. In this process, a
vast number of reducing agents have been used to synthesis rGO, including thiourea,
hydrazine, borohydrides, hydrohalic acid, metal-alkaline and others [75]. Such reducing
agents are reported to produce high deoxygenation degrees of rGO. GO can be thermally
treated to form rGO at high temperature of 1000 °C or more in a tube furnace in the
presence of inert gas, which generated pressure to overcome the van der Waals force that
occur between graphene sheets. However, large energy consumption is the major
drawback of thermal reduction [76]. Moreover, electrochemical reduction technique,
known as cyclic voltammetry (CV)-reduced GO, are reported to produce rGO by directly
depositing it in GO suspension onto a substrate surface [77]. The resulted rGO showed a
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similar structure as compared to the pure graphene. Nevertheless, it is difficult to deposit
a large amount of rGO onto a electrode surface. Based on the literature studies, it could
be summarized that the experimentally measured capacitance of rGO are much lower
than the expected value owing to the agglomeration of graphene sheets caused by its
strong van der Waals force, which lower the contact surface area for the electrolyte ion.
Unlike AC, the specific surface area of rGO is depends on the layers instead of the
distribution of pores. Therefore, combining rGO and others material to form
nanocomposite has gained great interest for application.

4. TiO,-rGO NC material

Based on literature review, rGO film is a potential candidate to improve the PCE of
DSSCs, but it was normally studied and applied as a counter electrode [78]. Then, TiO,
nanomaterials with superior photocatalytic activity have attracted great attention to be
used in the DSSCs. However, photocatalysts suffer from drawbacks such as high
electron-hole pair recombination resulting in a low PCE. Considering this fact,
hybridization of TiO,-rGO NC could enhance the photocatalysts activity by increasing
the electron mobility and consequently reduce the charge recombination of the electron
and hole. On top of that, agglomeration of TiO, can be overcome since the free electrons
trapped at the active area are fully occupied by C-C bonding of rGO. This provides
electron-hole separation and facilitates the interfacial electron transfer [79].

4.1 TiO,-rGO NC material’s properties

Over the past few years, hybrid of TiO,-rGO NC has gained much attention and has been
intensively studied because of the unique features of enhancement in photocatalyst
activity and accelerated electron mobility to suppress the charge recombination. Among
the vast number of different dopants, TiO, is one of the most capable candidates to be
coupled with rGO for enhancement in numerous diverse applications, such as DSSCs
photovoltaics. Several researchers have reported that the band gap of TiO, decreases with
the tunable amount of rGO dopants in NC as shown in Table 3. This is due to the
formation of Ti-O-C bond and the hybridization of C 2p? orbitals and O 2p* orbitals to
form new valence band [80, 81].

According to electrical properties of TiO,-rGO NC, Zhang and co-researchers clarified
that the photocatalytic performance can be improved with enhancement of carrier
concentration and mobility between the rGO and TiO, materials [80,86-89]. To enhance
the photocatalytic activity of TiO,-rGO NC, Khalid and co-researchers have shown that
the function of TiO, can be easily enhanced in photocatalytic activity properties under
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visible light irradiation in terms of great absorptivity of dyes, extended light absorption
range, and efficient charge separation with rGO [83,90]. Khalid and co-researchers
demonstrated that the band gap energy is decreased from 3.20 eV of TiO, to 3.00 eV
when incorporated with rGO, it is indicated that the influence of rGO on the optical
properties where increasing rGO amount will result in the light absorption of TiO, [83].
Moreover, Khalid and co-researchers claimed that presence of rGO in TiO, composite
could reduce the emission intensity in photoluminescence characterization and lead the
enhancement of electron-hole pairs separation efficiency [83].

Table 3: Band gap energy values of TiO,-rGO NC.

Methods Results (eV) Reference
Thermal Pure TiO, = 3.10 [82]
TiO,-rGO = 2.95
Hydrothermal | Pure TiO, = 3.20 [83]

1 wt% rGO-TiO, = 3.16
2 wt% rGO-TiO, = 3.13
5 wt% rGO-TiO, = 3.04
10 wt% rGO-TiO, = 3.00

Solvothermal | Pure TiO, = 3.28 [84]
TiO,-rGO =2.72

Hydrothermal | Pure TiO, = 3.03 [85]
TiO,-rGO =2.78

Sonication 0.01 wt% rGO-TiO, = 2.95 [21]

4.2  Formation mechanism of TiO,-rGO NC material

Zhang H. and co-researchers formed TiO,-rGONC under a simple liquid phase deposition
method by utilizing titanium tetrafluoride (TiF4) and electron beam (EB) irradiation-
pretreated rGO [91]. He discovered that the preparation condition had an significantly
effect on the structure and properties of TiO,-rGONC. Through this method, it can be
synthesized more uniformly, with smaller size TiO, nanoparticles and exhibited higher
photocatalytic activities with EB irradiation-pretreated rGO. Figure 2 showns the
mechanism of TiO,-rGONC via the simple liquid phase deposition method.
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Figure 2: Formation mechanism of TiO,-rGONC material via liquid phase deposition
method.

4.3  Mechanism of TiO,-rGO NC applied in DSSCs

Figure 3 illustrates the electron flow when the rGO is loaded in between the TiO,
molecules. The electron flow will be further enhanced if the rGO is well connected with
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TiO,. This phenomenon is caused by the suppression of back-transport electron from
photoanode of FTO/ITO electrode to the I3 ions which subsequently increase the dye
adsorption. Sung and co-researchers have mentioned that the presence of rGO oxide will
reduce the back-transport in DSSCs and also assists in UV-reduction in TiO, [83,92].

e E' -
> [ ef \¢ P €
& e \e
AWAWA . &'~
e/ \J A
b e e 1
¢ €
TiO, ; TiO,
Graphene
7% [az~/- = Electron Flow Direction

Figure 3: TiO,-rGO NC bonding mechanism in DSSCs device.

4.4  Preparation of TiO,-rGO NC

In this thin-film photovoltaic cell technologies, second generation solar cells are derived
from the first generation solar cell by depositing one or more thin layers of
semiconductors materials on the specified substrate such as metal, glass, or silicon wafer.
According to Thien and co-researchers, a higher photocurrent density will attribute to a
delayed recombination rate and longer electron lifetime [93]. The photocurrent response
of a solar cell is defined as the photo-generated electron-hole pairs interaction between
the photoanode and photocathode electrode [94-100]. The charge separation efficiency is
increased due to the electronic interaction between rGO and photo-induced electrons of
TiO, in the NC [101-107].

On top of low-cost and high reproducibility, TiO,-rGO NC also show high interfacial
contact and potential to enhance the photocatalytic activities of TiO,. In these two
decades, there are variety of techniques used to synthesize the TiO,-rGO NC based
materials to bright up photovoltaic technology especially in DSSCs application. For
TiO,-rGO NC, rGO could be easily synthesized from the graphite flakes through the
intermediate product of GO [108]. This technique was beneficial to form the TiO,
nanocrystals during the synthesis of TiO,-rGO NC via the oxygenation of the functional
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groups from GO or rGO products [109]. Kim and co-researchers reported that GO could
be reduced via the UV-assisted photocatalytic reduction process using a 450W xenon arc
lamp forming the TiO,-rGO NC with low surface roughness and good adhesion at the
photoanode element [92]. Dubey and co-researchers also reported that the GO could be
reduced by UV radiation in the presence of ethanol solvent and TiO, nanoparticles to
form TiO,-rGO NC [110]. Another efficient technique to prepare TiO,-rGO NC is the
direct growth process to enhance the photocatalytic activity. Recently, Xu and co-
researchers reported that rGO quantum dots could directly grow on 3D
micropillar/microwave arrays of rutile TiO, nanorods forming TiO,-rGO NC [111].
Additionally, the pathway for large scale production of the TiO,-rGO NC is the self-
assembly approach of the in-situ grown nanocrystalline TiO, with stabilization of rGO in
aqueous solutions by the anionic sulfate surfactants [112]. Furthermore, Liu and co-
researchers reported an accessible synthetic route of solvothermal approach to form TiO,-
rGO NC with a better adsorption-photocatalytic activity than that of pure TiO, [113].

4.4.1 Sol-Gel synthesis

Sol-gel technique is widely used in the synthesis of rGO-based semiconductor
composites. This method depends on the phase transformation of a sol obtained from
metallic alkoxides or organometallic precursors. For instance, tetrabutyl titanate
dispersed in rGO-containing absolute ethanol solution will gradually form a sol with
continuous magnetic stirring, and eventually change into TiO,-rGO NC after drying and
post heat treatment [114,115]. The synthesis process is illustrated in Figure 4 (A) [115].
The resulting TiO, nanoparticles closely dispersed on the surface of 2D rGO NS (Figure
4 (B)) [115]. Wojtoniszak and co-researchers used a similar strategy to prepare the TiO,-
rGO NC via the hydrolysis of titanium (IV) butoxide in GO-containing ethanol solution
[116]. The reduction of GO to rGO was performed in a post heat treatment process.
Meanwhile, Farhangi and co-researchers prepared Fe-doped TiO, nanowire arrays on the
surface of functionalized rGO sheets using a sol-gel method in the green solvent of
supercritical carbon dioxide [117]. During the preparation the rGO NS act as template for
nanowire growth through surface -COOH functionalities.
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Figure 4: Schematic synthesis procedure (A) and typical TEM image of the TiO,-rGO NC
(B) [115].

4.4.2 Solution mixing synthesis

The solution mixing is a simple method used to fabricate rGO/semiconductor composite
photocatalysts. The uniform distribution of photocatalysts is facilitated by the oxygenated
functional groups on GO under vigorous stirring or ultrasonic agitation [118]. The rGO-
based composites can be obtained after the reduction of GO in the composite. Bell and
co-researchers fabricated TiO,-rGO NC by ultrasonically mixing TiO, nanoparticles and
GO colloids together, followed by ultraviolet (UV)-assisted photocatalytic reduction of
GO to rGO [104]. Similarly, GO dispersion and N-doped Sr,Ta,O; have been mixed
together, followed by reduction of GO to yield Sr,Ta,O;4N,-rGO composites under
xenon lamp irradiation [119]. Paek co-researchers have prepared the SnO, sol by
hydrolysis of SnCl, with NaOH and then mixed with the prepared rGO dispersion in
ethylene glycol to form the SnO,-rGO composite [120]. On the other hand, Geng co-
researchers have synthesized the CdSe-rGO quantum dots composites [121]. In their
work, pyridine-modified CdSe nanoparticles were mixed with GO sheets, where pyridine
ligands provide nt-7 interactions for the assembly of CdSe nanoparticles on GO sheets.

4.4.3 In-Situ growth synthesis

The in-situ growth strategy provides efficient electron transfer between rGO and
semiconductor nanoparticles through their intimate contact. The functional GO and metal
salts are commonly used as precursors. The presence of epoxy and hydroxyl functional
groups on rGO can act as the heterogeneous nucleation sites and anchor semiconductor
nanoparticles avoiding the agglomeration of the small particles [122]. Lambert co-
researchers have reported the in situ synthesis of petal-like TiO,-GO by the hydrolysis of
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TiF, in the presence of aqueous dispersions of GO, followed by post thermal treatment to
produce TiO,-rGO NC [123]. With a high concentration of GO and stirring off, long-
range ordered assemblies of TiO,-GO sheets were self-assembled. Besides that, Guo co-
researchers synthesized TiO,-rGO NC sonochemically from TiCl, and GO in ethanol-
water system, followed by a hydrazine treatment to reduce GO into rGO [124]. The
average size of the TiO, nanoparticles were controlled at around 4-5 nm on the sheets,
which is attributed to the pyrolysis and condensation of the dissolved TiCl, into TiO, by
ultrasonic waves. Lastly, TiO,-rGO were synthesized with various method not only apply
in photovoltaic DSSCs application but it’s other useful application and summarized in

Table 4.
Table 4: Summary of TiO,-rGO synthesis in various applications.
Synthesis Materials Application Reference
Method
Sol-Gel Ce-TiO,-rGO | Photoelectrocatalytic [110, 125]
Sol-Gel Anatase TiO,- | Photoelectrochemical [126]
rGO Water Splitting
Solution Mixing | TiO,-rGO Photocatalytic [127]
selectivity
Solution Mixing | TiO,-rGO Hydrogen production [128]
In-Situ Growth | TiO,-rGO Sodium/Lithium lon [129]
Batteries
In-Situ Growth | TiO,-rGO Photocatalytic [130]
activity

5. Conclusion

TiO, has been widely explored in decoration with rGO as photoanode in DSSCs device.
With the low-cost and high reproducibility of TiO,-rGO NC, it has high interfacial
contact and potential to enhance the photocatalytic activity of TiO, and also charge
carrier in DSSCs application. TiO,-rGO NC based materials were synthesized via sol-gel,
solution mixing, and in-situ growth method to bright up photovoltaic technology
especially in DSSCs application. Innovative new approaches of synthesis of a high-purity
hybrid of TiO, with rGO of photoanode are critical and crucial for determining the
potential of the material as an efficient DSSCs system. Indeed, there are three main
reasons that the promising of rGO coated with TiO, to form TiO,-rGO NC in order to
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enhance the performance of DSSCs. First, the TiO, have the ability to improve the
separation between the electron and hole since rGO has high electron mobility. Second,
the corporation between TiO, and rGO can enlarge the absorption range of the visible
region after the Ti-O-C was bonded. Third, the TiO,-rGO NC can increase the interaction
area and adsorption and result the N-719 dye to have the ability to create n-n interaction.
In terms of the electron transfer, TiO, have good attraction with the epoxy and
carboxylate groups of rGO. For the Fermi levels, rGO could be chosen as the electron
shuttle in TiO; since the rGO has a higher value (-4.4 eV) as compared to the TiO, (-4.2
eV) at the conduction band (CB). Inaddition, 3D graphene-TiO, composite architecture
warrants extended and in-depth study for next revolution of graphene science,
comparable to the efforts that have been spent investigating the properties of 2D TiO,-
rGO NC. Certainly, the work has only just begun in exploring the science and
engineering applications of this remarkable material platform.

6. Acknowledgements

This research are supported by Fundamental Research Grant Scheme (FP008-2015A),
Universiti Malaya Prototype Grant (RU005G-2016), and, Postgraduate Research Fund
Grant, PPP (PG210-2014B), and Global Collaborative Programme-SATU joint research
scheme (ST007-2017 & ST008-2017) from the University of Malaya.

References

[1] D. Liang, C. Cui, H. Hu, Y. Wang, S. Xu, B. Ying, P. Li, B. Lu, H. Shen, One-step
hydrothermal synthesis of anatase TiO,/reduced graphene oxide nanocomposites
with enhanced photocatalytic activity, Journal of Alloys and Compounds, 582
(2014) 236-240. https://doi.org/10.1016/j.jallcom.2013.08.062

[2] J. Shen, B. Yan, M. Shi, H. Ma, N. Li, M. Ye, One step hydrothermal synthesis of
Ti0,-reduced graphene oxide sheets, Journal of Materials Chemistry, 21 (2011)
3415-3421. https://doi.org/10.1039/c0jm03542d

[3] B.Y.S.Chang, N.M. Huang, M.N. An’amt, A.R. Marlinda, Y. Norazriena, M.R.
Muhamad, I. Harrison, H.N. Lim, C.H. Chia, Facile hydrothermal preparation of
titanium dioxide decorated reduced graphene oxide nanocomposite, International
Journal of Nanomedicine, 7 (2012) 3379-3387.

[4] J.Chen, G. Zhang, B. Luo, D. Sun, X. Yan, Q. Xue, Surface amorphization and
deoxygenation of graphene oxide paper by Ti ion implantation, Carbon, 49 (2011)
3141-3147. https://doi.org/10.1016/j.carbon.2011.03.045

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 1-33 doi: http://dx.doi.org/10.21741/9781945291975-1

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Y.B. Tang, C. S. Lee, J. Xu, Z. T. Liu, Z. H. Chen, Z. He, Y. L. Cao, G. Yuan, H.
Song, L. Chen, Incorporation of graphenes in nanostructured TiO, films via
molecular grafting for dye-sensitized solar cell application, ACS Nano, 4 (2010)
3482-3488. https://doi.org/10.1021/nn100449w

S. Sun, L. Gao, Y. Liu, Enhanced dye-sensitized solar cell using graphene-TiO,
photoanode prepared by heterogeneous coagulation, Applied Physics Letters, 96
(2010) 083113. https://doi.org/10.1063/1.3318466

J. Song, Z. Yin, Z. Yang, P. Amaladass, S. Wu, J. Ye, Y. Zhao, W.Q. Deng, H.
Zhang, X.W. Liu, Enhancement of photogenerated electron transport in dye-
sensitized solar cells with introduction of a reduced graphene oxide-TiO, junction,
Chemistry-A European Journal, 17 (2011) 10832-10837.
https://doi.org/10.1002/chem.201101263

T. H. Tsai, S. C. Chiou, S. M. Chen, Enhancement of dye-sensitized solar cells by
using graphene-TiO2 composites as photoelectrochemical working electrode,
International Journal Electrochemical Science, 6 (2011) 3333-3343.

Z. He, G. Guali, J. Liu, C. Guo, J.S.C. Loo, C.M. Li, T.T.Y. Tan, Nanostructure
control of graphene-composited TiO, by a one-step solvothermal approach for
high performance dye-sensitized solar cells, Nanoscale, 3 (2011) 4613-4616.
https://doi.org/10.1039/c1nr11300c

J. Fan, S. Liu, J. Yu, Enhanced photovoltaic performance of dye-sensitized solar
cells based on TiO, nanosheets/graphene composite films, Journal of Materials
Chemistry, 22 (2012) 17027-17036. https://doi.org/10.1039/c2jm33104g

B. Tang, G. Hu, Two kinds of graphene-based composites for photoanode
applying in dye-sensitized solar cell, Journal of Power Sources, 220 (2012) 95-
102. https://doi.org/10.1016/j.jpowsour.2012.07.093

J. Zhao, J. Wu, F. Yu, X. Zhang, Z. Lan, J. Lin, Improving the photovoltaic
performance of cadmium sulfide quantum dots-sensitized solar cell by
graphene/titania photoanode, Electrochimica Acta, 96 (2013) 110-116.
https://doi.org/10.1016/j.electacta.2013.02.067

W. Shu, Y. Liu, Z. Peng, K. Chen, C. Zhang, W. Chen, Synthesis and photovoltaic
performance of reduced graphene oxide—TiO, nanoparticles composites by
solvothermal method, Journal of Alloys and Compounds, 563 (2013) 229-233.
https://doi.org/10.1016/j.jallcom.2013.02.086

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 1-33 doi: http://dx.doi.org/10.21741/9781945291975-1

[14]

B. Tang, G. Hu, H. Gao, Z. Shi, Three-dimensional graphene network assisted
high performance dye sensitized solar cells, Journal of Power Sources, 234 (2013)
60-68. https://doi.org/10.1016/j.jpowsour.2013.01.130

[15]M. Shanmugam, C. Durcan, R.J. Gedrim, T. Bansal, B. Yu, Oxygenated-graphene-

[16]

[17]

[18]

[19]

[20]

[21]

[22]

enabled recombination barrier layer for high performance dye-sensitized solar cell,
Carbon, 60 (2013) 523-530. https://doi.org/10.1016/j.carbon.2013.04.083

H.-N. Kim, H. Yoo, J.H. Moon, Graphene-embedded 3D TiO, inverse opal
electrodes for highly efficient dye-sensitized solar cells: morphological
characteristics and photocurrent enhancement, Nanoscale, 5 (2013) 4200-4204.
https://doi.org/10.1039/c3nr33672g

M. Zhu, X. Li, W. Liu, Y. Cui, An investigation on the photoelectrochemical
properties of dye-sensitized solar cells based on graphene-TiO, composite
photoanodes, Journal of Power Sources, 262 (2014) 349-355.
https://doi.org/10.1016/j.jpowsour.2014.04.001

N.T. Ha, P.D. Long, N.T. Trung, L.V. Hong, Graphene Effect on Efficiency of
Ti0,-based Dye Sensitized Solar Cells (DSSC), Communications in Physics, 26
(2016) 43. https://doi.org/10.15625/0868-3166/26/1/7961

J. C. Chou, C. H. Huang, Y. J. Lin, C. M. Chu, Y. H. Liao, L. H. Tai, Y. H. Nien,
The Influence of Different Annealing Temperatures on Graphene-Modified TiO,
for Dye-Sensitized Solar Cell, IEEE Transactions on Nanotechnology, 15 (2016)
164-170. https://doi.org/10.1109/TNANO.2015.2510081

E. Nouri, M.R. Mohammadi, P. Lianos, Impact of preparation method of TiO,-
RGO nanocomposite photoanodes on the performance of dye-sensitized solar
cells, Electrochimica Acta, 219 (2016) 38-48.
https://doi.org/10.1016/j.electacta.2016.09.150

U. A. Kanta, V. Thongpool, W. Sangkhun, N. Wongyao, J. Wootthikanokkhan,
Preparations, Characterizations, and a Comparative Study on Photovoltaic
Performance of Two Different Types of Graphene/TiO, Nanocomposites
Photoelectrodes, Journal of Nanomaterials, 2017 (2017).
https://doi.org/10.1155/2017/2758294

R. Raja, M. Govindaraj, M.D. Antony, K. Krishnan, E. Velusamy, A. Sambandam,
M. Subbaiah, V.W. Rayar, Effect of TiO,/reduced graphene oxide composite thin
film as a blocking layer on the efficiency of dye-sensitized solar cells, Journal of
Solid State Electrochemistry, 21 (2017) 891-903. https://doi.org/10.1007/s10008-
016-3437-7

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 1-33 doi: http://dx.doi.org/10.21741/9781945291975-1

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Y. Zhang, C. Wang, Z. Yuan, L. Zhang, L. Yin, Reduced Graphene Oxide
Wrapped Mesoporous Hierarchical TiO,-CdS as a Photoanode for High-

Performance Dye-Sensitized Solar Cells, European Journal of Inorganic
Chemistry, 2017 (2017) 2281-2288. https://doi.org/10.1002/ejic.201601535

H. Gerischer, M. Michel-Beyerle, F. Rebentrost, H. Tributsch, Sensitization of
charge injection into semiconductors with large band gap, Electrochimica Acta, 13
(1968) 1509-1515. https://doi.org/10.1016/0013-4686(68)80076-3

H. Tributsch, M. Calvin, Electrochemistry of Excited Molecules: Photo-
Electrochemical Reactions of Chlorophylls, Photochemistry and Photobiology, 14
(1971) 95-112. https://doi.org/10.1111/j.1751-1097.1971.tb06156.x

H. TRIBUTSCH, Reaction of excited chlorophyll molecules at electrodes and in
photosynthesis, Photochemistry and Photobiology, 16 (1972) 261-269.

M. Matsumura, S. Matsudaira, H. Tsubomura, M. Takata, H. Yanagida, Dye
sensitization and surface structures of semiconductor electrodes, Industrial &
Engineering Chemistry Product Research and Development, 19 (1980) 415-421.
https://doi.org/10.1021/i360075a025

B. O’regan, M. Grfitzeli, A low-cost, high-efficiency solar cell based on dye-
sensitized, nature, 353 (1991) 737-740.

S. Mathew, A. Yella, P. Gao, R. Humphry-Baker, B.F. Curchod, N. Ashari-Astani,
I. Tavernelli, U. Rothlisberger, M.K. Nazeeruddin, M. Grétzel, Dye-sensitized
solar cells with 13% efficiency achieved through the molecular engineering of
porphyrin sensitizers, Nature Chemistry, 6 (2014) 242-247.
https://doi.org/10.1038/nchem.1861

A. Hagfeldt, Brief overview of dye-sensitized solar cells, Ambio, 41 (2012) 151-
155. https://doi.org/10.1007/s13280-012-0272-7

C.C. Raj, R. Prasanth, A critical review of recent developments in nanomaterials
for photoelectrodes in dye sensitized solar cells, Journal of Power Sources, 317
(2016) 120-132. https://doi.org/10.1016/j.jpowsour.2016.03.016

J. Poortmans, V. Arkhipov, Thin film solar cells: fabrication, characterization and
applications, John Wiley & Sons2006. https://doi.org/10.1002/0470091282

L. Y. Lin, C.P. Lee, R. Vittal, K. C. Ho, Improving the durability of dye-
sensitized solar cells through back illumination, Journal of Power Sources, 196
(2011) 1671-1676. https://doi.org/10.1016/j.jpowsour.2010.08.032

Z.Wel, Y. Yao, T. Huang, A. Yu, Solvothermal growth of Well-Aligned TiO,
Nanowire Arrays for Dye-Sensitized Solar Cell: Dependence of morphology and

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 1-33 doi: http://dx.doi.org/10.21741/9781945291975-1

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

vertical orientation upon substrate pretreatment, International Journal
Electrochemical Science, 6 (2011) 1871-1879.

M. Giannouli, Nanostructured ZnO, TiO,, and composite ZnO/TiO, films for
application in dye-sensitized solar cells, International Journal of Photoenergy,
2013 (2013).

R.T. Ako, P. Ekanayake, A.L. Tan, D.J. Young, La modified TiO, photoanode and
its effect on DSSC performance: A comparative study of doping and surface
treatment on deep and surface charge trapping, Materials Chemistry and Physics,
172 (2016) 105-112. https://doi.org/10.1016/j.matchemphys.2015.12.066

S. Shakir, H.M. Abd-ur-Rehman, Enhancement in Photovoltaic Performance of
Dye Sensitized Solar Cells Using Cu and Cu: Ag Co-Doped TiO, Photoanode,
ASME 2016 Power Conference collocated with the ASME 2016 10th International
Conference on Energy Sustainability and the ASME 2016 14th International
Conference on Fuel Cell Science, Engineering and Technology, American Society
of Mechanical Engineers, 2016, pp. VO01TO08A016-VV001TO08A016.

H. Ding, S. Zhang, J. T. Chen, X. P. Hu, Z. F. Du, Y. X. Qiu, D. L. Zhao,
Reduction of graphene oxide at room temperature with vitamin C for RGO-TiO,
photoanodes in dye-sensitized solar cell, Thin Solid Films, 584 (2015) 29-36.
https://doi.org/10.1016/j.tsf.2015.02.038

M.R. Hoffmann, S.T. Martin, W. Choi, D.W. Bahnemann, Environmental
applications of semiconductor photocatalysis, Chemical Reviews, 95 (1995) 69-
96. https://doi.org/10.1021/cr00033a004

Y. Zhang, H. Feng, X. Wu, L. Wang, A. Zhang, T. Xia, H. Dong, X. Li, L. Zhang,
Progress of electrochemical capacitor electrode materials: A review, International
Journal of Hydrogen Energy, 34 (2009) 4889-4899.
https://doi.org/10.1016/j.ijhydene.2009.04.005

Y. Fukai, Y. Kondo, S. Mori, E. Suzuki, Highly efficient dye-sensitized SnO, solar
cells having sufficient electron diffusion length, Electrochemistry
Communications, 9 (2007) 1439-1443.
https://doi.org/10.1016/j.elecom.2007.01.054

C. Bauer, G. Boschloo, E. Mukhtar, A. Hagfeldt, Ultrafast studies of electron
injection in Ru dye sensitized SnO, nanocrystalline thin film, International Journal
of Photoenergy, 4 (2002) 17-20. https://doi.org/10.1155/S1110662X0200003X

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 1-33 doi: http://dx.doi.org/10.21741/9781945291975-1

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

R. Bhattacharjee, I. M. Hung, A SnO, and ZnO Nanocomposite Photoanodes in
Dye-Sensitized Solar Cells, ECS Solid State Letters, 2 (2013) Q101-Q104.
https://doi.org/10.1149/2.013311ssl

H. Seema, K.C. Kemp, V. Chandra, K.S. Kim, Graphene-SnO, composites for
highly efficient photocatalytic degradation of methylene blue under sunlight,
Nanotechnology, 23 (2012) 355705. https://doi.org/10.1088/0957-
4484/23/35/355705

S. Zhuang, X. Xu, B. Feng, J. Hu, Y. Pang, G. Zhou, L. Tong, Y. Zhou,
Photogenerated Carriers Transfer in Dye-Graphene-SnO, Composites for Highly
Efficient Visible-Light Photocatalysis, ACS Applied Materials&Interfaces, 6
(2013) 613-621. https://doi.org/10.1021/am4047014

C. H. Hsu, C. C. Lai, L. C. Chen, P. S. Chan, Enhanced Performance of Dye-
Sensitized Solar Cells with Graphene/ZnO Nanoparticles Bilayer Structure,
Journal of Nanomaterials, 2014 (2014). https://doi.org/10.1155/2014/748319

H. He, A. Chen, H. Lv, H. Dong, M. Chang, C. Li, Hydrothermal fabrication of
NisS,/TiO, nanotube composite films on Ni anode and application in photoassisted
water electrolysis, Journal of Alloys and Compounds, 574 (2013) 217-220.
https://doi.org/10.1016/j.jallcom.2013.04.208

D.D. Chung, Review graphite, Journal of Materials Science, 37 (2002) 1475-14809.
https://doi.org/10.1023/A:1014915307738

S. Yuan, Q. Tang, B. Hu, C. Ma, J. Duan, B. He, Efficient quasi-solid-state dye-
sensitized solar cells from graphene incorporated conducting gel electrolytes,
Journal of Materials Chemistry A, 2 (2014) 2814-2821.
https://doi.org/10.1039/c3ta14385f

Z. Liu, K. Suenaga, P.J. Harris, S. lijima, Open and closed edges of graphene
layers, Physical Review Letters, 102 (2009) 015501.
https://doi.org/10.1103/PhysRevLett.102.015501

J.L. Dos Santos, N. Peres, A.C. Neto, Graphene bilayer with a twist: electronic
structure, Physical Review Letters, 99 (2007) 256802.
https://doi.org/10.1103/PhysRevL ett.99.256802

J.H. Warner, F. Schaffel, M. Rummeli, A. Bachmatiuk, Graphene: fundamentals
and emergent applications, Newnes2012.

E. McCann, M. Koshino, The electronic properties of bilayer graphene, Reports on
Progress in Physics, 76 (2013) 056503. https://doi.org/10.1088/0034-
4885/76/5/056503

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 1-33 doi: http://dx.doi.org/10.21741/9781945291975-1

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

A.C. Neto, F. Guinea, N.M. Peres, K.S. Novoselov, A.K. Geim, The electronic
properties of graphene, Reviews of Modern Physics, 81 (2009) 109.
https://doi.org/10.1103/RevModPhys.81.109

A. Rozhkov, A. Sboychakov, A. Rakhmanov, F. Nori, Electronic properties of
graphene-based bilayer systems, Physics Reports, 648 (2016) 1-104.
https://doi.org/10.1016/j.physrep.2016.07.003

Y. Zhu, S. Murali, W. Cai, X. Li, J.W. Suk, J.R. Potts, R.S. Ruoff, Graphene and
graphene oxide: synthesis, properties, and applications, Advanced Materials, 22
(2010) 3906-3924. https://doi.org/10.1002/adma.201001068

X. Guo, G. Lu, J. Chen, Graphene-based materials for photoanodes in dye-
sensitized solar cells, Frontiers in Energy Research, 3 (2015) 50.
https://doi.org/10.3389/fenrg.2015.00050

E. Pop, V. Varshney, A.K. Roy, Thermal properties of graphene: Fundamentals
and applications, MRS Bulletin, 37 (2012) 1273-1281.
https://doi.org/10.1557/mrs.2012.203

G. Fugallo, A. Cepellotti, L. Paulatto, M. Lazzeri, N. Marzari, F. Mauri, Thermal
conductivity of graphene and graphite: collective excitations and mean free paths,
Nano Letters, 14 (2014) 6109-6114. https://doi.org/10.1021/n1502059f

A. Aghigh, V. Alizadeh, H. Wong, M.S. Islam, N. Amin, M. Zaman, Recent
advances in utilization of graphene for filtration and desalination of water: A
review, Desalination, 365 (2015) 389-397.
https://doi.org/10.1016/j.desal.2015.03.024

J.D. Roy-Mayhew, I.A. Aksay, Graphene materials and their use in dye-sensitized
solar cells, Chemical Reviews, 114 (2014) 6323-6348.
https://doi.org/10.1021/cr400412a

F. Bonaccorso, Z. Sun, T. Hasan, A. Ferrari, Graphene photonics and
optoelectronics, Nature Photonics, 4 (2010) 611-622.
https://doi.org/10.1038/nphoton.2010.186

Z.Bo, Z. Wen, H. Kim, G. Lu, K. Yu, J. Chen, One-step fabrication and capacitive
behavior of electrochemical double layer capacitor electrodes using vertically-
oriented graphene directly grown on metal, Carbon, 50 (2012) 4379-4387.
https://doi.org/10.1016/j.carbon.2012.05.014

A. Bianco, H.-M. Cheng, T. Enoki, Y. Gogotsi, R.H. Hurt, N. Koratkar, T.
Kyotani, M. Monthioux, C.R. Park, J.M. Tascon, All in the graphene family-a

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 1-33 doi: http://dx.doi.org/10.21741/9781945291975-1

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

recommended nomenclature for two-dimensional carbon materials, Carbon, 65
(2013) 1-6. https://doi.org/10.1016/j.carbon.2013.08.038

T.F. Emiru, D.W. Ayele, Controlled synthesis, characterization and reduction of
graphene oxide: A convenient method for large scale production, Egyptian Journal
of Basic and Applied Sciences, 4 (2017) 74-79.
https://doi.org/10.1016/j.ejbas.2016.11.002

B. Zhao, P. Liu, Y. Jiang, D. Pan, H. Tao, J. Song, T. Fang, W. Xu, Supercapacitor
performances of thermally reduced graphene oxide, Journal of Power Sources, 198
(2012) 423-427. https://doi.org/10.1016/j.jpowsour.2011.09.074

Y. Shao, J. Wang, M. Engelhard, C. Wang, Y. Lin, Facile and controllable
electrochemical reduction of graphene oxide and its applications, Journal of
Materials Chemistry, 20 (2010) 743-748. https://doi.org/10.1039/B917975E

X.Y.Peng, X. X. Liu, D. Diamond, K.T. Lau, Synthesis of electrochemically-
reduced graphene oxide film with controllable size and thickness and its use in
supercapacitor, Carbon, 49 (2011) 3488-3496.
https://doi.org/10.1016/j.carbon.2011.04.047

S.D. Perera, R.G. Mariano, N. Nijem, Y. Chabal, J.P. Ferraris, K.J. Balkus,
Alkaline deoxygenated graphene oxide for supercapacitor applications: An
effective green alternative for chemically reduced graphene, Journal of Power
Sources, 215 (2012) 1-10. https://doi.org/10.1016/j.jpowsour.2012.04.059

M.D. Stoller, S. Park, Y. Zhu, J. An, R.S. Ruoff, Graphene-based ultracapacitors,
Nano Letters, 8 (2008) 3498-3502. https://doi.org/10.1021/nl802558y

Y. Wang, Z. Shi, Y. Huang, Y. Ma, C. Wang, M. Chen, Y. Chen, Supercapacitor
devices based on graphene materials, The Journal of Physical Chemistry. C,
Nanomaterials and Interfaces, 113 (2009) 13103.
https://doi.org/10.1021/jp902214f

C. Liu, Z. Yu, D. Neff, A. Zhamu, B.Z. Jang, Graphene-based supercapacitor with
an ultrahigh energy density, Nano Letters, 10 (2010) 4863-4868.
https://doi.org/10.1021/n1102661q

Y. Chen, X. Zhang, D. Zhang, P. Yu, Y. Ma, High performance supercapacitors
based on reduced graphene oxide in aqueous and ionic liquid electrolytes, Carbon,
49 (2011) 573-580. https://doi.org/10.1016/j.carbon.2010.09.060

A. Yu, I. Roes, A. Davies, Z. Chen, Ultrathin, transparent, and flexible graphene
films for supercapacitor application, Applied Physics Letters, 96 (2010) 253105.
https://doi.org/10.1063/1.3455879

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 1-33 doi: http://dx.doi.org/10.21741/9781945291975-1

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

C.K. Chua, M. Pumera, Chemical reduction of graphene oxide: a synthetic
chemistry viewpoint, Chemical Society Reviews, 43 (2014) 291-312.
https://doi.org/10.1039/C3CS60303B

H. B. Zhang, J. W. Wang, Q. Yan, W. G. Zheng, C. Chen, Z. Z. Yu, Vacuum-
assisted synthesis of graphene from thermal exfoliation and reduction of graphite
oxide, Journal of Materials Chemistry, 21 (2011) 5392-5397.
https://doi.org/10.1039/c1jm10099h

Y. Zhang, H. Hao, L. Wang, Effect of morphology and defect density on electron
transfer of electrochemically reduced graphene oxide, Applied Surface Science,
390 (2016) 385-392. https://doi.org/10.1016/j.apsusc.2016.08.127

S. Ghasemi, S.R. Hosseini, F. Mousavi, Electrophoretic deposition of graphene
nanosheets: A suitable method for fabrication of silver-graphene counter electrode
for dye-sensitized solar cell, Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 520 (2017) 477-487.
https://doi.org/10.1016/j.colsurfa.2017.02.004

B. Bhanvase, T. Shende, S. Sonawane, A review on graphene-TiO, and doped
graphene-TiO2 nanocomposite photocatalyst for water and wastewater treatment,
Environmental Technology Reviews, 6 (2017) 1-14.
https://doi.org/10.1080/21622515.2016.1264489

H. Zhang, X. Lv, Y. Li, Y. Wang, J. Li, P25-graphene composite as a high
performance photocatalyst, ACS Nano, 4 (2009) 380-386.
https://doi.org/10.1021/nn901221k

K. Li, J. Xiong, T. Chen, L. Yan, Y. Dai, D. Song, Y. Lv, Z. Zeng, Preparation of
graphene/Ti0, composites by nonionic surfactant strategy and their simulated
sunlight and visible light photocatalytic activity towards representative agueous
POPs degradation, Journal of Hazardous Materials, 250 (2013) 19-28.
https://doi.org/10.1016/j.jhazmat.2013.01.069

Y. Zhang, C. Pan, TiO,/graphene composite from thermal reaction of graphene
oxide and its photocatalytic activity in visible light, Journal of Materials Science,
46 (2011) 2622-2626. https://doi.org/10.1007/s10853-010-5116-x

N. Khalid, E. Ahmed, Z. Hong, L. Sana, M. Ahmed, Enhanced photocatalytic
activity of graphene-Ti0O, composite under visible light irradiation, Current
Applied Physics, 13 (2013) 659-663. https://doi.org/10.1016/j.cap.2012.11.003

Y. Wang, Z. Li, Y. He, F. Li, X. Liu, J. Yang, Low-temperature solvothermal
synthesis of graphene—TiO, nanocomposite and its photocatalytic activity for dye

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 1-33 doi: http://dx.doi.org/10.21741/9781945291975-1

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

degradation, Materials Letters, 134 (2014) 115-118.
https://doi.org/10.1016/j.matlet.2014.07.076

R. Kumar, R.K. Singh, P.K. Dubey, D.P. Singh, R.M. Yadav, R.S. Tiwari,
Hydrothermal synthesis of a uniformly dispersed hybrid graphene-TiO,
nanostructure for optical and enhanced electrochemical applications, RSC
Advances, 5 (2015) 7112-7120. https://doi.org/10.1039/C4RA06852A

Y. Zhang, Z. R. Tang, X. Fu, Y. J. Xu, Engineering the unique 2D mat of graphene
to achieve graphene-TiO, nanocomposite for photocatalytic selective
transformation: what advantage does graphene have over its forebear carbon
nanotube?, ACS Nano, 5 (2011) 7426-7435. https://doi.org/10.1021/nn202519j

Q. Xiang, J. Yu, M. Jaroniec, Graphene-based semiconductor photocatalysts,
Chemical Society Reviews, 41 (2012) 782-796.
https://doi.org/10.1039/C1CS15172)

B. Jiang, C. Tian, Q. Pan, Z. Jiang, J. Q. Wang, W. Yan, H. Fu, Enhanced
photocatalytic activity and electron transfer mechanisms of graphene/TiO, with
exposed {001} facets, The Journal of Physical Chemistry C, 115 (2011) 23718-
23725. https://doi.org/10.1021/jp207624x

Y. Zhang, N. Zhang, Z. R. Tang, Y. J. Xu, Improving the photocatalytic
performance of graphene-TiO, nanocomposites via a combined strategy of
decreasing defects of graphene and increasing interfacial contact, Physical
Chemistry Chemical Physics, 14 (2012) 9167-9175.
https://doi.org/10.1039/c2cp41318c

D. Geng, H. Wang, G. Yu, Graphene Single Crystals: Size and Morphology
Engineering, Advanced Materials, 27 (2015) 2821-2837.
https://doi.org/10.1002/adma.201405887

H. Zhang, P. Xu, G. Du, Z. Chen, K. Oh, D. Pan, Z. Jiao, A facile one-step
synthesis of TiO,/graphene composites for photodegradation of methyl orange,
Nano Research, 4 (2011) 274-283. https://doi.org/10.1007/s12274-010-0079-4

S.R. Kim, M.K. Parvez, M. Chhowalla, UV-reduction of graphene oxide and its
application as an interfacial layer to reduce the back-transport reactions in dye-
sensitized solar cells, Chemical Physics Letters, 483 (2009) 124-127.
https://doi.org/10.1016/j.cplett.2009.10.066

G.S. Thien, F.S. Omar, N.I.S.A. Blya, W.S. Chiu, H.N. Lim, R. Yousefi, F. J.
Sheini, N.M. Huang, Improved Synthesis of Reduced Graphene Oxide-Titanium

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 1-33 doi: http://dx.doi.org/10.21741/9781945291975-1

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

Dioxide Composite with Highly Exposed 001 Facets and Its Photoelectrochemical
Response, International Journal of Photoenergy, 2014 (2014).

K. Woan, G. Pyrgiotakis, W. Sigmund, Photocatalytic Carbon-Nanotube-TiO,
Composites, Advanced Materials, 21 (2009) 2233-22309.
https://doi.org/10.1002/adma.200802738

S. Anandan, Recent improvements and arising challenges in dye-sensitized solar
cells, Solar Energy Materials and Solar Cells, 91 (2007) 843-846.
https://doi.org/10.1016/j.solmat.2006.11.017

S.U. Khan, M. Al-Shahry, W.B. Ingler, Efficient photochemical water splitting by
a chemically modified n-TiO,, Science, 297 (2002) 2243-2245.
https://doi.org/10.1126/science.1075035

J.H. Park, S. Kim, A.J. Bard, Novel carbon-doped TiO, nanotube arrays with high
aspect ratios for efficient solar water splitting, Nano Letters, 6 (2006) 24-28.
https://doi.org/10.1021/nl051807y

R. Sellappan, J. Sun, A. Galeckas, N. Lindvall, A. Yurgens, A.Y. Kuznetsov, D.
Chakarov, Influence of graphene synthesizing techniques on the photocatalytic
performance of graphene-TiO, nanocomposites, Physical Chemistry Chemical
Physics, 15 (2013) 15528-15537. https://doi.org/10.1039/C3CP52457D

B. Tryba, A. Morawski, M. Inagaki, Application of TiO,-mounted activated
carbon to the removal of phenol from water, Applied Catalysis B: Environmental,
41 (2003) 427-433. https://doi.org/10.1016/S0926-3373(02)00173-X

H. Wang, X. Zhang, Y. Su, H. Yu, S. Chen, X. Quan, F. Yang,
Photoelectrocatalytic oxidation of aqueous ammonia using TiO, nanotube arrays,
Applied Surface Science, 311 (2014) 851-857.
https://doi.org/10.1016/j.apsusc.2014.05.195

P. Wang, Y. Ao, C. Wang, J. Hou, J. Qian, Enhanced photoelectrocatalytic activity
for dye degradation by graphene—titania composite film electrodes, Journal of
Hazardous Materials, 223 (2012) 79-83.
https://doi.org/10.1016/j.jhazmat.2012.04.050

Y. Min, K. Zhang, W. Zhao, F. Zheng, Y. Chen, Y. Zhang, Enhanced chemical
interaction between TiO, and graphene oxide for photocatalytic decolorization of
methylene blue, Chemical Engineering Journal, 193 (2012) 203-210.
https://doi.org/10.1016/j.cej.2012.04.047

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 1-33 doi: http://dx.doi.org/10.21741/9781945291975-1

[103] J.S. Lee, K.H. You, C.B. Park, Highly photoactive, low bandgap TiO,
nanoparticles wrapped by graphene, Advanced Materials, 24 (2012) 1084-1088.
https://doi.org/10.1002/adma.201104110

[104] N.J. Bell, Y.H. Ng, A. Du, H. Coster, S.C. Smith, R. Amal, Understanding the
enhancement in photoelectrochemical properties of photocatalytically prepared
TiO,-reduced graphene oxide composite, The Journal of Physical Chemistry C,
115 (2011) 6004-6009. https://doi.org/10.1021/jp1113575

[105] Y.H. Ng, A. Iwase, A. Kudo, R. Amal, Reducing graphene oxide on a visible-light
BiVVO, photocatalyst for an enhanced photoelectrochemical water splitting, The
Journal of Physical Chemistry Letters, 1 (2010) 2607-2612.
https://doi.org/10.1021/jz100978u

[106] Y.T. Liang, B.K. Vijayan, O. Lyandres, K.A. Gray, M.C. Hersam, Effect of
dimensionality on the photocatalytic behavior of carbon-titania nanosheet
composites: charge transfer at nanomaterial interfaces, The Journal of Physical
Chemistry Letters, 3 (2012) 1760-1765. https://doi.org/10.1021/jz300491s

[107] W. Fan, Q. Lai, Q. Zhang, Y. Wang, Nanocomposites of TiO, and reduced
graphene oxide as efficient photocatalysts for hydrogen evolution, The Journal of
Physical Chemistry C, 115 (2011) 10694-10701.
https://doi.org/10.1021/jp2008804

[108] D.C. Marcano, D.V. Kosynkin, J.M. Berlin, A. Sinitskii, Z. Sun, A. Slesarev, L.B.
Alemany, W. Lu, J.M. Tour, Improved synthesis of graphene oxide, ACS Nano, 4
(2010) 4806-4814. https://doi.org/10.1021/nn1006368

[109] Y. Liang, H. Wang, H.S. Casalongue, Z. Chen, H. Dai, TiO, nanocrystals grown
on graphene as advanced photocatalytic hybrid materials, Nano Research, 3 (2010)
701-705. https://doi.org/10.1007/s12274-010-0033-5

[110] P.K. Dubey, P. Tripathi, R. Tiwari, A. Sinha, O. Srivastava, Synthesis of reduced
graphene oxide-TiO, nanoparticle composite systems and its application in
hydrogen production, International Journal of Hydrogen Energy, 39 (2014) 16282-
16292. https://doi.org/10.1016/j.ijhydene.2014.03.104

[111] Z. Xu, M. Yin, J. Sun, G. Ding, L. Lu, P. Chang, X. Chen, D. Li, 3D periodic
multiscale TiO, architecture: a platform decorated with graphene quantum dots for
enhanced photoelectrochemical water splitting, Nanotechnology, 27 (2016)
115401. https://doi.org/10.1088/0957-4484/27/11/115401

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



EBSCChost -

Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 1-33 doi: http://dx.doi.org/10.21741/9781945291975-1

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

D. Wang, D. Choi, J. Li, Z. Yang, Z. Nie, R. Kou, D. Hu, C. Wang, L.V. Saraf, J.
Zhang, Self-assembled TiO,—graphene hybrid nanostructures for enhanced Li-ion
insertion, ACS Nano, 3 (2009) 907-914. https://doi.org/10.1021/nn900150y

X.W. Liu, L. Y. Shen, Y. H. Hu, Preparation of TiO,-Graphene Composite by a
Two-Step Solvothermal Method and its Adsorption-Photocatalysis Property,
Water, Air, & Soil Pollution, 227 (2016) 1-12. https://doi.org/10.1007/s11270-
016-2841-z

X. Zhang, X. Cui, Graphene/Semiconductor Nanocomposites: Preparation and
Application for Photocatalytic Hydrogen Evolution, (2012).

X. Y. Zhang, H. P. Li, X. L. Cui, Y. Lin, Graphene/TiO, nanocomposites:
synthesis, characterization and application in hydrogen evolution from water
photocatalytic splitting, Journal of Materials Chemistry, 20 (2010) 2801-2806.
https://doi.org/10.1039/b917240h

M. Wojtoniszak, B. Zielinska, X. Chen, R.J. Kalenczuk, E. Borowiak-Palen,
Synthesis and photocatalytic performance of TiO, nanospheres—graphene
nanocomposite under visible and UV light irradiation, Journal of Materials
Science, 47 (2012) 3185-3190. https://doi.org/10.1007/s10853-011-6153-9

N. Farhangi, R.R. Chowdhury, Y. Medina-Gonzalez, M.B. Ray, P.A. Charpentier,
Visible light active Fe doped TiO, nanowires grown on graphene using
supercritical CO,, Applied Catalysis B: Environmental, 110 (2011) 25-32.
https://doi.org/10.1016/j.apcath.2011.08.012

Q. Zhang, Y. He, X. Chen, D. Hu, L. Li, T. Yin, L. Ji, Structure and photocatalytic
properties of TiO,-graphene oxide intercalated composite, Chinese Science
Bulletin, 56 (2011) 331-339. https://doi.org/10.1007/s11434-010-3111-x

A. Mukherji, B. Seger, G.Q. Lu, L. Wang, Nitrogen doped Sr,Ta,0O; coupled with
graphene sheets as photocatalysts for increased photocatalytic hydrogen
production, ACS Nano, 5 (2011) 3483-3492. https://doi.org/10.1021/nn102469e

S. M. Paek, E. Yoo, I. Honma, Enhanced cyclic performance and lithium storage
capacity of SnO,/graphene nanoporous electrodes with three-dimensionally
delaminated flexible structure, Nano Letters, 9 (2008) 72-75.
https://doi.org/10.1021/n1802484w

X. Geng, L. Niu, Z. Xing, R. Song, G. Liu, M. Sun, G. Cheng, H. Zhong, Z. Liu,
Z. Zhang, Aqueous-Processable Noncovalent Chemically Converted Graphene—
Quantum Dot Composites for Flexible and Transparent Optoelectronic Films,
Advanced Materials, 22 (2010) 638-642. https://doi.org/10.1002/adma.200902871

printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.conlterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 1-33 doi: http://dx.doi.org/10.21741/9781945291975-1

[122] N. Li, G. Liu, C. Zhen, F. Li, L. Zhang, H.M. Cheng, Battery Performance and
Photocatalytic Activity of Mesoporous Anatase TiO, Nanospheres/Graphene

Composites by Template-Free Self-Assembly, Advanced Functional Materials, 21
(2011) 1717-1722. https://doi.org/10.1002/adfm.201002295

[123] T.N. Lambert, C.A. Chavez, B. Hernandez-Sanchez, P. Lu, N.S. Bell, A.
Ambrosini, T. Friedman, T.J. Boyle, D.R. Wheeler, D.L. Huber, Synthesis and

characterization of titania— graphene nanocomposites, The Journal of Physical
Chemistry C, 113 (2009) 19812-19823. https://doi.org/10.1021/jp905456f

[124] J. Guo, S. Zhu, Z. Chen, Y. Li, Z. Yu, Q. Liu, J. Li, C. Feng, D. Zhang,
Sonochemical synthesis of TiO, nanoparticles on graphene for use as
photocatalyst, Ultrasonics Sonochemistry, 18 (2011) 1082-1090.
https://doi.org/10.1016/j.ultsonch.2011.03.021

[125] M.R. Hasan, C.W. Lai, S. Bee Abd Hamid, W. Jeffrey Basirun, Effect of Ce
doping on RGO-TiO, nanocomposite for high photoelectrocatalytic behavior,
International Journal of Photoenergy, 2014 (2014).

[126] A. Morais, C. Longo, J.R. Araujo, M. Barroso, J.R. Durrant, A.F. Nogueira,
Nanocrystalline anatase TiO,/reduced graphene oxide composite films as
photoanodes for photoelectrochemical water splitting studies: the role of reduced
graphene oxide, Physical Chemistry Chemical Physics, 18 (2016) 2608-2616.
https://doi.org/10.1039/C5CP06707C

[127] C.H. Yang, L. S. Wang, S. Y. Chen, M. C. Huang, Y. H. Li, Y. C. Lin, P. F.
Chen, J. F. Shaw, K. S. Huang, Microfluidic assisted synthesis of silver
nanoparticle—chitosan composite microparticles for antibacterial applications,
International Journal of Pharmaceutics, 510 (2016) 493-500.
https://doi.org/10.1016/j.ijpharm.2016.01.010

[128] D. Chen, L. Zou, S. Li, F. Zheng, Nanospherical like reduced graphene oxide
decorated TiO, nanoparticles: an advanced catalyst for the hydrogen evolution
reaction, Scientific Reports, 6 (2016). https://doi.org/10.1038/srep20335

[129] H. Liu, K. Cao, X. Xu, L. Jiao, Y. Wang, H. Yuan, Ultrasmall TiO, nanoparticles
in situ growth on graphene hybrid as superior anode material for sodium/lithium
ion batteries, ACS Applied Materials&Interfaces, 7 (2015) 11239-11245.
https://doi.org/10.1021/acsami.5b02724

[130] H. Xing, W. Wen, J. M. Wu, One-pot low-temperature synthesis of TiO,
nanowire/rGO composites with enhanced photocatalytic activity, RSC Advances,
6 (2016) 94092-94097. https://doi.org/10.1039/C6RA16484F

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC
Materials Research Foundations 42 (2018) 33-56 doi: http://dx.doi.org/10.21741/9781945291975-2

Chapter 2

Carbon Based Nanomaterials for Energy Storage

P. Senthil Kumar*!, K. Grace Pavithra® and S. Ramalingam?
'Department of Chemical Engineering, SSN College of Engineering, Chennai 603 110, India

’Department of Chemical Engineering, University of Louisiana at Lafayette, Lafayette, LA
70504, USA

senthilkumarp@ssn.edu.in*

Abstract

In order to store or transfer energy researchers have been focusing on solid state batteries,
flow batteries, flywheels, compressed air energy storage, thermal and pumped
hydropower. In recently nanomaterials have attracted attention in the field of energy
storage due to its fast recharging capability, better durability, and high storage capacity.
The smallest size and high surface area per unit volume or mass make nanomaterials
unique in showing electric, magnetic, optical, structural, mechanical and chemical
characteristics. This chapter discusses current status and future development trends of
carbon nanomaterials in the field of energy storage systems.
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1. Introduction

Since 1990, the consumption of fossil fuels resulted in severe energy deficiency and the
emission of unburnt carbon affects our environment in a larger manner. Many changes in
engines were made but the pollution emitted was not nullified totally by the new
techniques. The population increase and urbanization are other major sources for the
utilization of fossil fuels in a drastic manner and due to increase in population, the energy
demand has been increasing day by day. In the twenty-first century the need of
alternative and renewable energy is an urging concept because in several parts of the
world there is inequity in energy (i.e., electricity), for example in many suburban parts of
India there is no electricity which is considered as basic need for every mankind and it
was forecasted that in 2050 energy supply will be double the amount that of now. Energy
iIs an unavoidable thing in developing society, in every step of life energy is the
development of technologies like microbial fuel cells, hydrogen storage systems, polymer
based energy storage system, photovoltaics, solar thermal storage, and membrane fuel
cells are some of the examples of alternative technologies. Even though many
technologies were introduced the pot light is on the development of eco-friendly storage
system with low-cost techniques. Recently, nanomaterials are used for the purpose of
storage of energy and it has been explored because of its unique properties that changes
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with its shape and size. Particularly carbon nanomaterial is found to be eminent
technology in high-performance and in energy storage. The recent revolution in material
science particularly in carbon nanomaterial has led to the research in energy technologies.
The properties such as morphological, electrical, optical and mechanical which enhance
the energy storage performance are found to be far superior in carbon nanomaterial than
the conventional storage methods [1,2].

2. Carbonaceous nanomaterials

2.1  Origin

Carbonaceous nanomaterials are also produced from waste materials. Many techniques
are followed in order to minimize the amount of waste from municipal and from
industrial level and waste are recycled to value added products which in turn are used for
the storage of energy. Many products such as gasoline, light oils, biofuels, alcohols, and
ceramics are well known. The recent upcoming technique is the preparation of silicon
carbide nanoparticles from automotive waste. The recycling of waste materials into high-
value products paved way for synthesizing carbon nanomaterials from waste resources.
Graphene and carbon nanotubes are found to be most important material in
nanotechnology and their properties like electrical, physical, mechanical, chemical play a
role in the field of supercapacitors, sensors, transistors, etc. The major challenge of using
waste material is a eco-friendly production with low cost [3]. There are generally three
methods of synthesizing CNTs and they are arc discharge, laser ablation, and chemical
vapor deposition. Vegetable oils from coconut, neem, eucalyptus, palm, etc. possess
carbon content for synthesizing pure CNTs. Among those palm oil provides good quality
CNTs. Apart from vegetable oil, animal oil is used as raw material, mostly chicken fat is
selected from the residue of chicken and it also has a low carbon to hydrogen ratio.
Industrial waste products like red muds from Bayer process of alumina, printed circuit
board, solid waste tires, and soot collected from bitumen waste are used for the
synthesizing MWNTSs. Chemical vapor deposition (CVD) method are used for the
syncretization with ferrocene as a catalyst. Graphene is produced using by-products of
plant materials, agricultural refuse. Carbon is considered as well-known solid state
allotropes with diverse structures and properties and the fibrous carbon materials have
attracted worldwide due to its practical applications. Carbon fibers are generally
produced using pyrolyzing fibers spun from an organic precursor or by chemical vapor
deposition (CVD). Recently ultra-thin carbon fibers are produced using electrospinning
followed by thermal treatment. The advantages of using electro spinning include
simplicity, efficiency, low cost, high yield, etc. [4,5].
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2.2  Fullerenes

Due to the characteristics such as good acceptors of electrons, superconductivity, light
absorption in the visible region, stability in carbon framework, low energies in electron
transfer fullerenes are used in energy applications. The molecular structures of fullerenes
and their derivatives are in the way of possessing photonic, electronic, superconducting
and magnetic properties. Photochemical properties of fullerene make changes in a
chemical reaction, luminescence, and absorption, thermal and electrical properties when
compared with conventional materials. Superconductors based fullerene showed
scientific interest towards energy application. Metallic behavior is seen in alkali doped
films of Cg [6].

Types of fullerenes are as follows [7,8]:

CeoFullerenes — It is a perfectly symmetric molecule with 60 carbon atoms and possesses
sp? hybridization. These type of fullerenes are found to be highly reactive and stable and
was called as Buckminsterfullerene.

Higher Fullerenes — More than 60 carbon atoms are available. In higher order fullerene
C;0 was the first member and the other members like Cs5, C75 Cgs, Cop Which are
available in lesser quantity.

Fullerenes and Nano hybrids — Cgy and higher fullerenes are paired with carbon or metal
based nanomaterial. Two types of conjugation such as exohedral and endohedral are
possible.  When fullerene are conjugated with carbon nanotubes in
endohedralnanohybrids are formed and this type of structures are referred as peapods.
Fullerenes are conjugated with either graphene or carbon nanotubes in order to increase
the performing efficiency. Some of the applications of fullerene are found in solar cells,

photovoltaic materials, hydrogen storage and electronic components storage.
Fullerenes and Photovoltaic materials — The photoexcitation properties of Cgy replaces

the conventional photovoltaic material and paved way for the production of inexpensive
solar cells and photovoltaic devices. The first plastic photovoltaic cells are made from the
conjugation of polymers and Cgo. The inorganic semiconductors such as silicon, gallium
arsenide, selenide, amorphous silicon etc. are replaced by conjugated polymers and
Ceofullerence. Many studies are reported on Cgo conjugation with polymer combinations
and the some are methyl-ethyl-hydroxyl-poly propyl vinyl/ Cg, thin film, ITO/ polyal-
kylthiophene (PAT)/ Cgof A, poly(3-alkylthiophenes)/Cg, etc. Material stability was found
to be lower when compared with hybrid systems.
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2.3  Carbon nanotubes

Two forms of carbon nanotubes are generally seen. They are, single- walled nanotubes
(SWNTs) and multi walled nanotubes (MWNTS). Rolled- up graphene sheet with sp?
hybridization are seen in SWNTs. When additional graphene coaxial tubes are around the
SWNT core they are considered as multi-walled carbon nanotubes (MWNT). The
diameter of the nanotubes is from few angstroms to tens of nanometers and length are
from micrometers to centimeters containing the structure of pentagons. The semi-
conducting or metallic behavior depends upon the diameter and helicity arrangements of
carbon atoms in the walls [9,10]. In CNTSs the conductivity is directly proportional to the
charge transport capability. Due to high length-to-diameter ratio, sp?> C-C bonds CNTs
have shown wider applications in the field of electronic, chemical and biomedical. The
introduction of CNTSs into the field of sensors, transistors, electrochemical cells has
increased the performance of those devices. CNTs have good catalyst due to its high
surface area [11,12]. CNTs have good electrical and mechanical properties due to its
large surface area and a coating of CNTs in any material will increase its corrosion
resistance and the basic properties of carbon nanoparticles are as follows:

Electrical properties — When the structure is altered CNTs exhibit semiconducting or
metallic properties. Apart from superlative quantum and electronic properties CNTs have
magnetic properties [13].

Mechanical properties — Stiffness, strength, and toughness are achieved through strong o

bonding and upto 100GPa tensile strength is achieved using Young’s modulus.
Optical and Thermal properties —High heat capacity and thermal conductivity are offered

by CNTs in ambient temperature. It is suggested that for the temperatures over 100°C
CNTs are considered to be the better choice over conventional materials and for the
wavelength of 300 to 3000 nm CNTSs provide good optical properties [14,15].

2.4  Graphene

Graphene is considered as a basic unit for fullerenes and CNTs. Honeycomb lattice of
monolayer carbon atoms. Due to its unique structure and features like specific surface
area, high carrier concentration, mobility, high thermal conductivity and optical
transparency has made graphene attractive for energy storage. The physicochemical
properties such as thermal conductivity, elasticity, stiffness, carrier mobility make
graphene unique. Methods like chemical vapor deposition, bottom-up approach, top-
down approach, mechanical exfoliation, arc discharge are used for synthesizing graphene.
Graphene sheets are used as electrode materials like super capacitor and batteries.
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Graphene is a one atom thick layer that is arranged in hexagonal patterns [16,17,18]. This

arrangement makes graphene having amazing physical, thermal and electrical properties
Mechanical properties — Due to its strong covalent bonds and compact structure

Graphene was considered as a strongest material with Young’s modulus of 1TPa and the
intrinsic strength was considered to be 130GPa [19].

Optical properties — Single layer graphene are transparent which is due to its 2D structure
and zero band-gap and the transparency is indirectly proportional to the number of layers
and addition of one layer is equal to the transparency decrease of 2.3%. Due to its good

optical features graphene has a chance in the field of optoelectronic devices [20,21,22].
Thermal properties - Because of robust covalent bonds graphene shows tremendous

thermal properties under elevated temperature. Thermal conductivity is inversely
proportional to the temperature [23,24].

2.5 Nitrogen doped carbon nanomaterial

The interaction of surface heteroatom into carbon nanomaterials provides many desirable
electronic structures for potential applications. Two methods are available and they are
in-situ doping and post-doping. The former incorporate nitrogen atoms into CNT
structure homogeneously and the latter post-doping leads to surface fictionalization
without altering bulk properties. The synthesization of N-doped CNTs by arc-discharge,
laser ablation. N-doped carbon nanotubes were researched for many years but large scale
synthesization were done on graphene sheets by CVD. Generally, heteroatoms are
introduced into nitrogen-doped graphene sheets. The resultant N-graphene are used as a
metal-free electrode with higher electro catalytic activity, operation stability, and
tolerance towards crossover. Research being done in the production of large-area N-
graphene films, this can be achieved using solution casting followed by subsequent heat
treatment. N-doped carbon shows significant behavior in oxygen reduction reactions
(ORR) in fuel cells. The catalytic effect and the adsorption of O, in Li-O, batteries are
good for N-doping in carbon than conventional nanomaterials [25,26].

2.6 Carbon gels

There are considered as porous carbon material with interconnected network structure.
The porous structure of carbon gels are nano sized so they are called as carbon nanogels.
The unique features of nanogels are high surface area, tunable porosity, and low apparent
density and can be used in different fields such as adsorbent, catalyst support, as gas
storage media, electrode materials for super capacitors and batteries. There are three
kinds of carbon nanogels such as carbon aerogels, carbon xerogels and carbon cryogels.
Among them carbon aerogels are synthesized by carbonization of organic gels and from
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the extraction of pore solvent. Because of their low mass densities, chemical stabilities
and high surface areas carbon aerogels are receiving increased attention for the past
several years. In environmental remediation and in energy conservation and storage,
carbon aerogels receive special interest due to 3D interconnected network with open
pores. They are collectively called as open-cell foams which exhibits properties like low
mass densities, porosities, high surface area, high electrical conductivity, mechanical
strength, etc., The porous carbon material are obtained by the pyrolysis of organic
aerogels at different temperatures.

Benefits of using carbon aerogels:

e When compared to conventional capacitors very low impedance electric double
layer super capacitors can be produced.

e They can act as excellent insulators, this is due to a reduction in heat transfer by
gaseous components.

e The properties like electrical, thermal and mechanical have better performance due
to the addition of dopants.

e Carbon aerogels provides high specific surface area with three-dimensional
structure

e Carbon aerogels are synthesized using sol-gel chemistry.

e Carbon aerogels are used for hydrogen and electrical storage in the future that is
due to its unique structure

Carbon hydrogel- Hydrogels are basically cross-linked 3D hydrophilic solid networks by
physical or chemical means. It is considered as soft materials and used in the field like
artificial tissues, electrode material, drug carrier, adsorbents, sensors and actuators. The
hydrogels are classified on various characteristics such as source, cross-linking nature
and its structural features. Conventional hydrogels are associated with poor mechanical
properties and stability [27,28]

3.  Energy storage system

In the twenty-first century, challenges are faced such as energy storage and there is a
need for environmental friendly and low-cost energy storage systems and their
performance mainly depend upon the properties of the material chosen. Nanostructured
materials properties namely mechanical, electrical and optical properties make them
attractive to the field of energy storage.
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3.1 Electrochemical storage system

The demand for portable electronic devices is increased due to the use of smart phones,
laptops, tablets, etc. In order to meet such demand compact, light weighted and efficient
energy storage systems need to be manufactured. Super capacitors, lithium-sulfur
batteries, lithium-oxygen batteries, lithium metal batteries are considered to be the most
commonly used electric energy storage because of its long lifespan, reversibility, low cost
and high energy power density. The drawback such as side reactions between electrolytes
and electrode exist, it is due to high contact area, low volumetric energy and density of
the electrode. Advanced functional materials such as polypyrrole, polyaniline and metal
oxides like RuO, MnO,, NiO and Co;0, were widely used as super capacitors. But the
drawbacks such as poor solubility and mechanical brittleness are seen in this type of
super capacitors. Using specific power and stability super capacitors are categorized as
electric double-layer capacitors based on physical charge separation and redox pseudo
capacitors based on reversible redox reactions at the electrode surface. When compared
to lithium ion batteries, supercapacitors exhibit low specific energy. Significant process is
seen in the field of electrochemical energy conversion and storage devices due to the use
of nanostructured materials [29,30].

3.1.1 Binder free electrodes

Binder free electrodes are generally used where electroactive surface area is inaccessible
and the electrolyte is blocked. Recently binder-free electrodes are used in the area of
energy storage because of its electrical conductivity and accessible reaction surface.
Electrodes are generally binder-enriched and they are prepared by slurry-coating
technique and the performance of energy storage depends on the properties and structures
of the electrodes. It’s porous and interconnected structures for electron and ion transfer
makes graphene a binder free electrode [31]. The advantages of using graphene as binder

free electrodes are as follows
= |t can be used as flexible electrodes.

= They are referred as free movable electrodes avoiding the use of metal collector.

= The conductivity and specific capacity of the electrodes increases without the
intervention of non-conductive and inactive binders.

» The graphene interconnected sheet increases the conductivity by increasing the
electron transfer inside the electrodes.

Generally, binder free electrodes are synthesized using chemical exfoliation, CVD,
mechanical cleavage and graphitization. Among all the processes chemical exfoliation
was found to be an effective technique in the production of graphene oxide in a larger
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manner. Graphene in the form of foams, networks, gels are used as binder materials. In a
research, graphene foams are synthesized using CVD method on nickel foams as a
template and after the removal of nickel foam template, the porous structure can be
restored. Graphene gels are synthesized by freeze drying method in presence of graphene
oxide. Graphene’s are made into 1-dimensional, 2-dimensional and 3-dimensional
structures such as features like wire-like, paper-like and monolithic-like structures by
various preparation methods. In recent times, 3D graphene nanomaterials show
extraordinary mechanical, electrical and electrochemical as well as surface properties
[32-35].

3.1.2 Super capacitors

Super capacitors are generally referred as electrical-energy-storage device and it is based
on charge accumulation from an electrolytic solution by means of electrostatic attraction
from polarized electrodes which increases its attention due to its unique characteristics.
Super capacitors are also named as electrochemical capacitors, ultra capacitors or
electrochemical double layer capacitors and possess long shelf life as well as long life
cycle and fast charging/discharging capabilities when compared to conventional
capacitor, super capacitors have high power density so that they can be used in power
backup systems, electronic appliances, industrial power and energy management,
electrical vehicles and in other devices [36,37]. The ions accumulated on the electrodes
are resulted as capacitance C and it is described by Helmholtz with the following formula

_ ere0A4
d

g, € - electrolyte and vacuum dielectric constants
d - the effective thickness of the electrical double layer
A - interface surface area

The essential components found in super capacitors are the electrodes, the electrolyte,
and the separator and the overall performance lies on the physical properties of both
electrode and the electrolyte materials. Charge storage and delivery are done by
electrodes and it plays a major role in energy and power densities of super capacitors. In
the last decade activated carbon are used as electrode material but due to its low
mesoporosity limited capacitance are obtained which shows low electrolyte accessibility.
Due to large surface area, high mesoporosity, electrical properties and electrolyte
accessibility carbon nanotubes, mainly graphene and carbon nanotubes replaced activated
carbon. CNTs with high aspect ratio, large specific surface area and good mechanical and
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electrical properties are used as active electrodes in super capacitors. Graphene, one-
atom-thick sheets with 2Dplanar geometry was found to be superior and advantageous
than CNTs in acting as electrodes. Multiwalled nano carbontubes and nitrogen enriched
carbon porous nano structured carbon which possesses 3 Dimensional hierarchical
morphology are known to have enhanced electrochemical performance. Recent research
has proven that vertically aligned carbon nanotubes with open tips show high
performance as electrodes. Graphene and CNT hybrid systems increase the efficiency of
the electrodes. 1D CNTSs are used to physically separate 2D graphene sheets in order to
preserve the graphene surface area and to provide a well-controlled architecture for
efficient charge transport. Theoretical studies indicates that 3D pillared architectures
consisting of parallel graphene layers with vertically aligned CNTs shows good structural
tunability and desirable transport for energy storage. It not only mechanically supports
the graphene layer it also provides good conductive paths for electron and ion transport
and provides high capacitance and capability. Ultra-thin in-plane micro-super capacitors
are developed in order to utilize the properties of carbon nanotubes fully. Ultrahigh
power densities of several orders of magnitude higher than conventional super capacitors
are provided. The electrode materials including CNTSs, carbide-derived carbon, polymers
and metal oxides are investigated for the newly developed micro-super capacitors. Due to
their in-plane electrical conductivity, large surface area and easy fabrication, graphene
are used as electrode materials for micro-super capacitors. In recent time wearable fiber
like super capacitors attracted attention in the electronics’ field. Materials like Kevlar
fiber, metal fiber, carbon fiber, CNT fiber and graphene fiber are used as electrode
material. Due to their excellent electrical conductivity, mechanical properties and
outstanding flexibility CNBT fibers are used as electrodes in wearable fiber like super
capacitors. Stretchable electronics which includes transistors, light-emitting diodes,
polymer solar cells and active matrix displays are developed to maintain the electronic
performance with high levels of mechanical deformations. MnO, based pseudo capacitive
super capacitors have attractive features, which include environmental beneficial and
high theoretical capacitance [38,39]. By tuning the deposition voltage, current and
electrolyte control the mass loading densities and structure of deposited MnO, which
makes fabrication of flexible MnO, super capacitors easy. CNTs and graphene are found
to be highly conductive and porous substrates which are usually deposited with higher
densities for MNO, excellent behavior as super capacitors. The MnO,-CNT-sponge super
capacitors show 45 degradations after 1000 cycles at 5A/g of specific current, the specific
power of 64 KW/Kg and Energy at 31 Wh/Kg [40,41].
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3.1.3 Lithium-ion batteries

Rechargeable lithium batteries have made a revolution in portable electronic devices and
they have become the predominant power source for cell phones, digital camera, laptops,
etc., because of their higher energy density. In battery system usage of carbon are
identified in one or the other form. In order to eliminate lithium deposition, Li-ion cells
are introduced. While charging lithium metal electrode deposits dendrite like lithium are
deposited on the surface of the metal electrode which induces internal shorting. The use
of the carbonaceous material as anode will completely prevent the circumstances and it is
a key factor in increasing the capacitance of the batteries. The properties of carbon
materials such as irreversible capacities, high cycle-ability and faster mobility with
lithium make comfortable in using carbon material as anode. Carbon material such as
highly oriented pyrolytic graphite (HOPG), graphite, artificial graphite, hard carbons,
mesophase low-temperature fibers. The performance of HOPG and natural graphite are
one and the same. When natural graphite powders are coated on the current collector,
they are aligned parallel to the collector surface which directly induces the ohmic
resistance which is perpendicular to the electrode surface and it is responsible for high
rate charging and discharging. Mesophase carbon are produced by melting the mesophase
pitch and it is produced by blowing molten pitch through tiny holes in a heater chamber
and finally, well-graphitized bead or fiber form. The formed fibers have two advantages,
they are 1) the radial crystal orientation of the fiber which accepts Li ions from all the
sides and 2) the side walls are covered with porous thin graphene skin which saves the
fiber from shape change during Li interaction/intercalation. Hard carbons are produced
from resins like phenol, epoxy resins, cellulose, sugars or proteins heated under inert gas
or vacuum condition which decomposes to release water and gas to form carbon and the
carbon particles are joined together forming complicated structure other than graphite.
The disadvantages of using hard carbon in batteries field are 1) Poor high rate
performance; 2) The discharge curves are not flat but gradual slopes are seen: 3) It has a
large initial irreversible capacity. Because of the slow rate in Li doping/ undoping and
large irreversible capacity hard carbons doesn’t fit for batteries. Better performance and
reversible capacity are achieved by the use of nanostructured electrodes in lithium ion
batteries and the use of nanostructures also increases the insertion/removal rate of
lithium, increases the contact area with the electrolyte and enhances electron transport.
Generally, LiCoO, replaces lithium metal and kept as a cathode, a non-aqueous liquid
electrolyte, graphite electrode as anode [42,43]. On charging, lithium ions are
deintercalated from the LiCoOjand pass across the electrolyte to intercalate with graphite
layers.
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Advantages in using nanomaterials for lithium batteries [44,45],

e The rate of lithium insertion/removal increases with a decrease in dimensions and
the characteristics time constant for diffusion are given by t = L%D where L is the
diffusion length and D is the diffusion constant.

e The nanometer sized particles enhance the electron transport within the particles.

e The high surface area of nanomaterial permits high contact area within the
electrolyte.

e For very small particles, modifications can be done on lithium ions and electrons
which result in a change of electrode potential.

Disadvantages of using nanomaterial for lithium batteries
e Synthesization and the dimensions of nanoparticles are very difficult.
e The high surface area may lead to more side reactions in maintaining difficulties
in interparticle contact.

3.2  Nanomaterials as electrodes

Transparent conductive electrodes are considered as an essential feature in solar cells,
liquid-crystal displays, alight-emitting diode and in touch screens. Tin-doped indium
oxide (ITO) are generally used as a transparent electrode in polymer solar cell. Due to
high cost, low availability and brittle nature of ITO alternative materials such as
polymers, nanowires, CNTs, and graphene were used. Among them, CNTs and graphene
were considered to be an efficient transparent electrode which shows high performance.
High electrical conductivity, low optical absorption, surface smoothness, chemical
stability, and flexibility are the qualifying properties which makes graphene a transparent
electrode. The disadvantages like low conductivity are the drawbacks of graphene in
using as transparent material. CNTs in flexible form were found to be a trustable material
for the transparent electrode. The thickness of about 5-50 nm and optical transmittance of
60-90% were found in CNTs. To make CNTSs flexible they are deposited on the top of the
plastic substrate and can be used as a flexible material in electronics like flexible organic
light-emitting diodes (OLEDs). A Korean research team from Pohang University has
developed flexible OLEDs with high efficiency using graphene as a transparent electrode.
The combination of graphene and CNT shows the synergistic effect and it improves the
conductivity. At high current density OLED Graphene quantum dots, graphene and CNTs
are recently used as acceptor/donormaterials. The use of carbon nanomaterials improves
the charge transport as well as a uniform dispersion in donor or acceptor. Carbon paste
electrode (CPE) is a kind of heterogeneous carbon electrode with a mixture of graphite,
glassy carbon and other carbonaceous materials, water-immiscible and non-conducting
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binder and they are applicable for electrochemical as well as electro analysis due to their
low cost, feasibility, miniaturization, easy preparation, etc. The advantageous of using
CPE is that desired compositions with determined properties can be prepared. The
method in which the CPE is prepared are important for its property determination and the
characteristics such as structure, particle size, conductivity, porosity, sorption, purity, the
surface composition also strongly influencing the properties of CPE. In some papers CPE
are also used for detection of antioxidants and used in cyclic voltammetry experiments
which are used for identification, characterization, and quantification. Screen printed
electrodes (SPE) are modified using single or multi-walled carbon nanotubes, nanofibers,
fullerenes, microspheres, etc. A number of works were done using SPE based sensors full
characteristics and the comparison with different material was not fully done. In many
applications like analytical chemistry, biology, medicine, pharmacy SPEs are used.
Counter electrodes are used as a mediator in the regeneration of sensitizer after electron
injection into the photo-anode. Generally, platinum is used as CEs but due to its high
cost, platinum is replaced by carbonaceous material and another important factor to use
the carbonaceous material as CEs is its corrosion resistivity towards iodine and high
electrical conductivity. Compared to platinum, carbon compounds are found to be lower
in catalytic activity but they are compensated by increasing the active surface area of the
electrode by using a porous electrode structure. Graphite powder is generally used in the
preparation of porous carbon electrodes. It was found that the catalytic activity of
graphite counter electrodes may be enhanced by adding about 20% of carbon black
[46,47].

3.3  Hydrogen storage system

Hydrogen meets the goal for renewable and cleaner energy option. It was considered as a
safe and versatile source of fuel which can be converted to the desired form without any
release of harmful emissions. It is considered as ideal fuel for the future as it controls the
emission of greenhouse gases and it also reduces the dependence on fossil fuels.
Hydrogen is mainly used in the form of fuel cells during usage, hydrogen is directly

converted to water, electricity, and heat
H, + % O, — water molecule + electricity +heat

Hydrogen has been considered as an alternative source by major countries and hydrogen
storage becomes a key factor for hydrogen policies and it is important a hydrogen needs a
crucial method for storage [48,49,50]. Hydrogen are used as fuel for transportation and
for stationary as well as portable applications such as power supply back-up and to power
generators. Hydrogen is stored in various forms like

e Compressed form ranging from 20 MPa to 100 MPa.
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e Liquefied cryogenic form when large amount of hydrogen are transported

e Chemisorption by intermetallides

e Carbon nanotubes, fullerenes, zeolites, metal organic frameworks by adsorption
process

e Hydrogen bounded in aromatic substrates with cycles of hydrogenation and
dehydrogenation.

The use of liquid hydrogen is unimaginable due to its cost, maintenance and storage at
cryogenic storage temperature [51,52]. When comparing to liquefied hydrogen,
compressed hydrogen is found to be cheaper. Nanotechnology was found to be an
efficient method for storing hydrogen, particularly carbon nanotubes capture hydrogen by
means of chemisorption and physisorption. Physisorption was found to be an easy
technique as it supports reversible technique, adsorption-desorption kinetics and it is easy
to handle. In materials with porous carbon structures, zeolites hydrogen are physisorbed
on the pores and it mainly depends on the factors such as pore size, surface area,
accessible surface area, surface chemical composition, pressure and temperature. Among
them, surface area and the pore structure are the important parameters [52,54].

Fullerene and its related material show good storage capacities towards hydrogen.
Fullerene application towards storage of hydrogen molecules was found to be a
promising technology but rare amount of research was done regarding hydrogen storage
and fullerene. Due to low volumetric energy density of hydrogen, hydrogen is stored in
compressed form in alloys and CNTs. Coated fullerene plays an ideal role in hydrogen
storage applications. Ni-coated fullerene can store three hydrogen molecules and
hydrogenated silicon fullerence are also suitable for hydrogen storage [55,56]. Ca-coated
fullerene, Ca-coated boron fullerene, Mg-coated boron fullerene are reported for
hydrogen storage. Recently a electrochemical compressor with a membrane electrode has
been found to be an efficient method than conventional compressing methods. But the
drawbacks such as humidity affects the compressed hydrogen. It has been noted that
coated fullerenes show ideal performances towards hydrogen storage applications.
Calcium coated fullerenes show high capacity in storing hydrogen [57-59].

3.4  Thermal energy storage

Solar is a supreme source of energy and it is a vital and abundant resource. The biggest
challenge behind the utilization of this kind of renewable energy is the geographical
location, atmospheric conditions, cost, etc. The use of solar collectors was considered to
be one of the efficient ways and it converts solar to thermal energy. Three types of solar
collector technologies are in use which are,
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1. photo-voltaic collector
2. Solar thermal collector
3. Photo-voltaic and thermal collector

Photovoltaic collector converts solar energy into electricity using semiconductor material
like Si, SiO,, GaAs, CuS, etc. and the produced electricity can be used for various
applications. In solar thermal collector, solar energy is converted directly into heat energy
and the photovoltaic thermal collector is a combination of both thermal and photo-voltaic
which converts solar energy to electricity and thermal energy. Generally, water is used as
a thermal storage element in household applications apart from this the energy collected
using solar cells has to be stored efficiently. Abundant of solar energy is available during
day time therefore efficient thermal storage material are to be identified in order to store
the excess thermal energy during the night. Thermal energy storage materials should have
following parameters for its better storage which are:

1. Eco-friendly nature

2. High thermal conductivity

3. It should have low thermal energy loss
4. Low cost

5. Thermal storage capacity should be high

Sensible heat storage, latent heat storage and chemical heat storage are three types of
techniques used by thermal storage material. The sensible heat storage are divided into
liquid storage media and solid storage media. Nanomaterials are used in liquid storage
media by dispersing the nanoparticles into conventional base fluids like water, engine oil,
etc. The thermal conductivity of nanomaterials depends on particle size, particle shape,
material, type of fluid and temperature. Solar cells have the capability to convert solar
energy into electricity. Silicon based solar cells are dominating the market for its stability
and efficiency but the drawbacks such as high cost, inflexibility, lack of transparency and
color tunability lead to the search of new combinations. The qualities of graphene such as
low cost, flexibility, optical transparency and high conductivity are the ideal
characteristics to choose as electrodes in organic solar cells. Spin coating, spray coating,
hot pressing and CVD are the methods for the deposition of graphene into electrodes [60-
62].
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3.5 Nanomaterials as Fuel cells

Fuel cells convert chemical energy directly into electricity without burning. Based on
different electrolyte materials different varieties of fuel cells can be synthesized. All fuel
cells have an anode, the electrolyte and a cathode. Research is done to improve the
performance of proton exchange fuel cells (PEMFCs). Hydrogen and methanol are used
as a source in the direct hydrogen and direct methanol PEMFCs. It has been noted that in
order to make DMFCs commercially available anode catalyst doping needs to drop below
1.0mg/cm? and Pt-alloys used as anode material. In order to avoid precious metal as
anodes carbon material are used as catalyst support as well as free catalyst [63,64]. Many
types of research were done in this field in order to lower the load of metals and to
enhance the catalyst activity carbon nanomaterials are used as catalyst support in organic
solar cells. Carbon blacks are used as support materials for PEMFC, their characteristics
like specific surface area, electrical conductivity, mechanical strength, corrosion
resistance. Carbon support of large surface area is needed in order to provoke high-
performance of PEMFCs. It is found that Vulcan XC-72 have high surface area among all
carbon black materials and is widely used as catalyst support in PMFCs. The pore
structure of the carbon catalyst also affects catalytic activity of the catalyst [65,66]. Three
classifications are seen in VulcanXC-72 they are micropores (greater than 2 nm),
mesopores (2-50 nm) and macropores (lesser than 50 nm). High electrical conductivity is
required for high catalytic activity of supported catalyst and Vulcan XC-72 proved to be a
good catalyst supporting material by having high electrical conductivity. CNTs are used
as supporting material for its high surface area, mesoporosity, electrical conductivity,
mechanical strength and corrosion resistivity. Comparing to carbon black CNTs enables
dispersed and uniformly distributed deposition of catalyst nanoparticles and facilitates the
formation of triple-phase-boundaries. For hydrogen PEMFCs, it has been researched that
CNT supported Pt catalyst with 12 wt% Pt loading would give 10% fuel voltage and
twice the power density than the previous non supported Pt catalyst. High mechanical
strength and corrosion-resistance of CNTs provide excellent durability for nanotube
electrode materials [67,68]. Nitrogen doped-CNTs have promising technology either as
supporting material or as a metal-free catalyst. N-doping strengthens the binding between
the catalyst and CNT surface to increase the durability of the catalyst. Aligned structures
are also preferred for NCNTSs for the application of fuel cells than conventional CNTs. N-
doped Carbon nanotube fiber show 10-fold increase in catalytic activity for the
decomposition of H,O, in both neutral and alkaline conditions and still it shows less
electroactive properties when compared with a platinum catalyst. According to quantum
mechanics calculations, the carbon atoms adjacent to nitrogen dopants of vertically
aligned nitrogen doped CNTSs possess high positive charge density to counter balance the
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strong electron affinity of the nitrogen atom. Like CNTs graphene also show
attractiveness in using graphene as a metal free catalyst. The graphene material and their
N-doped derivatives are produced using methods like chemical vapor deposition,
chemical reduction of graphite oxide, exfoliation of graphite, microwave plasma reaction
and atmospheric pressure graphitization of silicon carbide [69-71].

3.6  Capture of carbondioxide and methane

Greenhouse gases, carbon dioxide, and methane, nitrous oxide, sulfur hexafluorocarbon,
hydrofluorocarbon, etc. are the resultant for the increase in the concentration of global
warming. Carbon dioxide and methane are abundantly emitted greenhouse gases. The
largest source of CO, production is from fossil fuel plants and purification of hydrogen
from biomass. The anthropogenic sources for CH, are from livestock, natural gas
production and distribution, landfill and from coal mining. Cleaner and environmental
friendly processes are to be introduced in order to reduce CO, emission. It was noted that
conventional adsorbents are not as efficient in storing methane. The number of
physicochemical properties of nanomaterials supports gas purification and gas capture.
The size of the nanomaterial makes the surface reactive and nature provides stability and
robustness. Advanced nanoporous materials, porous organic polymers received attention
In adsorption storage applications [72,73]. Due to wide availability, low cost, electrical
and heat conductivity, thermal and chemical stability, low sensitivity to moisture
carbonaceous adsorbents are used for CO, capture or storage. The capacity of activated
carbon depends upon the textural properties, surface groups of the carbon-based
adsorbents. CNTs have been reported for the storage of natural gas for its large pore
volume, high specific area, thermal stability, mechanical stability. It has been reported
that the mixture of CNTSs is used for the adsorption of CH4, CO, and H,S. Based on the
conceptual models CNTs are reported for its adsorption towards natural gas storage.
Graphene is also considered as lighter and cheaper material in the production of solid-
state gas adsorption materials. For CO, sequestration, biogas upgrading, air
dehumidification nanoporous graphene materials are applied. Fe;O*-graphene shows CO,
sorption capacities greater than any other materials and continuous researches are done
on this topic. In order to enhance the adsorption properties, graphene and CNTs are
modified using different compounds. The sorption of gas molecules on the surface of
carbonaceous material depends upon electrostatic attraction, dispersion materials, van der
Waals interaction or charge transfer. Due to exceptional and unimaginable properties
nanomaterials are found to be suitable materials in adsorbing natural gases and the
modified form of carbon nanomaterials with metals give promising results toward gas
adsorption [74].
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4.

Conclusion and future development

Energy is considered as an important element in today’s life style. Energy conservation
and storage are the areas where alternative strategies related research has to be carried
out. Nanotechnology, their synthesis and characterization tools excite us drastically. It is
evident that there will be continuous improvement in the field of nanotechnology for
energy storage systems. In nanomaterials particularly carbonaceous nanomaterials
receive greater attention because of its unbelievable properties and its abundant
availability. A great future is seen for biomass related carbon nanomaterials and in hybrid

materials.
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Abstract

Molecular dynamics simulation has been used to study the effect of capping carbon
nanotubes (CNT) with hemispherical caps on mechanical properties of CNTs. Simulation
has also been performed for studying the effect of volume fraction (V) on the mechanical
properties of CNT reinforced poly methyl metha-acrylate (PMMA) composites. Materials
Studio 8.1 has been used as a tool for finding the longitudinal (E;;), transverse (E,,) and
shear moduli of the composites. Results show that capped CNTs have lower moduli in
comparison to the uncapped CNTs. Adding CNTs into PMMA increases Ej; till V; of
12%.
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1. Introduction

The fullerenes, named after Buckminster Fuller were brought to light in 1985 by Richard
Smalley, Robert Curl, James Heath, Sean O’Brien and Harold Kroto [1], all researchers
from the Rice University. C60, the allotrope of carbon was the first discovered fullerene.
The carbon atoms in C60 are sp? hybridized and their arrangement is in such a manner
that it takes a shape similar to that of a soccer ball. The discovery of C60 was also an
accident like many other scientific breakthroughs. Smalley and Curl found a way to
examine the atom clusters formed by laser vaporization with mass spectroscopy. It caught
the attention of Kroto [1] subsequently as he was researching on interstellar dust, the long
chain polyenes formed by red giant stars. When they vaporized graphite using laser, they
could create and evaluate extended chain polyenes. Two major peaks were observed in
mass 720 and a little lower at mass 840 corresponding to 60 and 70 carbon atoms,
respectively. The band structure of graphite was first discovered by Wallace [2] in 1947
but multi -walled nanotubes (MWCNTS) were not discovered up to that time. In this
article, we have concentrated on single walled carbon nanotubes (SWCNTS).

In 1990, Richard Smalley [3] proposed the presence of a tube-shaped fullerene and a
bucky tube that could be finished by extending a C60 molecule. In 1991, Dresselhaus [4]
recommended for CNT capped at both end by fullerene hemispheres at a fullerene
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workshop in Philadelphia. But only after lijma [5] imaged MWCNTS using transmission
electron microscope (TEM), the presence of CNTs was experimentally recognized. After
two years of his surveillance on MWCNTSs, lijima [5] along with his coworkers and
Bethune with his coworkers simultaneously and self-sufficiently spotted SWCNTS.

Though lijma [5] is recognized for the official discovery, CNTs were already observed 30
years ago by Bacon [6] at Union Carbide in Parma. He probably found CNTs in his
samples during a study of melting point of graphite under high temperature and pressure.
He stated the presence of carbon nano whiskers and proposed a scroll like structure in his
paper published in 1960. Endo [7] also imaged nanotubes via high resolution TEM in
1970. Although CNTs were found four decades ago, but their significance was not known
until the discovery of fullerenes. CNT research has established into an important area in
nanotechnology growing at a tremendously fast rate.

Several mechanical properties of capped and uncapped SWCNTSs have been studied by
researchers. Zhou and Shi [8] used a bond order potential for molecular dynamics (MD)
simulations to predict the mechanical properties of SWNTs under tensile loading with
and without hydrogen storage. (10,10) armchair and (17,0) zigzag CNTs were studied.
Up to the necking point of the armchair CNT, two twisting stages were recognized. In the
principal stage, the elongation of the nanotube was mainly owing to the changing of
angles among two neighboring carbon bonds. Young’s Modulus obtained at this stage
was similar with earlier research. In another stage, the lengths of carbon bonds were
protracted up to the fracture point. The tensile strength at this stage was more advanced
than that detected in the principal stage. Comparable outcomes were also established for
the zigzag CNT with a minor tensile strength. Griebel and Hamaekers [9] performed MD
simulation to evaluate the elastic moduli of polymer-CNT composite. SWCNT was
embedded in polyethylene and MD was used to develop a stress strain curve by
Parrinello-Rahman [10] approach. It was observed that CNT can tolerate extreme
distortion without fractures. The results of elastic moduli were compared with the rule of
mixture (ROM) predictions. Three periodic systems, i.e. a finite CNT embedded in
polyethylene, polyethylene mixture itself and infinite CNT were studied. In case of short
CNT the result was in agreement with ROM.

Mylvaganam and Zhang [11] discussed essential topics of MD simulation for examining
CNT and their mechanical properties. On the basis of discussed parameters the structural
changes in both armchair and zigzag CNTs and also their elastic modulus were examined.
The elastic modulus of armchair was 3.96 TPa and Poisson’s ratio was 0.15 and Young’s
modulus for zigzag was 4.88 TPa and Poisson’s ratio was 0.19. The ultimate tensile strain
of a CNT was about 40% before atomic bond damage. The armchair tube experienced a
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greater tensile stress as in comparison to the zigzag tube. Zhou et al. [12] (2004)
examined the interfacial bonding of SWCNTs/epoxy composites. MD simulation was
used to predict the interfacial bonding between the cured epoxy resin & CNT. On the
basis of the simulation, the interfacial shear strength between nanotubes and cured epoxy
was determined to be 75MPa which indicated a strong and efficient stress transfer from
resin to nanotube. The scattering and strong interfacial bonding of the nanotubes with
epoxy resin resulted in a 250-310 % increase in the modulus with an addition in 20-30
weight% nanotubes.

Bao et al. [13] used MD simulation to determine the mechanical properties of the CNT.
The interatomic short-range interaction and long-range interaction of the CNT were
modeled with the help of REBO potential and LJ potential. All three types of SWCNTSs
I.e. armchair, zigzag and chiral were examined. It was observed that elastic modulus of
SWCNTs was 929.871 GPa. Gao and Li [14] studied shear lag model for CNT/polymer
composite using a multiscale approach. Molecular structural mechanics was used to
determine the Young’s modulus of capped CNT. It was observed that capped CNT
represents an effective fiber having the same diameter and length, but having different
Young’s modulus by putting nanotube under an iso-strain condition. It was also detected
that aspect ratio of nanotube was the governing parameter for CNT/polymer composites.
Young’s modulus for capped and uncapped SWCNTSs increased quickly when length was
less than 10 A and after that become almost constant.

Deng et al. [15] assembled MWCNT reinforced 2024 Al composite by mixing 2024 Al
powder and CNTSs. Fabrication was achieved with the help of both hot and cold extrusion
processes. It was discovered that when the temperature range was 400 °C, the storage
modulus achieved was 82.3 GPA and damping capacity of composite with frequency
0.54 Hz reaches up to 975x10°. So, to achieve a high range of damping capacities at very
high temperature without affecting mechanical properties and stiffness, CNTs should be
used as a desirable reinforcement. The damping capacities were uniform with increasing
temperature, but when the temperature was 200 °C the damping capacities increase with
increase in temperature and frequency was inversely proportional to damping capacities
which means it decreases with increase of damping capacity.

Adnan et al. [16] discussed the effect of filler size on the mechanical properties of
CNT/polymer composites using MD simulation. It was observed that Young’s modulus
was inversely proportional to the bucky ball size. With decrease in the Bucky ball size the
elastic modulus of CNT/polymer increased. Han and Elliott [17] evaluated the Young’s
modulus of two different amorphous polymer matrices of PMMA/SWCNT and
PmPV/SWCNT with different volume fraction. It was also observed that when the
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interaction between CNT/polymer was strong the interfacial ordering effect can’t be
ignored. Simulation results were in agreement with ROM results that show there was
strong interfacial interaction between CNT/polymer. Mokashi et al. [18] performed MD
simulation on SWCNT reinforced polyethylene (PE) composites to evaluate the
mechanical properties of the model. It was observed that Young’s moduli of crystalline
CNT/PE were 212-215 GPa, which was in agreement with the experimental data. It was
concluded that elastic stiffness of amorphous PE was 3.19-3.69 GPa and tensile strength
of amorphous PE was 0.21-0.25 GPa. Significant rise was detected in the tensile
properties when amorphous PE was reinforced in longitudinal direction. Reduction in
both the properties was witnessed when amorphous PE was reinforced by inserting
CNTs.

Cho and Sun [19] examined Young’s modulus of polymeric nanocomposite with MD
simulation. Spherical nano particles were added to create a model. With the help of
numerical performed tensile test it was observed that elastic modulus of nanocomposites
were affected by the size of nano-particles and also by the interaction strength between
nano-particles and polymer chains. It was observed that elastic modulus of the
nanocomposite was inversely proportional to the size of the nanoparticles. As long as the
strength was more or equal to the polymer-polymer interaction the elastic modulus
increase with a decrease in the size of nano particles. Gan and Zhao [20] performed
Hartree-Fockland density functional analysis on capped SWCNT with the number of
atoms up to 400. The hypothetical analysis of capped SWCNT was done. The average
bond length determined for SWCNTSs with smaller diameter was larger as compared to
the SWCNTs with larger diameter. It was also observed that the average bond length
decrease with the number of atoms. Ganji et al. [21] studied the effect of curvature,
elastic modulus of armchair SWCNTs and the average energy of atoms under axial
strains using self-consistent charge density function. It was concluded that by increasing
the amount of curvature the average density and elastic modulus of (7-7) SWCNTs was
decreased and equilibrium carbon-carbon distance was increased. It was also discovered
that (5-5) SWCNTSs did not show any variation in average energy of atoms and Young’s
modulus with increase in curvature. The Young’s modulus and the average energy of
atoms of SWCNTs armchair was less for small diameter as compared to large diameters.
The elastic modulus of straight (7,7) CNT was 1.22 TPa , for 1-curve was 1.20 TPa, for
2-curve was 1.12 TPa and for 3-curve was 0.98 TPa.

Fereidoon et al. [22] studied SWCNTSs in both periodic and non-periodic system. Elastic
properties of (6,6) SWCNTSs were investigated with the help of density functional theory.
Axial and torsional strains were applied on both periodic and C-capped CNTSs. It was
observed that elastic modulus of the CNT was directly proportional to the length of the
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nanotubes. As the length of the nanotube increases the modulus of periodic CNT also
increases and after a certain value it become constant. It was concluded that C-capped
CNT display opposite behavior to a periodic CNT under compression. The elastic
modulus for capped CNTs was always high than other types of CNTs. Gao et al. [23]
compared the electrical resistance of capped CNT/Cu interface and open end CNT/Cu
interface. It was concluded that capped CNT/Cu interface has lack of dangling bonds of
carbon atoms at the capped end of CNTs which leads to a decrease in the interfacial
bonding. The electrical resistance of capped CNT/Cu interface was much higher.
Haghighatpanah and Bolton [24] investigated a (6,6) CNT/PE system for minimum
energy structure as well as binding energy between CNT/PE with molecular mechanics
and with first principle method. It was concluded that force fields were in qualitative
promise with the first principles results and PE chains may wrap everywhere on
SWCNTs. It was calculated using the COMPASS force field for (5, 5) SWCNTSs relating
to a PE chain. This force field was utilized to calculate the mechanical properties of (5, 5)
SWCNT/PE nano composites. It was discovered that interfacial shear stress of
SWCNT/PE was 141.09 MPa and interfacial bonding energy of SWCNT/PE was 0.14
N/m. The simulations indicated that mechanical properties were not affected when small
size SWCNTs were used in CNT/PE whereas using large SWCNTSs enlarged the Young’s
modulus of CNT/PE axial direction.

Jeong and Kim [25] performed MD simulations of SWCNTSs filled with fullerenes C60.
The different behavior of SWCNTs completely filled with C60 fullerenes, under
compressive, combined tensile-torsional, tensile, and torsional loads were observed.
Multiple failure modes in combined tension-torsion were examined. In the cases of
uniaxial loading, merging the CNTs with C60 fullerenes prominently increase their
compressive and torsional buckling loads (not tensile failure loads), and the amount of
rise was advanced in torsional loading. The explanations under mutual tensile-torsional
loading depict that as the tensile failure load falls with combined torsion, the torsional
buckling load rises with combined tension. Mahboob and Islam [26] performed MD
simulation to study the effect of stone-wales (SW) flaws on the mechanical properties of
composites reinforced with SWCNTSs. It was discovered that the longitudinal modulus of
composites was powerfully reliant on the number of SW defects and CNT volume
fraction. It was concluded that as the number of SW increases the elastic modulus of
SWCNT falls which means both were inversely proportional to each other. Elastic
modulus of the PE achieved from the MD simulation was in agreement with PE
properties available in the literature. Shao et al. [27] performed density functional theory
to study the effect of hydrogen, oxygen and nitrogen atomic chemisorption on (5-5)
capped armchair SWCNTSs. It was concluded that oxygen and nitrogen chemisorption
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could break the C-C bond to form doping type structures and C bonds became weaker by
H chemisorption which favor hydrogen storage. The total amount of charge transferred
between N or O atom and the carbon atoms was expected to be higher with N adsorption
around the cap portion. It was concluded that due to small local curvature radius atomic
chemisorption was much stable than on the cap as compared to tube. The work function
increased to 5.0 eV with the adsorption of N and O and decreased to 4.8 eV for H
adsorption as compared to 4.89 eV for the clean tube.

Sharma et al. [28] concluded that CNTs containing no defect exhibited excellent
mechanical properties. CNTs show many defects like vacancies, doping, SW defect,
hybridization which come into existence during purification and chemical treatment. MD
simulation was performed to evaluate the effect of these defects on the elastic moduli of
CNTs. Effect of the above mentioned defects on the mechanical properties of the
SWCNTSs was studied using MD simulation. A step by step reduction in elastic moduli
was noticed with increasing diameter and no of defects in SWCNT. The elastic moduli of
CNTs with SW defects were found to decrease with increase in number of defects.
Sharma et al. [29] studied polymer/CNT composites by embedding SWCNT in two
different amorphous polymer matrices of poly methyl metha acrylate (PMMA) and poly
m-phenylene vinylene (PmPV) with the help of MD simulation. The obtained results
were compared with the macroscopic rule of mixtures (ROM) for composite systems
which showed that there was a large deviation of MD results from the ROM for strong
interfacial interaction.

Based on the literature review, following conclusions could be drawn:
(i) Most of the work was carried out on open ended SWCNTSs. There was a negligible

amount of work done on closed end or capped SWCNTs. There was no literature
review available about the modeling of elastic properties of capped SWCNTSs.

(ii) No data was available about the mechanical properties of capped SWCNTSs reinforced
poly methyl metha acrylate (PMMA) nanocomposites.

(iii)Most of the work has been done for continuous CNTSs. In most of the cases, only
longitudinal modulus and the corresponding loss factor have been evaluated and other
moduli have not been given much importance.

In this study, in addition to longitudinal modulus, transverse and shear moduli have been
calculated.

2.  Materials and method

MD is a computer model for learning the corporeal actions of atoms. The atoms are
permitted to collaborate for a stable time, to generate a vision of the dynamical
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development of the structure. In many cases, the routes of atoms are obtained
by mathematically explaining Newton's equations of motion for a structure of relating
particles and molecular mechanics (MM) was utilized to describe the forces between
atoms and their potential energies. The technique was first established in the area of
assumed physics in the late 1950s, but was applied in the study of materials science. It
was a challenge to examine the properties of such a complex molecular system
comprising of a large number of particles. By using mathematical methods this problem
can be resolved. However, extended MD simulations are precisely ill-conditioned,
generating growing errors in numerical integration that can be diminished with proper
choice of algorithms and parameters, but not removed entirely.

The development of a single MD simulation may be used for the systems which follow
the ergodic hypothesis to describe thermodynamic possessions of the structure. The time
arithmetic mean of an ergodic system resembles to Micro-canonical ensemble (NVE)
joint averages. MD was also known as "statistical mechanics by figures™ and "Laplace's
vision of Newtonian mechanics” of forecasting the future by enlivening nature's
forces and permitting idea into molecular motion on an atomic gauge. In the NVE
ensemble, the system is inaccessible from variations in moles (N), volume (V) and
energy (E). It resembles to an adiabatic process with no heat exchange. A micro
canonical MD route may be understood as an argument of potential and kinetic energy,
with overall energy being conserved. For a structure of N particles with coordinates X and
velocitiesV, the subsequent duo of initial order differential equations may be inscribed
with Newton's notation given by Eq. (1) and Eq. (2).

F(X)=-VU(X) = MV (t) (1)
V(t) = X(t) (2)

For every single time step, all particles position (X) and velocity (V) may be joined with
a simplistic method such as Verlet. The time evolution of X and V is called a route. Given
the original positions and velocities we can compute all upcoming positions and
velocities. In the canonical collective (NVT) ensemble, amount of substance (N), volume
(V) and temperature (T) are preserved. It is also known as constant temperature
molecular dynamics (CTMD). In NVT, the energy of endothermic to exothermic
processes is swapped with a thermostat. A variation of thermostat processes is accessible
to improve and eliminate energy from the borders of MD simulation in a supplementary
way, reminiscent of the NVT ensemble. General methods to govern temperature include
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velocity rescaling Nose-Hoover chains, the Berendsen thermostat, the Andersen
thermostat and Langevin dynamics. Note that the Berendsen thermostat influences
the hovering ice cube effect, which leads to un-physical conversions and revolutions of
the assembly. It was not easy to obtain acanonical supply of conformations and
velocities by using above algorithms. In the isothermal-isobaric collaborative or NPT,
amount of substance (N), pressure (P) and temperature (T) are preserved. A barostat was
required along with the thermostat. It resembles most faithfully to laboratory
circumstances by a flask open to ambient temperature and pressure. There are different
ways by which position of a particle in successive time intervals can be calculated:

(i) Verlet method: When velocity relations are not necessary for calculating molecular
position at the succeeding step, then this method was known as Verlet method.

(ii) Velocity Verlet method: When the system uses both velocities and positions side by
side by ensuring that the system temperature should remain constant. Any system in
which both velocity and position of the particle are required to calculate the position
of the particle at the next step, then the method is known as a velocity Verlet method.

(iii)Leapfrog method: The name was derived from the estimation of position and forces
and the velocities by using all of them in a leapfrog manner. This method is the best
method among all and provides better stability and accuracy than velocity Verlet
method.

The MD method can be used for both equilibrium and non-equilibrium physical
occurrence which makes it a dominant device which can be further utilized to simulate
numerous physical occurrences. The procedure of using the MD method by using the
velocity Verlet method is given below:

(i) Provide the initial position and velocity of all particles.

(ii) Determine the force acting on particles.

(iii)Determine the position of all particles at the next step.
(iv)Determine the velocities of all particles at the next time step.
(v) Now repeat the procedure from step 2.

In the above method the velocities and positions are determined at every time interval in
the MD simulation.

21 CNT

The single sheet of graphite (called graphene) when rolled into a cylinder forms a CNT.
The diameter was generally considered in the nanometer and length in micrometers. Due
to their huge aspect ratio, CNTs lead to unusual electrical support. Many of the CNTs
behave as metals and some of them behave as semiconductors.
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CNT has cylindrical nanostructure with a length to diameter fraction up to 132,000,000:1
which was considerably greater for any further metal. These CNTs were allotropes of
carbon and have unique properties. It has extraordinary thermal and mechanical
properties. The various types of CNTs are shown in Figure 1. SWCNTSs can be further
classified into two categories, i.e. open end and closed end SWCNTs. Open end
SWCNTs are those tubes which are open from both ends and also known as uncapped
SWCNTSs. The closed end SWCNT which is closed from both ends by hemi-spherical
caps. Both these types are shown in Figure 2.

2.2  Polymer

In this study, MD simulation has been performed to study the polymer/CNT composite
system. The polymer used in this study is poly (methyl metha-acrylate) or PMMA. The
structure of PMMA is shown in Figure 3. PMMA is the polymer of MMA with the
chemical formula (CsHgO,) . PMMA is a linear thermoplastic polymer and has low
elongation at break. It does not destroy on rupture and is the toughest thermoplastic. Due
to its low water absorption volume, PMMA is very appropriate for an electrical
engineering drive. It exhibits very good dielectric properties. It can survive temperatures
as low as -70 °C. Its resistance to temperature variation is very decent. PMMA can
transmit more light than glass. PMMA is an inexpensive multipurpose material. It is
accessible in extruded form or cast material in sheet, rod and tubes, as well as custom
outlines. Numerous forms of acrylics have been used in an extensive range of
applications such as in vehicles, medicines, optics, office equipment, electrical
engineering and many others.

2.3 Simulation strategy
The simulation approach used in this study has been discussed below.

After forming the polymer and CNT, the next step is to pack the polymer around the
CNT. This is done using the “Amorphous cell” module. Under “Amorphous Cell”, click
on the “packing” option, keeping the“quality” as “fine”. Give the essential density. Give
the “force field” under “energy” option. Give the file name of the polymer which is to be
packed outside the CNT by selecting from the pull-down menu under “option” in*
Amorphous cell”. To end click “Run” . At the end of this step, we will get a periodic cell
in which the polymer will be packed round the CNT.

(i) The next step is performing the geometry optimization using the“For cite module”.
There is “more” option in the for cite module. On clicking the option, we can give the
type of algorithm which is to be used for optimization and we also give the number of
interations for which the simulation will run.
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Figure 1. Structure of CNT (a) Armchair (10,10), (b) Zigzag (0,10) and (c) Chiral (7,10)
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Figure 2. (Left) uncapped SWCNT (5,5) and (Right) capped SWCNT (5,5).

Figure 3. Structure of PMMA

Parameters for optimization of the geometry have been listed in every chapter. Run the
optimization till the energy is minimized.

(ii) After geometry optimization, next step is dynamic run. Again, go to the “For cite”
module and select “dynamics” run instead of geometry optimization. Clicking the
“More” option will open a new window in which we specify the ensemble, velocities,
temperature, time step and the total number of steps. Select the quality as “fine” and
click “Run”. After the completion of this step, we can view the energy plot and the
temperature plot to see whether the system has been stabilized or not.

(iii)The next step is calculating mechanical properties. Under “For cite” module, select
the “Mechanical Properties” task. Specify the number of steps and maximum strain
amplitude. Here, we can again specify whether we want to optimize our structure or not.
Click “Run” to begin the task of mechanical properties calculation. At the end of this
step, we will get as tiffness matrix and the value of Young’s modulus. The simulation
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strategy discussed above has been shown in the form of the flowchart in Figure 4.

Build
Build CNT Po|ymer

Pack polymer

Outside CNT
Mechanical
properties
calcu ion
Geometry _
Optimization Dynamics

Run
(Energy Minimization) (Temperature and energy stabilization)

Figure 4. Flowchart of simulation strategy.

In MD simulation mutual atomic interaction as defined by force potentials related with
bonding and non bonding occurrences. The inter-atomic potential energy was the addition
of bonding energy and nonbonding energy:

U= Ubonding+Un0nbonding 3)

For CNT,the non bonding word is generally the energy of Van-der-Walls force, which
usually has a weak impact on the mechanical conduct among the atomic connection of the
carbon microstructure. The governing part of the overall potential energy and the bonding
energy is asummation of three dissimilar interactions among atoms: bond stretching, bond
bending and bond torsion.

Ubonded:Ubind—stretch+Uangle bend + Utorsion (4)

Ubond—stretch = Zb[kz(b - bo)z + ks(b - b0)3 + k4(b - b0)4] (5)
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Uangle—bend = Z@[kz(e - 90)2 + k3(9 - 90)3 + k4(8 - 90)4] (6)
Utorsion = Z(p[kl(l - COSQD) + kz(l - COSZ(/)) + k3(1 - COS3§0)] (7)

Here,

ki, k,, ks, andk, = Force constant evaluated experimentally
b, 6= bond angle and bond strength after stretching

b, ,8, = Balance bond length and bond angle correspondingly
¢ = Bond torsion angle

In all the simulations, periodic border condition (PBC) was used for reproducing the bulk
phase of the nanocomposite. This method of discussing the CNTs as a bulk solid has been
accepted by Griebel and Hamaekers [9]. The elastic moduli were calculated by adding the
normal mechanical forces recognized between carbon atoms in the CNT. The actual
elastic moduli, using the force method, can be calculated straight away from the viral
theorem given by Swenson [30] in which the expression of the stress tensor in a
macroscopic structure was given as the determination of atom coordinates and
interatomic forces. The method delivers a continuous portion of the internal mechanical
interaction among atoms in an atomistic calculation. The internal stress tensor can be
achieved using the so-called virial expression given by Swenson [30], as shown below:

o= ‘%[(Z?ﬂ m;(wiv])) + (Tics 135 )] ©

Where index i runs overall particles 1 through N; m;v; and f; means the mass, velocity
and force applied to particle i and v, and signifies the (un-deformed) system volume.The
application of stress on a body results in a modific at ion in the comparative positions of
atoms within the body shown by the strain tensor:

€11 €12 €13
Eij = €21 €&z &3 ©)
€31 &332 €&33

The elastic stiffness coefficients, relating several components of stress and strain are

defined by:
don 1 09%4
C = — = 10
Imnk ao.nk |T,an VO 6£lma£nk T,Zlman ( )
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Here, A signifies the Helmholtz free energy. For minor deformation, the connection
among the stress and strain may be shown in term of a general Hook’s law:

Oim = Cimnk€nk (11)

To analyze the axial young’s modulus (E;,) the atoms are displaced by u,;=&?,. The
average strain and stresses are:

&1 = & (12)
o1 # 0 buto;j = 0 (13)
Through MD simulation, the longitudinal Young’s modulus E;,can be inferred as:

Ei = % (14)

€11

In another simulation run, the load was applied either in the transverse or shear direction.
The internal stress tensor was then inferred from the methodically calculated virial and
used to obtain approximations of the six columns of the elastic stiffness matrix. The
engineering constants were calculated from elastic constants using the following relations
given by Christenen [31].

CEy(=Ca2+C23)+Ca3(—C11Ca3+CE,)

E33 = Ep = Cy + C11Car—CZ, (15)
Vy, = Vg = —22 (16)
12 13 C22+C>3
1
Gy3 = E(sz + C23) (17)
1
Ky3 = E(sz + C23) (18)
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If the strain is only applied in uniaxial direction, for example, in longitudinal direction,
the constant E,; is given as:

E, =22 (19)

€11

Likewise the shear moduli can be calculated. This method was given by Parrinello-
Rahman [10] and has been used by Griebel and Hamaekers [9].

3. Total potential energies and inter-atomic forces

The MD simulation method rests on the usage of appropriate inter-atomic energies and
forces. In this investigation, we have used the Condensed-phase Optimized Molecular
Potentials for Atomistic Simulation Studies (COMPASS) force field. This force field is
associated with the continuous family of force fields (CFF91, PCFF, CFF, and
COMPASS), which are strictly connected to second-generation force fields. COMPASS
is the primary force field that has been parameterized and authenticated using compressed
level possessions in accumulation to detect information for particles in isolation. Thus,
this force field allows precise and concurrent estimation of physical, conformational,
vibrational, and thermo-physical properties for an extensive-range of molecules in
isolation and in condensed phases.

The COMPASS force field comprises of expressions for bonds (b), angles (0), dihedral
(p), out-of-plane angles () as well as cross-terms, and two non-bonded functions, a
Coulombic function of electrostatic interactions and a 9-6 Lennard-Jones potential for
van der Waals interactions.

Etotal = Eb + EQ + E(p + Ex + Eb,b’ + Eb,9 + Eb,go + E@,(p

+E9'91 + E@,B’,(p + Eq + Euaw (20)
Ep=Xp[k2(b — by)? + k3 (b — by)> + k4 (b — by)*] (21)
Eg=Xglk, (0 — 00)* + k3(6 — 6,)° + k(60 — 6,)*] (22)
E, = Yolki(1 —cosp) + ky(1 — cos2¢) + k3(1 — cos3¢)] (23)
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E,=Y, k, x? (24)
Eyy = S k(b — bo)(b' — b)) (25)
Epo = Y k(b — bo)(6 — 6,) (26)
Epp=Y.0.(b — bo)[ky (cosg) + k;(cos2) + k;(cos3¢)] 27)
Epp = Y606 — 00)[ky(cosg) + ky(cos2¢) + k;(cos3¢)] (28)
Egor = X0,,(0 —0,) (6 —6,) (29)
Eggrp = Yoore k(B —05) (0 — 0,) cos ¢ (30)
Eq=2ij L:—qf (31)
Fuaw = Y1, € 1202 - 3(")) (32)
Where,

ki, k,, ks, andk, = Force constant determined experimentally
b, 6= bond angle and bond strength after stretching

b, ,8, = Equilibrium bond length and bond angle respectively
= bond torsion angle

X= out of plane inversion angle

Epp's Ebng Eng Eow Egg', Eggr o= Cross relations demonstrating the energy due to
interface between bond stretch-bond stretch, bond stretch-bond bend, bond stretch-bond
torsion, bond bend-bond torsion, bond bend-bond bend and bond bend-bond bend-bond
torsion respectively.

4.  Stiffness of SWCNTs

The stiffness of capped and uncapped SWCNTs has been simulated using the Materials
Studio 8.1 software. Simple steps for predicting the stiffness of capped and uncapped
SWCNTSs have been discussed below.
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4.1 Modeling of SWCNTs

The primary step was to model the SWCNTSs using the “Build” tool in Materials Studio.
We can build SWCNTs with dissimilar chirality (n, m). In this study, we have built
capped and uncapped armchair (n, n) SWCNTSs. Here, the integer ‘n’ controls the total
size of the CNT. The minimum value for ‘n’ is 1. Models of capped and uncapped
SWCNTSs have been shown in Figures 5-6.

4.2  Geometry optimization

The second step in MD simulation was the optimization or minimization of the model
that we're going to investigate. It is necessary to improve the structure after it has been
sketched because sketching generates the molecules in higher energy configuration and
beginning our simulation without optimizing our structure may lead to wrong results.
There are different kinds of optimization methods present in Material Studio viz., steepest
descent method, conjugate gradient and Newton-Raphson method. In the steepest descent
method, the line search direction was well-defined along the direction of the local
downhill gradient. These entire line search forms a new direction which was always
perpendicular to the earlier gradient. This ineffective performance was characteristic of
steepest descents, particularly on energy surfaces ensuring constricted valleys.
Convergence was slow near the minimum as the gradient approaches zero, but the
process was tremendously healthy even for structures that are far from being equilibrated.

Figure 5 Model of armchair (5,5) capped SWCNT.
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Figure 6 Model of armchair (5,5) uncapped SWCNT.

This method was generally used for generating low energy structure. It does not depend
on what the function was or where the process has begun. So this method of optimization
was used when the configurations were far from the minimum and gradients are very
large. In this study, the smart algorithm has been used which is a cascade of all the
overhead stated approaches. The parameters that were used in the optimization of models
have been listed in Table 1.

4.3  Dynamics

After geometry optimization or when an optimized structure has been achieved, the next
step was dynamics simulation. Classical equation of motion was modified in this step to
agree with the result of temperature and pressure of the model. The constructed model
was put into an ensemble with constant number of atoms, volume and temperature

Table 1 Geometry optimization parameters for capped and uncapped SWCNTSs.

S.No Parameters Value
1 Algorithm Smart
2 Quality convergence tolerance Fine
3 Energy convergence tolerance 10™ kcal/mol
4 Force convergence tolerance 0.005 kcal/mol/A
5 Displacement convergence tolerance 5x10~ A
6 Maximum no. of iterations 5000

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials

Materials Research Forum LLC

Materials Research Foundations 42 (2018) 57-92

doi: http://dx.doi.org/10.21741/9781945291975-3

Table 2 Dynamics run parameters for capped and uncapped SWCNTSs.

S.No Parameters Value
1 Ensemble NVT
2 Initial velocity Random
3 Temperature 300 K
4 Time step 1fs
5 Total simulation time 50 ps
6 No. of steps 5000
7 Frame output every 5000
8 Thermostat Anderson
9 Collision ratio 1
10 Energy deviation 5x10* kcal/mol
11 Repulsive cutoff 6 A

(NVT) simulation at a temperature of 298 °K for 5ps with a time step of simulation 1 fs.
In the NVT approach the structure was thermally stabilized. After that Anderson
thermostat was provided in the simulation and a temperature was maintained at 298 °K.
The main purpose of the dynamics run was a trajectory file that has data for the atomic
configuration, velocities and other information that were recorded in a period of time
steps. The different parameters used in these steps have been listed in Table 2.

4.4  Mechanical properties

Table 3 Mechanical properties simulation parameters for capped and uncapped

SWCNTSs.

S.No Parameters Values
1 Number of strains 6
2 Maximum strain 0.003
3 Pre-optimize structure Yes
4 Algorithm Smart
5 Maximum number of iterations 500
6 Forcefield Compass
7 Repulsive cutoff 6 A
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After the dynamics run the next step was to calculate the mechanical properties. For the
calculation of mechanical properties of capped and uncapped SWCNTSs, the
“Forcite”module has been used. With the help of Forcite module, elastic modulus of
single structure or series of structures can be calculated. External stresses balanced the
internal forces if the structure was in equilibrium. For the calculation of mechanical
properties of the capped and uncapped SWCNTSs the parameters that were used have been
listed in Table 3.

5. Results and discussion

In this section the results obtained for the mechanical properties of capped and uncapped
SWCNTSs have been discussed in detail. Several models of capped and uncapped (5,5)
armchair SWCNT of different length but having the same diameter were constructed.
Two capped armchair (5,5) SWCNTs having lengths of 12 and 34 A have been shown in
Figures 7 and 8 respectively. The variation in temperature with time for capped armchair
(5,5) SWCNT has been shown in Figure 9. The dynamics run was performed for 50 ps
using Forcite module of Material Studio 8.1. The structures of uncapped armchair (5,5)
SWCNTs with lengths of 12 and 34 A have been shown in Figure 10 and 11.

Variation in Young’s modulus (E;;) for capped and uncapped armchair (5,5) for
different lengths has been shown in Figure 12. Gao and Li [14] have explored the
dependence of Young’s modulus of capped and uncapped SWCNT for different length
using MD simulation and observed that Young’s Modulus for capped and uncapped
SWCNT increases quickly when the length was less than 20 A and after that becomes
almost constant. It has been observed that Young’s modulus for capped and uncapped
armchair (5,5) SWCNT increases with an increase in the length of CNT.

E

Figure 7. A capped armchair (5,5) of length 12 A
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Figure 9. Dynamics run showing the variation of temperature with time for capped (5,5)
SWCNT.

Figure 10. An uncapped armchair (5,5) of length 12 A
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Figure 11. An uncapped armchair (5,5) SWCNT of length 34 A
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Figure 12. Variation of Young’s modulus for capped and uncapped SWCNT for different
length.
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Table 4 Young's modulus of capped and uncapped SWCNTs for different lengths.

S.No | Length No. of No. of Young’s Young’s
(A) Atoms for | Atoms for modulus for modulus for
uncapped capped capped (5,5) uncapped
SWCNT SWCNT | SWCNT (GPa) | (5,5) SWCNT
(GPa)
1 12 100 110 835.89 972.64
2 19 160 170 836.90 984.23
3 24 200 210 846.81 987.60
4 27 220 230 847.86 998.02
5 34 280 290 848.72 1002.24
Average 843.23 988.94
Table 5 Bulk modulus and shear modulus of capped and uncapped SWCNTs for different
lengths.
Bulk modulus | Bulk modulus Shear Shear
of uncapped of capped modulus of | modulus
SWCNT (Gpa) | SWCNT (Gpa) | uncapped | of capped
S.No | Length (A) (Voigt) (Voigt) SWCNT | SWCNT
(Gpa) (Gpa)
(Voigt) (Voigt)
1 12 106.86 34.94 59.06 3.68
2 19 107.25 42.59 59.10 8.68
3 24 111.95 51.20 59.47 12.12
4 27 112.052 58.142 58.89 12.90
5 34 112.59 62.95 59.50 13.19
Average 110.14 49.96 59.204 10.11

The average Young’s modulus, E;, for capped (5,5) armchair SWCNT was 843.23 GPa
whereas for the uncapped (5,5) armchair SWCNT, E;; was 988.94 GPa. Figure 12 shows
the variation in the Young’s modulus of capped and uncapped armchair (5,5) SWCNT for
the different lengths. The results of the present study differ slightly from those given by
Gao and Li [14] because of the length and simulation technique. Gao and Li [14] used
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and the present study was based on MD simulation. The present study concludes that
Young’s modulus of capped and uncapped armchair (5,5) SWCNT increase with the

increase in length.
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Figure 13. Variation in Bulk modulus of capped and uncapped SWCNT for different
length.
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Figure 14. Variation in Shear modulus of capped and uncapped SWCNT for different

lengths.
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Table 4 display the values of Young’s modulus (E;,) for capped and uncapped SWCNT
for different length. Table 5 shows the values of Bulk modulus (K) and Shear modulus
(G) for capped and uncapped SWCNT for different lengths. The present study was also
compared with studies of Gao and Li [14]. The present study concludes that Young’s
modulus of capped and uncapped armchair (5,5) SWCNT increase with increase in
length.

Variation of Bulk modulus (K) for capped and uncapped armchair (5,5) for different
lengths has been displayed in Figure 13. The average Bulk modulus (K) of uncapped
armchair (5,5) SWCNT was 110.14 GPa and average Bulk modulus (K) of capped
armchair (5,5) SWCNT was 49.36 GPa. Similarly, Figure 14 displayed a variation in
shear modulus (Voigt) of capped and uncapped SWCNT for different lengths. Average
shear modulus of uncapped armchair (5,5) SWCNT is 59.204 GPa and average shear
modulus for capped armchair (5,5) SWCNT was 10.11 GPa. It was concluded that the
bulk modulus for capped and uncapped SWCNT increased gradually with an increase in
length. Shear modulus (G) for uncapped SWCNT remains same with increase in the
length of CNT whereas for capped SWCNT, the value of shear modulus was very less as
compared to the uncapped CNT.

6. Polymer/CNT Composites

In this section we have focused on the modeling and simulation of capped and uncapped
armchair (5,5) SWCNT reinforced polymer composite using MD approach. MD
simulation of polymer/CNT composite, composed of capped and uncapped armchair (5,5)
CNT in amorphous polymer matrix poly methyl metha-acrylate (PMMA) has been
performed for different volume fraction. Comparison and verification of the results
obtained for the mechanical properties of capped and uncapped (5,5) on the basis of the
present study has been made with those given by Han and Elliott [17]. The Cerius
software was used by Elliot and Han [17] for determining the mechanical properties of
uncapped armchair (10,10) in amorphous polymer matrix PMMA. MD simulation has
been performed using Material Studio 8.1. Elastic moduli have been calculated after
applying the energy minimization method of MD simulations. Periodic boundary
conditions were applied along the tube axis and also in the transverse direction.

6.1  Molecular model of polymer matrix

With the help of “Amorphous” module of Material Studio 8.1, single chain of PMMA
with 10 repeat units was constructed. Figure 15 displays methyl metha acrylate (MMA)
monomer. These units were inserted in a periodic box by giving an initial density of
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0.1g/cc using COMPASS force field factors. Next step was to pack the polymer around
the capped and uncapped (5,5) armchair SWCNT. The system was put in to ensemble
with a constant number of atoms, volume and temperature (NVT) simulation with a
pressure of 10 atm, volume 9023.272 A3and temperature 298.00 K for 50 ps with
simulation time step of 1 fs. This step was required to compress the assembly gradually
and to produce a primary amorphous matrix with accurate density and low residual
stresses. The density of the absolute matrix was 1.203 g/cm3which was very near to the
investigated value of 1.19 g/cm3. The total number of atoms in the case of capped CNT
was 1538 atoms and for uncapped was 1528 atoms. MD simulation was performed for
roughly 50000 steps so that thetemperature achieved a persistent value and after that
constant minimization has been carried out with strain 0.003.

6.2  Elastic moduli of polymer

With the help of the guidelines provided in section 6.1, the elastic modulus of theoretical
isotropic amorphous PMMA matrix from the current study was obtained as 2.73 GPA
which matched well with the experimental range of 2.24-3.8 GPA.

6.3 PMMAJ/CNT composite system

A capped armchair (5,5) SWCNT was positioned in the center of the periodic simulation
cell. PMMA molecules with different number of repeat units were located arbitrarily
around the tube in non-overlapping places. The total number of atoms in a cell varies
from 7780-15380. A capped armchair (5,5) SWCNT wrapped helically in PMMA in
vacuo after equilibrium has been shown in Figure 16. Similar procedure was followed for
the uncapped armchair (5,5) SWCNT as in section 6.1. An uncapped armchair (5,5)
SWCNT wrapped helically in PMMA in vacuo after equilibrium has been shown in
Figure 17.

Figure 15. MMA monomer.
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Figure 17. Uncapped (5,5) SWCNT wrapped helically with PMMA.
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Table 6 Summary of results for longitudinal Young’s modulus of PMMA/CNT

composites.
MD result of present study on (5,5) SWCNT | Elliot and Han
(2007)
Study on
(10,10)
SWCNT
S.No Volume Longitudinal modulus | Longitudinal modulus | Longitudinal
Fraction (%) of capped of uncapped (5,5) modulus of
(5,5 PMMA/CNT PMMAJ/CNT uncapped
composites (E;4), composites (E;,), (10,10)
GPa GPa PMMA/CNT
composites
(E11), GPa
1 0 2.73 2.73 2.80
2 4 35.27 42.13 39.32
3 8 75.15 94.74 86.02
4 12 107.62 145.18 140.90
5 14 128.33 173.21 165.41
6 16 152.21 205.17 185.25

Table 6 shows the summary of results for longitudinal Young’s modulus (E;;) of
PMMAJ/CNT composite and Table 7 shows a summary of results for transverse Young’s
modulus (E,;) of PMMA/CNT composite. Figure 18 shows the graphical representation
of the variation of Ey; of capped and uncapped armchair (5,5) PMMA/CNT composite for
different volume fraction. The comparison of study for uncapped armchair (5,5) has been
done with the previous study for uncapped armchair (10,10) proposed by Han and Elliott
[17]. The results of the present study were found to be in agreement with those of Han
and Elliott [17]. The small difference between the present study and Han and Elliott [17]
study might be because the present study was based on MD simulation of armchair (5,5)
SWCNT and Han and Elliott [17] study was based on armchair (10,10 SWCNT).

E;, of uncapped (5,50 PMMA/CNT system, increased approximately 74 times when
volume fraction of CNT was increased from V=0 to V,=16. For the same range of V%,
Han and Elliott [17] observed an increase in Ej; by approximately 65 times. Also on the
basis of the present study, there was a large deviation in the values of E;; of capped CNT
as compared to uncapped CNT. The difference in the result may be because Young’s
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modulus of uncapped (5,5) SWCNT is 984.23 GPa and Young’s modulus of capped (5,5)
SWCNT is 836.90 GPa for the same length as used in polymer/CNT composites.Table 8
shows the summary of results for Poisson’s ratio of PMMA/CNT composites.

Table 7 Summary of results for transverse Young’s modulus of PMMA/CNT composites.

Elliot and
MD result of present study on (5,5) SWCNT | Han(2007)
Study on
(10,10)
SWCNT
S.No Volume Transverse modulus Transverse Transverse
Fraction (%) of capped modulus of modulus of
(5,5 PMMAJ/CNT uncapped (5,5) uncapped
composites (E,,), GPa PMMA/CNT (10,10)
composites (E,,), | PMMA/CNT
GPa composites
(E3,), GPa
1 0 2.73 2.73 2.80
2 4 2.74 3.18 3.94
3 8 3.14 4.61 4.97
4 12 3.56 7.01 7.12
5 14 4,73 7.98 8.42
6 16 5.72 8.21 8.60

Figure 19 shows the graphical representation of the variation of E,, of capped and
uncapped armchair (5,5) PMMA/CNT composite for different volume fraction. Table 9
shows the percentage increment of longitudinal modulus for capped and uncapped
PMMA/CNT composites. It was concluded that longitudinal modulus of uncapped
PMMAJ/CNT system increased approximately 34 times when volume fraction was
increased from V; = 0to V, = 0.08 and increases approximately 2 times when volume
fraction was increased from V; = 0.08to V; = 0.12. Similarly for capped PMMA/CNT
system, longitudinal modulus increased approximately 27 times when volume fraction
was increased from V, =0to V, =0.08 and increased approximately 2 times when
volume fraction increses from V; = 0.08to V; = 0.12. Overall, it was concluded that
longitudinal modulus of uncapped (5,5 PMMA/CNT system, increased approximately
74 times when volume fraction of SWCNT was increased from V=0 to V=16 %
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whereas the longitudinal modulus of capped (5,5 PMMA/CNT system, increased
approximately 55 times when volume fraction of CNT was increased from V=0 to

V=16 %.
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Figure 18 Comparison of results for longitudinal modulus of PMMA/CNT system.

Table 8 Summary of results for Poisson’s ratio of PMMA/CNT composites.

S.No Volume Fraction(Vy) Poisson’s ratio for Poisson’s ratio for
capped (5,5) PMMA- | uncapped (5,5) PMMA-
CNT composites CNT composites
1 0 0.29 0.29
2 4 0.31 0.34
3 8 0.31 0.35
4 12 0.30 0.34
5 14 0.32 0.41
6 16 0.32 0.43

Figure 20 shows the graphical representation of the results of Poisson’s ratio of capped
(5,5) and uncapped (5,5) SWCNT/PMMA composite. It was concluded that uncapped
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SWCNT/PMMA composite has greater poison’s ratio value as compared to capped

SWCNT/PMMA system. Also on the basis of the present study it was concluded that

Poisson’s ratio of capped and uncapped SWCNT increased with V;.
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Figure 19. Comparison of results for transverse modulus of PMMA/CNT system.

Table 9 Percentage increment for longitudinal modulus of capped and uncapped

SWCNT.
Volume Longitudinal Longitudinal Increment (%) Increment
Fraction (%) modulus of modulus of for capped (%) for
capped PMMA- | uncapped PMMA-| PMMA-CNT uncapped
CNT composites | CNT composites composites PMMA-
CNT
composites
0 2.73 2.73 - -
4 35.21 42.13 11.89 14.43
8 75.15 94.74 11.34 12.48
12 107.62 145.18 43.20 53.24
14 128.33 173.21 19.24 19.30
16 152.21 205.11 18.60 18.45
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Figure 20 Comparison of results for Poisson’s ratio of PMMA/CNT system.

7. Conclusion

With the help of MD simulation, Young’s modulus of capped and uncapped armchair
(5,5) SWCNT has been investigated. It was observed that Young’s modulus of uncapped
armchair (5,5) SWCNT was 988.94 GPa and Young’s modulus of capped armchair (5,5)
SWCNT was 834.23 GPa.

Main findings of the present study have been highlighted below:

(i) Young’s modulus of capped and uncapped SWCNT increases with increase in length
of CNT. The shear modulus and bulk modulus also increase with increase in length of
CNTs.

(ii) Uncapped SWCNTSs have higher Young’s modulus as compared to capped SWCNTSs
for the same length of CNTSs.

(iii) Both capped and uncapped SWCNT are effective as mechanical reinforcement for
polymer matrices, especially in the longitudinal direction. Reinforcement does not
cause any significant change in properties in transverse direction.

(iv)For a fixed tensile load, capped and uncapped SWCNT should be associated parallel
to the loading direction to accomplish largest tensile modulus.
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(v)

Presence of pentagonal and heptagonal defects in the end caps of capped CNTSs can be
the probable reason for lower values of E;;, E», and poisson’s ratio in comparison to
the uncapped CNTSs.

(vi)With increase in Vifrom 0-12%, E,, increases rapidly after which the rate of increase

slows down. It has been argued that proper dispersion at lower compositions, stronger
n-1 interaction between CNTs and base matrix, combination of large aspect ratio and
high surface to volume ratio of CNTs and improved load transfer capability of CNTs
assisted in improvement of properties but for higher compositions curvy and slippery
nature of CNTs did not assist in further improvement of mechanical properties.
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Abstract

The evolution in the nanotechnology has created an immense enthusiasm for utilization
of composites of fullerenes in various industrial applications. Fullerene is one of the
greatest achievement and remarkable advancement in material sciences. In recent times
they have pulled the significant consideration of diverse industrial domains. Due to their
remarkable physicochemical feature, they serve as an important material in the
manufacture of various gadgets, medicines, and materials. They show an extensive
variety of unique mechanical and electrical properties. The smallest size and the unique
structure of the fullerene make it exhibit extensive electric, magnetic, optical, structural,
mechanical and chemical characteristics. This chapter deals with the characteristic and
function of fullerenes and their composites.
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1. Introduction

Carbon is an outstanding element with a tremendous scope of interesting properties. The
carbon nanostructures such as graphene, fullerene, graphene, diamond stone, nanotube
and carbon onions are widely used in various applications of mechanical and biomedical
applications because of their unique potential and flexibility [1]. A composite material is
synthesized by mixing two or more different components of varying qualities which will
bring about an enhanced framework with unrivaled attributes than that of its individual
segments by themselves. The nanocomposites are acknowledged for its unique features
and it is often preferred for several processes in industrial sectors. It is made up of
blending of two different compounds such as natural polymer material and some inert
materials. The nanocomposites are synthesized by reinforcing the polymer material on
the inorganic material at an optimized atmospheric condition. The polymer with multiple
layers is preferred for the reinforcement of the polymer with the composites. Initially,
graphite and clay are the two substances which consist of several layers and are
considered to be the material for reinforcement.

Graphite is a material with several layers and it comprises of carbon molecules reinforced
covalently in a hexagonal course of action in the sheets powered by van der Waals force
acting between progressive layers. As the van der Waals forces are moderately frail,
several particles can easily interchelate between the distinct layers and can easily
reinforce with the graphite layers delivering graphite intercalation mixes. Due to the
absence of active functional groups in the graphite intercalate with natural materials
straightforwardly and it is found inefficient in the reinforcement of composites with
graphite layers. Later the elongated graphite material is used for the manufacture of
polymer/graphite reinforced composites. These elongated graphite materials consisted of
inexhaustible pores going from 10 to 100 nm and it is comprised of substantial interlayer
partitioning the diverse layers of extended graphite. Several particles and ions of different
sizes can easily interchelated inside the elongated graphite resulting in the production of
graphite reinforced composites. Subsequently, in 1985 a new class of substance came into
existence and named as fullerenes [2].

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 93-110 doi: http://dx.doi.org/10.21741/9781945291975-4

2.  Fullerenes

Fullerene is a significant classification of an allotrope of carbon and it is also knowns as
Buckminster Fullerenes. It is composed of an array of carbon molecules arranged in
various forms such as a hollow sphere, ellipsoid, and tube. It was unearthed in 1985 by a
research group including Richard Smalley, Robert Curl and Sir Harry Kroto for which
they were awarded the noble prize in 1996. As these materials had earmarks of geodesic
dome of Buckminster Fuller it is named as Buckminster fullerenes. After the remarkable
discovery of the fullerenes many other types of fullerenes composed of carbon atoms
ranging from 18 to several 100 atoms were discovered and among the various types of
fullerenes the bucky ball structured fullerene composed of 60 carbon atoms is prominent.
As the synthesis of bucky ball is very simple it is highly preferred than other types of
fullerene and it is popularly known as Cgo atom [3]. The structure of fullerene material is
distinguished into different structures such as endohedral, exohedral and on-site fullerene.
In the endohedral fullerene, the dopant material is imprisoned inside the circle. In
addition, the central part of the endohedral fullerene makes them more unique and more
helpful than other fullerene structures [1]. The structure of fullerenes is found to be in
three major forms such as elliptical, spherical and tubular shaped and the entire body is
fully made up of carbon atoms [3]. Due to the unusual physical and chemical properties
of the fullerenes, it is widely used in diverse fields of science. The disclosure and
accessibility of fullerenes have invigorated their broad research in a wide assortment of
fields such as physical science, science, material science, science and so forth. It has
pulled in the significant consideration of everyone because of its compatibility with
different atmospheric conditions [4]. The elite materials synthesized using the fullerene
material possess a very good antibacterial and anticancerous properties [5]. Fullerenes
possessed some of the unique features which were absent in diamond and graphite
material. Due to its uniqueness, it is used as an important component in electrical devices,
polymer reinforced composites, medical equipment, fuels and optical device [6]. In
modern applications, the fullerenes are used efficiently as lubricants in industrial sectors

[2].
2.1  Types of fullerenes

After the discovery of fullerenes many structural variations have been made in the
structure of fullerenes and the fullerene has evolved into diverse structural variations and
some of the famous types of fullerenes are listed below:
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2.1.1 Nanotubes

Nanotubes are thoroughly made from carbon and the length of the nanotube can vary
from few nanometers to several millimeters. They possess small dimension and are
hollow in shape. They can be of single-walled or multi-walled nanotubes with open and
closed ends. They are especially used in aeronautical and electrical industries.

2.1.2 Mega tubes

These tubes possess larger dimensions and its thickness depends on the purpose for
which it is used. In all other characteristics it is similar to nanotubes and it is used in the
transport industries.

2.1.3 Bucky ball clusters

This type of fullerenes is the tiniest of all fullerenes and its clusters are ball-shaped. It
occurs in nature and predominantly is found in mine extracts and flacky substance
derived from combustion of organic matter. The littlest individual from these bunches
incorporate C20 and the most widely recognized are C60.

2.1.4 Polymers

Polymers are entirely composed of carbon chains and they are formed by the
macromolecules linked by covalent bonds. When polymer is subjected to high
temperature and high pressure two dimensional and three-dimensional polymers are
formed.

2.1.5 Nano onion

It is the same as the bucky ball structure and it consists of round particles in view of
numerous carbon layers encompassing the center of the buckyball. It is mainly used as
lubricant.

2.1.6 Linked “ball and chain dimers

It consists of two bucky balls connected by a chain of carbon [7].

3.  Structure of fullerene

Carbon atoms under the influence of catenation reaction give rise to compounds of
various shapes and sizes. Fullerene is the third allotrope of carbon and it is an enclosure
containing only carbon elements. It is a group of confined mixes made from just carbon
components comprising of 16 hexagonal rings and 12 pentagonal rings and resembles a
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geodesic arch. The complete Structure of fullerenes looks like a ball ex: a soccer ball.
The run of the mill distance across of a fullerene particle is 0.7 nm [4].

3.1 Bucky ball structure

The Bucky ball structure is one of the popular structure of the fullerenes and it is
commonly called as C60 structure. It resembles the structure of soccer ball and is
composed of carbon atoms arranged in a spheroid shape with 60 vertices of 60 carbon
atoms. The bucky ball fullerene is a mix of 20 hexagonal and 12 pentagonal rings
arranged and fitted into a sphere. The distance between the C-C bond separation
measured using the nuclear magnetic resonance was found to be 1.44 A° [3]. With the
help of Sp2 hybridization, a single carbon atom is attached to three other carbon atoms.
The bucky ball structure possesses higher symmetry when compared to other structures
and it has a probability of nearly 120 symmetrical operations.

3.2  Cylindrical structure

Fullerenes in another way form a cage-like cylindrical structure and it is composed of a
sheet of graphite rolled into a cylindrical structured material. This type of fullerene is
similar as carbon nanotubes and they possess some unique properties which are absent in
the primitive type of fullerene. These fullerenes are further reinforced with metal
composites and it gives rise to several advancements in electronics. These fullerenes can
be used as nanowires for serving communication purpose and it is very cheap widely
used fullerenes than the primitive fullerenes [8].

4.  Synthesis

Initially, the fullerene material is synthesized using the vaporization technique of graphite
with the help of inert gas and the synthesis was carried out at an optimized pressure
condition [6]. Primitively, the fullerenes are synthesized with the help of chemical vapor
deposition methods, arc-discharge method and by combustion processes. These
traditional methods were found to be dissatisfying and many new approaches have been
enunciated by researchers for improving the quality of the fullerenes produced. Many
different synthetic techniques have been formed and implemented to improve the
production and quality of the fullerene [9].

4.1  Arc discharge vaporization of graphite

The arc discharge vaporization of graphite is the ancient method followed to synthesize
fullerene. It is initially discovered by Kratschmer and his crew in 1990 and this method is
named as a Kratschmer-Huffman method. In the Kratschmer method, they found that
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when the carbon rods are subjected to heat in a helium gas environment it produced a
minor quantity of fullerene materials. Later, the graphite electrodes are used to produce
fullerenes. The graphite electrodes in the form of contact arcs are placed in the helium
atmosphere of about 200 torr and heated to optimal temperature and pressure by passing
direct electric current inside the graphite electrodes. As the current is passed through the
electrodes the vaporization of the graphite electrode takes place and it is modified into a
variety of soot. Then the soot is immersed into the nonpolar solvent and then the solvent
is removed from the residue using drier. The bucky ball structured fullerene are found in
the remains derived from the electrode. This method is predominantly used to produce
C60 Fullerene [3].

4.2  Low - pressure Benzene/Oxygen diffusion flame method

Fullerenes can be synthesized using hydrocarbon flames at low pressure with the help of
fuels. The derivatives of fullerene and their components are produced using the flame
diffusion method. In the benzene diffusion flame method, the low-pressure benzene gas is
diluted with the argon gas in the presence of oxygen. An optimal range of 12 to 40 torr of
pressure was maintained in the combustion chamber. After burning of the benzene and
argon mixture the residue containing fullerenes, soot and other derivatives of fullerenes
are collected in a filter. Then the filter containing residues are immersed in the solvent
and it is also subjected to a sonication process. The fullerenes are finally analyzed using
high-performance liquid chromatography and the other structures of fullerenes are
determined using a high transmission electron microscope [6].

4.3  Combustion process

The idea of producing fullerenes through flames came into existence in 1986 and the
fullerene particles were identified and proven in premixed acetylene-oxygen and
benzene-oxygen blazes in 1987. Fullerenes were found in residue created from the flame
produced by burning low-pressure premixed mixture of benzene/oxygen/argon flares.
This discovery remains as a remarkable achievement and it paved the way for the
production of C60 material by the combustion process. From the combustion process, it
is also inferred that the reactivity of fullerene completely depends on the pressure,
temperature, residence time and weight ratio. From these examinations, the outturn of
fullerenes from the collected residue seemed to be at the level of 0.003% to 9%. In this
combustion process, two methodologies are followed such as premixed flame studies and
diffusion flame studies [10].
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4.4  Laser ablation

The laser ablation is a prominent technology used for the synthesis of fullerenes. Initially,
in 1996 this laser ablation technique is used to synthesize fullerene and then followed by
the creation of carbon nanotubes especially single-walled carbon nanotubes. The laser
ablation set up consists of a heater, laser source, and a quartz. A source of the laser is
placed in the center of the graphite pole in the reactor. The sample is subjected to high
temperature and vaporized with the help of argon gas and further subjected to the cooler
and coated. The laser has the adequately high vitality to vaporize the graphite focus at the
nuclear level, which is then utilized as the material for the union of SWNTs. The SWNT
production depends on the temperature, reactant metals, and stream rate [11].

4.5  Chemical vapor deposition (CVD)

The chemical vapor deposition is the method involving pyrolysis of hydrocarbons and
carbon feedstocks. The hydrocarbons such as ethylene, propylene, toluene, etc. are
pyrolyzed under the CVD method. The carbon feedstocks such as polymers are weakened
in the surge of idle gas in the heater framework over the surface of metal catalysts. The
catalyst material might be strong, fluid, or gas and can be put inside the heater or
nourished in ceaselessly from outside. Average temperature extends for the blend is 500
to 1200 °C [11]. The catalyst remains as the fundamental part of the chemical vapor
deposition and it is of two types such as drifting and bolstered catalyst. Different sorts of
catalyst backings such as Zeolite, Al,O;, CaCO3, and MgO were used for the processing
of chemical vapor deposition. The recovery of the catalyst supports from the final residue
is difficult. Then again, water-dissolvable materials as impetus backings can be
effortlessly isolated from the item. Chemical vapor deposition is an assuring technique
because of its moderately minimal effort and conceivably high return [12].

4.6  Chemical synthesis of fullerene

The fullerenes are synthesized by various new techniques but the quantity of fullerene
produced becomes a limitation in several synthesis processes. To increase the quality and
quantity in the production of fullerene the chemical synthesis method is followed. The
C60 structure of fullerene seems to be possessing higher exertion energy and it is
preferred mostly than other types of fullerenes. The C60 synthesized by the chemical
process should also possess the higher exertion energy same as the natural fullerenes. The
thermal energy value of the fullerenes is found to be higher than 600 Kcal mol™. The
chemically synthesized fullerene should also meet all the criteria and specifications same
as the natural fullerene. The chemical synthesis method followed by Barth and Lawton
for forming corannulene is a remarkable chemical synthesis method and it paved the way
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to produce C60 fullerenes. Many new approaches such as coupling reactions, bending
reactions, dehydrogenation, retrosynthesis and hydrogen atom shifting are implemented
towards the chemical synthesis of fullerenes. Further researches are focused on finding
new methodologies for the synthesis of other types of fullerenes using the chemical
synthesis method [13].

5. Properties

5.1 Physical properties

Fullerenes are completely composed of carbon atoms and it is popularly known as bucky
ball due to its structure. It is a black /brown colored powdery substance. The fullerenes
materials are familiar for their Young's modulus and compressibility factor which was
found to be at 15.9 Gpa and 6.9x 10™*?cm?dyn. The bulk modulus of about 8.8 Gpa was
found in the fullerene material. The boiling point of the fullerenes was found to be at 800
K and it possesses a refractive index of about 2.2. It is a completely odorless material and
the density of fullerene was found to be at 1.65 g/cm [4]. Fullerenes are greatly solid
atoms, ready to stand up to incredible weights they will ricochet back to their unique
shape in the wake of being liable to more than 3,000 atmospheres. Hypothetical figuring
recommend that a solitary C60 particle has a viable bulk modulus of 668 GPa when
compacted to 75% its size. This property influences fullerenes to end up plainly harder
than steel, precious stone, whose bulk moduli are 160 GPa and 442 Gpa, individually. An
intriguing test demonstrates that Fullerenes can withstand crashes of up to 15,000 mph
against stainless steel, simply bobbing back and keeping their shapes. This test looks like
the high steadiness of the particle [2].

5.2 Size

The shape and structure of the fullerene is similiar to that of a soccer ball. The average
size of the fullerene seemed to be at 7x10™m [8].

5.3  Solubility

Solubility is one of the important criteria to be studied in a fullerene. The fullerene shows
reduced solubility in polar solvents. The solubility of the fullerene is studied importantly
for drug designing in medical application [13]. The extent of solubility of fullerene in
solvents vary widely and the understanding of solubility helps in finding the appropriate
solvent for purifying the fullerenes [4]. The solubility of fullerenes in water is found to be
higher than other polar solvents and the fullerenes form complexes with calixerenes,
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phospholipids, micelles, liposomes and polyvinylpyrrolidone [14].The fullerenes are
dissolvable in solvents such as benzene, toluene and chloroform [8].

5.4  Chemical properties

The fullerenes are sp, and sp; hybridized of which the sp2 carbons are in charge of the
impressively point strain introduced inside the particle. C60 has a confined pi-electron
framework, which keeps the atom from showing superaromaticity properties. It also
undergoes reversible oxidation reactions and it has high electron affinity due to the
existence of triply-degenerate low-lying LUMOs (lowest unoccupied molecular orbital)
[2]. Initially, the fullerene materials were chemically dormant material and after many
inspections, it is inferred that the fullerene materials involve them in many important
chemical reactions and it possesses quiet good reactivity. Fullerenes remain as a secure
electron acceptor for many organic and inorganic donor ions. The chemical reactivity of
the fullerenes is due to the cleavage of the double bond. The fullerene is classified into
two types based on the presence of functional groups such as exohedral and endohedral
fullerenes. The fullerenes participate actively in different kinds of chemical reactions
such as nucleophilic addition, electrophilic addition, hydroxylation, hydrogenation,
oxidation, cycloaddition and hydroarylation reaction [4].

5.5  Optical properties

The optical properties of the fullerenes are studied with the help of solutions. The straight
assimilation range of fullerene demonstrates a solid ingestion in the UV region and an
exceptionally feeble assimilation in the visible range. The intensity of optical absorption
iIs enhanced by various mechanisms such as nonlinear refraction, thermal effects,
nonlinear scattering and nonlinear absorption. Immaculate C60 is one of an important
atom possessing high symmetry and it also contains p-electrons delocalized along the
entire 3-D structure. These properties make fullerene a fascinating material in the
nonlinear optical field and it is also responsible for a wide assortment of phenomenal
physical properties going from optical limiting to superconductivity and
photoconductivity. The optical properties of the fullerene seem to be strong even if the
symmetrical arrangement of fullerenes is disturbed and broken [15]. Detached pi
electrons in fullerenes are known to give incredibly vast nonlinear optical reactions.
Fullerenes have demonstrated specific guarantees in optical constraining, what's more,
force subordinate refractive list. Furthermore, the exchange of electrons from the encased
atom(s) to the Fullerene upgrades the third-arrange nonlinear optical impact by requests
of extent contrasted with discharge confine fullerenes [3].
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5.6  Mechanical properties

Nanocomposites like fullerenes have been widely utilized as a part of different designing
fields for as far back as the olden times. The fullerenes reinforced with other material
shows high solidness, low thickness, high quality to weight proportion and high solidness
to weight proportion, high durability with enhanced crawl protection and wear protection.
Joining high hardened nanoparticles to the low modulus polymer network, enhances the
heap conveying limit of the fullerene. The consolidate between the constituents
fundamentally influences the mechanical properties of nano-based composites. The
expectation of compelling mechanical properties of composites depends on the
suppositions of flawless holding. This supposition is insufficient for the portrayal of the
composite with blemished debonds. To examine composite material properties with the
nearness of debonding, one needs to choose test or hypothetical methodologies [16]. The
bond length of a material generally gives information about its strength and the two bond
lengths of the fullerenes are seemed to be 1.46 A" and 1.40 A" [17].

5.7  Vibrational properties

The vibrational properties of a material are studied using Raman spectroscopy and IR
spectroscopy. The Buckminster fullerene is the prominent class of fullerene which exhibit
clear isotopes. The vibrational properties are seemed to be dissatisfying according to the
Raman spectroscopy and it possesses nearly 46 modes of vibrations [18]. Based on the
extent of coupling between particles strong fullerene is classified into two major
classifications such as intramolecular and intermolecular modes. The intramolecular
modes are frequently called as atomic modes because of their low frequencies. The
intermolecular modes are also called as cross section modes and it is additionally
subdivided into acoustic, vibrational and optic modes. The frequencies for the
intermolecular modes are low, mirroring the powerless van der Waals bonds between
fullerene particles [19].

5.8 Electrical properties

The conduct of the fullerenes in electric fields pulled in ahead of schedule much
consideration because of the potential utilization of this class of particles as proficient
nonlinear optical gadgets [20]. From the beginning, carbon has been a good conductor of
electricity and the conductivity and the insulating property of the carbon fully depend on
the material. The thermal activation mechanism and the higher activation energy are the
two important parameters which decide the conductivity of immaculate fullerenes. The
polymer-reinforced fullerenes possess good conductivity than the pristine fullerenes [21].
The fullerenes in its original form remain as a bad conductor of electricity and when the
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pristine fullerene is reinforced with a polymer or other membranes the conductivity
increases [22].

5.9 Magnetic properties

Fullerenes are delegated sweet-smelling mixes despite the fact that the term aromaticity
forces a few prerequisites, not which are all completely met by fullerenes. Cyclic
delocalization of electrons in fragrant mixes straightforwardly influences the attractive
properties by fluctuating the diamagnetic powerlessness: an outer attractive field actuates
a diamagnetic ring current. This offers to ascend to an attractive field inside the sweet-
smelling ring; the bearing of this field is inverse to that of the outer attractive field.
Conversely, the outer attractive field is improved outside the sweet-smelling ring. In this
manner, the estimation of diamagnetic weakness is bigger in sweet-smelling
hydrocarbons than in other unsaturated mixes. Initially, when fullerenes were discovered
it was thought that due to its spheroidal shape it possesses an extraordinary magnetic
particle. The amount of paramagnetic current passing through the benzene ring will be
equal to the amount of current passing through the pentagon rings. In the fullerenes, the
hexagons are responsible for the diamagnetic behavior of the particle and the pentagons
are responsible for the paramagnetic behavior of the material. The fullerene materials
possess an extraordinary magnetic property due to its unique structure and it depends on
the structure of the fullerenes [23].

5.10 Lubricating properties

Graphite is likewise esteemed in modern applications for its self-greasing up and dry
greasing up. The free interlamellar coupling between the several sheets in the structure is
highly responsible for the lubricating properties of the fullerenes. Especially the C60
atom of the fullerene have exceptional grease impacts and they have been regarded as an
oil because of its round shape. Researchers have found that the graphite interchelating
compounds derived from the graphite can be used as superlubricants. The blending of the
graphite with fullerenes will result in synergistic impacts as a lubricant [2].

6. Composites of fullerenes

Composite materials are supplanting a few customary materials considering their high
quality and high firmness to weight proportions. These materials improve the quality of
the fiber and also the high longitudinal modulus of the fiber constituent. In the present
decade, composite materials are further reinforced by nanocomposite material for
bringing out an extraordinary feature. The portrayal of nanocomposites materials is
accomplished by utilizing two methodologies such as computational science strategies
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and mechanics approach. The principle constituents of buckminster fullerene
strengthened composites are fullerene and epoxy grid. The coating of fullerene in the
epoxy material is typically of nonuniform nature. The fullerene is glorified as an empty
circle with uniform thickness [24].

Polycarbonate (PC) is one of the most grounded general polymers accessible today and is
broadly utilized as a part of requesting aviation applications. The thermal and the
mechanical properties of the polycarbonate is very alluring Promote from a mechanical
building viewpoint. Due to its uniqueness, the polymer reinforced composites are used in
aeronautics. Then again, fullerenes have pulled in much consideration as a captivating
nanocarbon material in material science. The circular p-conjugated structure of fullerenes
with extensive pyramidalization edge is less demanding to synthetically functionalize
than CNT and in this manner brings about considerably higher solvency to numerous
natural and fluid solvents. Such functionalization eases to set up the nanocomposites as
well as gives an enhanced noticeable light transmittance [25].

7. Applications

Fullerenes are said to have various applications in diverse domains of science. The
applications of the fullerenes are as follows.

7.1  Fullerenes as wires

Late trials have archived electron transport through single atoms. Under certain trial
conditions, atomic conduction through a solitary particle instead of through a group of
atoms is ensured. This wonder is conceivable due to the high electron partiality of
fullerenes. In the event that a sub-atomic PC is ever to be fabricated, at that point, it will
require atomic wires with a specific end goal to associate with its different segments. The
fullerene atoms get energized and electrons move from the Porphyrin wire towards the
fullerenes at the point when a wellspring of UV light is connected to the framework.
These electrons leave gaps in the Porphyrin through which electrical current can spill out
of one cathode to the next.

7.2 Medicinal applications

e The fullerene is used to inhibit the reactivity of the enzyme and serves as an
enzyme inhibitor. It was discovered by Tokuyama et al. in 1993. He discovered an
arrangement of fullerenes (5a) for photoinduced chemical restraint.
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e Fullerene 5a was found to hinder cysteine proteinases and serine proteinases at the
point when presented to low-vitality light. Dendrimer 4p containing 18 carboxyl
gatherings is the additionally encouraging today.

e The enthusiasm of researchers in water-dissolvable fullerene mixes is specifically
identified with their natural movement. The combination and the utilization of this
compound in prescription were protected in the U.S. (C-sixty Corporation); at the
display, these tranquilize experiences clinical trials as a promising solution for
treatment of AIDS.

e The fullerene has good antiviral activity in the case of HIV virus. The fullerene
material is checked for antiviral activity against HIV virus with the help of
examining the fullerene with cells infected with HIV and free cells. The fullerene
remains as molecular scissors because of its usage to cleave DNA. When the
mixture of 5a and 5c is incubated with supercoiled pBR322 it was found to cut
DNA at the point particularly at 182 base-match sections at guanine buildups upon
presentation to light.

e Fullerene by addition into phospholipidic bilayers could create layer disturbances
and consequently have antibacterial activity.

e Fullerenes are astronganticancerous agent which is responding promptly and at a
high rate with free radicals, which are regularly the reason for cell harm or death.

e Fullerenes used to protect the neurological system from damage and they control
the neurological harm of sicknesses for disease such as Alzheimer's illness and
Lou Gehrig's sickness (ALS).

e Fullerenes are known to act like a "radical wipe," as they can wipe up and kill at
least 20 free radicals for every fullerene atom. They have appeared execution 100
times more compelling than current driving cancer prevention agents, for example,
Vitamin E.

e Fullerene is exceptionally dissolvable in almond oil and along these lines, it can be
utilized for a screening test for visual tissue danger demonstrating no unfavorable
impact [3,4,8,14].

7.3 Fullerenes in organo photovoltaics

The fullerenes are used in oregano photovoltaics. The fullerene goes about as then-sort
semiconductor (electron acceptor). Then-sort is utilized as a part of conjunction with a p-
sort polymer (electron contributor), regularly a polythiophene. The record effectiveness
for a mass heterojunction polymer sunlight based cell is higher due to the
fullerene/polymer mix. This mass heterojunction is the combination of dynamic layers of
polymer and semiconductor. Due to their solubility, it is used in photovoltaics. The most
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regularly utilized subsidiary in photovoltaics is C60, yet C70 has been appeared to have a
25% higher power change proficiency than C60. In November of 2005, a record cell
productivity of 4.4% utilizing a fullerene subordinate and outlining the significance of the
attributes of the dynamic layer on execution was published [8].

7.4  Fullerenes as hydrogen gas storage

Fullerenes have the capability to easily hydrogenate and dehydrogenate because of its
remarkable atomic structure. At the point when fullerenes are hydrogenated, the C=C
twofold bonds progress toward becoming CC single bonds and C-H bonds. The H-C
bond is lighter than the C=C bond and so the H-C easily disintegrates with the increase of
temperature and the shade of the hydrogenated fullerene changes from dark to darker, at
that point to red, orange, furthermore, light yellow with expanding hydrogen content.
Fullerenes with up to 6.1% hydrogen content have been produced tentatively. A potential
utilization of fullerene hydrides is in hydrogen gas stockpiling gadgets for electric
vehicles that would utilize a power module. At present accessible hydrogen stockpiling
advances like packed gas or capacity as metal hydrides are conceivably risky and
additionally have low hydrogen stockpiling densities.

7.5 Fullerenes as sensors

Fullerenes are used as sensors due to its good electron accepting properties. Fullerene-
based interdigitated capacitors (IDCs) as of late have been produced to investigate sensor
applications. This novel strong state sensor configuration depends on the electron
tolerating properties of fullerene films and the progressions that happen when planar
atoms communicate with the film surface. Fullerene science gives a high level of
selectivity and the IDC configuration gives high affectability. The strong state compound
sensor's little size, straightforwardness, reproducibility, and minimal effort make them an
appealing contender for fullerene applications advancement. Investigations of IDC
arrangements with fullerene films are ready to detect water in isopropanol with a
determination of 40 ppm. These outcomes show the plausibility of utilizing fullerenes as
specific dielectric films for 1C substance sensors [3].

Conclusion

Fullerenes, the third type of carbon, have turned out to be essential atoms in science and
innovation. Due to their exceptionally commonsense properties, fullerenes are a key
subject on nanotechnology and mechanical research these days. The applications
displayed in this paper are conceivable employments of the particles because of at least
one of their exceptional properties. Fullerenes are utilized as a part of the present
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business as of now, for the most part in beauty care products, where they assume a
critical part as cancer prevention agents. Fullerenes possess a unique structure and
properties. This chapter has clearly explained about the structural properties of the
fullerene. The bucky ball structure is the familiar structure with various remarkable
properties. The fullerene has a distinct electrical, magnetic, lubricating, mechanical and
vibrating property. The fullerene reinforced with polymer and ceramics has an enhanced
functionality. The fullerenes with its composites are used in various places such as
medicinal, electrical and several other domains.
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Abstract

Graphene oxide (GO) is the oxidized form of graphene which makes it hydrophilic in
nature i.e., water soluble and significantly altered their various properties such as high
surface area, mechanical stability, tunable electrical and optical properties. GO is easily
manufactured via chemical treatment through oxidation and exfoliation by ultra-
sonication of graphite with low-cost production than the other carbon related materials.
GO is capable to form mono-layer sheet through different functional groups (hydroxyl,
epoxy and carboxyl) which is present on the surface of GO on many substrates, making it
an admirable candidate to coordinate with other materials such as biopolymer or
polymers, metal or metal oxide, metal sulfide, magnetic materials, etc. which are
significantly used in various potential applications including super capacitor,
photocatalysis, removal of heavy metal ion, water purification, sensors, batteries,
biomedical applications (antibacterial activity, cancer cell detection, etc.).
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1.  Supercapacitors or electrochemical capacitors

Supercapacitors or electrochemical capacitors are well known for energy storage device
applications, presenting higher power density (~10000 W.kg™), long cycle life over
repeated charge-discharge (>100 000 cycles) and low cost of maintenance, which make
them one of the most promising candidates for next-generation devices [1, 2]. Based on
their energy storage mechanism, electrochemical capacitors can be mainly divided into
two ways: In a first way, the energy is stored physically through the adsorption of ions on
the electrodes surface which is known as electrochemical double-layer capacitors and in
the second approach, energy storage is endorsed by rapid redox reactions ensuing among
the active material used as electrode and the electrolyte which is known as
pseudocapacitors [3].

The usage of transition metal oxides (MnO,, RuO,, NiO, etc.) as an electroactive material
have shown better energy density up to 1000 F3g™ [4-6], although suffered from poor
electrical conductivity, while the densely packed structure system limits their applications
in the development of high-performance supercapacitors [7]. It is well recognized that
one of the finest ways to resolve these difficulties is to mix the transition metal oxide
with carbon materials (carbon nanotube or carbon nanofibers, graphene, conducting
polymer) [8-11]. In the last few years, composites of transition metal oxide and graphene
(including rGO) have been proven to show superior system for obtaining better
supercapacitor performance, which actually arises from the improved electrical
conductivity of composites and the additional electrical double-layer capacitance
contribution from graphene [12].
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Graphene have extremely large specific surface area and constitutes high electrical
conductivity compare to other materials. In addition to this, excellent chemical or
electrochemical or mechanical stability with higher flexibility remarkably count it as an
ideal material for supercapacitors [13]. Moreover they have good dispersion in a wide
range of solvents, particularly in water which is extremely desirable for solution
processing and further functionalization or interaction with composites of polymer and
inorganic materials [14]. Graphene act as active materials for energy storage devices
which storing electrostatic charges on the electrode double-layer [15]. Due to the strong
7-7 interaction among the graphene sheets, which allow easying incorporation of various
other materials such as conductive polymers, heteroatoms, carbon-based materials, and
inorganic materials [16]. Graphene is a 2D material and could be an interesting substrate
to improve the charge-storage capacity of transition metal oxide. Using graphene as a
substrate for transition metal oxide which can improve the charge transfer through metal
oxide materials, and likely the easier and quick ion diffusion between metal
oxide/electrolytes results in the high specific capacitance [17]. However, due to the
strong van der Waals interactions, graphene sheet oxide usually suffer from restacking of
the neighboring components in the reduction process due to which the entire surface area
of rGO cannot be completely utilized, and the specific capacitance could be lowered to a
significant extent [18]. To address this issue, the current strategy is to introduce spacers
in between graphene sheets to avoid their restacking. The introduction of metal or metal
oxide, carbon-based materials (CNT), conductive polymers and their binary or ternary
combination, etc. were reported as effective spacers between graphene layers to improve
capacitance. Thus, the mixture of these aforementioned materials can produce an
advanced composite system which possesses useful properties for electrochemical
supercapacitors [9].

The molybdenum based metal-organic porous composites frameworks prepared by
simple mixing of MoOj3; with rGO sheets and has been utilized as the electrode material
for the preparation of entire symmetric supercapacitor devices those mainly belong to or
termed in solid-state, flexible category. The rGO film wrapped MoO; porous composites
shows that the hierarchical porous structure decreases the diffusion length of electrolytic
ions as well as delivers extra lively surface region for the redox reaction, leading to an
improved electrochemical presentation. The structure of rGO/MoO; porous composites
electrode offered electrically conductive systems for charge transport and also avoid the
agglomeration of MoOj3; which results in extended cycle life in supercapacitors which are
essentially required for practical applications in energy-storage devices [19].

In another study, rGO/MoS, composite was synthesized by growing the layered MoS, on
rGO sheets. The fabricated composite showed relatively superior performance towards
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charge storage with high specific capacitance and high energy density. Specific
capacitance was depending on the optimum amount of MoCls precursors in the reaction
condition and found high specific capacitance (265 at 10 mV s ') and the reason for this
behavior is due to both the faradic and non-faradic processes of the MoS, layers
combined with graphene sheets, The supercapacitor electrode also showed higher cyclic
stability with 92% of the specific capacitance retained after 1000 cycles [20]. A similar
approach was used for fabrication of the graphene/Fe,O; composite hydrogels and was
investigated as high-performance anode materials for supercapacitors. Here, single-
crystalline self-assemble Fe,O; particles were directly grown on flexible graphene sheet
to form interconnected porous structures with high specific surface area, which intensely
facilitate charge and ion transport in the complete electrode. This porous structure of
electrode displayed extremely high specific capacitance of 908 F.g* at 2 A.g™ within the
potential range from 1.05 to 0.3 V and an excellent retention capability about 69%
retention at 50 A.g™". Additionally, the cycling performance is clearly much better for the
graphene/Fe,O; composite hydrogels than that for bare Fe,O3[21].

In the past few years, some efforts have been made to develop ternary composites, in
order to improve the performance of supercapacitors. GO/Polyaniline/MnQO, ternary
composites were proposed where MnO, nanorods were incorporated to intercalate
PANI/solution-exfoliated GO nanosheets. GO/Polyaniline/MnO, composites with
different content of MnO, were calculated as electrode materials for supercapacitors.
Results found that the porosity of electrode (surface area 91.37 and 73.65 m%g) was
increased as increased the mass percentage of MnO, from 46 wt. % to 70 wt. % in the
electrode, respectively. It has been found that the MnO, nanorods enable the charge
transport in energy storage application. The electrode with 70 wt. % MnO, exhibits a
highest specific capacitance of 512 F.g' at 0.25 A.g™ current density. Polyaniline
conductive coating on electrode exhibited high electrochemical stability in cycling, with,
97% capacitance retention observed after 5100 cycles [22].

2.  Lithium-ion batteries

In Lithium-ion batteries, carbon-based materials such as graphite, graphene including its
derivatives and composites with other materials have shown their potential as a lithium-
accepting anode and Li* ions continuously travel between a lithium-releasing cathode.
Generally, the capacity of the battery is defined by the amount of Li* ions accommodated
per gram of material where a layered lithium-metal-oxide usually used as cathode
material [23, 24]. In carbon-based materials, single-layered graphene can host Li* ions by
two times more as compared to conventional graphites and other carbon-based materials
[25]. Lithium storage by graphene-based anodes is strongly depended on the structure,
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morphology, composition, fabrication method of electrode ionic diffusion Kkinetics,
electrical conductivity, as well as surface characteristics of the electrode material [26]. In
recent time, chemically modified graphene with transition metal oxide (CuO, NiO, SnO,,
TiO,, VO, etc.) has been an attractive choice for synthesizing composites with the
purpose of improving their battery capacities [27-31]. In most reported studies, rGO is
the excellent material for Li* ions storage and showed an extremely high-capacity value
during the Li" insertion, which is higher than the single-layer graphene [32, 33]. Owing to
excellent electrical conductivity, tunable porosity and higher mechanical strength of 3D
graphene-based materials as an electrode for Li* ions batteries have been attracting
increasing attention in the field of energy storage [26].

Graphene/SnO, composite was synthesized via a one-step hydrothermal method where
microwaves were used for the commencing of the reaction system and the size of SnO,
nanoparticle ~ 3.5 nm was deposited on graphene sheets. The quick charge and discharge
capacities at a current density of 100 mA g™ were 2213 and 1402 mA h g™ with Coulomb
efficiencies of 63.35%. The discharge specific capacity remains at 1005 mA h g™ after
100 cycles at a current density of 700 mA g™*. Moreover, at a high current density of 1000
mA g, the first discharge and charge capacities were 1502 and 876 mA h g*, and the
discharge specific capacities remain 1057 and 677 mA h g™ after 420 and 1000 cycles,
respectively. The study suggested that the SnO,/graphene composite have stable cyclic
performance and high reversible capacity for energy storage device applications [34].

In recent times, silicon has widely been explored as a high-capacity anode material
because of its known capacity value which is on the higher side compared to the other
materials (4200 mAh g™, nearly ten times higher than that of graphite (372 mAh g™).
However, silicon’s performance as an anode material is stalled due to the large volume
changes (4300%) and low intrinsic charge transport on the upsurge of lithium and
discharge from silicon, leading to intensive pulverization of silicon nanoparticles and fast
capacity decrement. In addition, for the synthesis of graphene/ nanosized silicon
composites generally required high temperature which repeatedly results in the
conglomeration of silicon nanoparticles. In order to solve aforementioned issues as well
as to improve the electrochemical performance of silicon anodes, the use of carbon-based
materials can be a solution, because it gives an opportunity to limit the extensive
variation in the volume of silicon in order to retain the electrode veracity as well as to
improve the electrical conductivity [35-37]. A study reported silicon nanoparticles
intercalated uniformly into graphene sheets results in the formation of a hierarchical
micro and nanostructures. Here, the graphene act as the backbone of the system by
controlling the charge transport as well as act as an elastic buffer for uniformly
intercalated the silicon nanoparticles. The uniform intercalation silicon nanoparticles into
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graphene were done by combine processes including freeze-drying and thermal reduction
process. Composite electrode exhibit remarkably improved cycling performance
(1153mA h g-1 after 100 cycles) and rate performance in comparison with pure Si
nanoparticles [38].

Pyrite iron sulphide is an interesting cathode or anode material for lithium batteries due to
its abundance in nature and its cost-effectiveness. As per theoretical study, it has a high
theoretical capacity of 890 mA h g™ supposing four electron transfer, therefore has an
potential to be used as electrode material, however, reduction of pyrite Fe,S with lithium
forms polysulphide Li,Sy (2 < x < 8), and have eased to dissolution in the liquid
electrolytes and disrupt the electrical exchange between the active material and current
collector, which leads to a poor cycle performance and hinders its real-time use in lithium
batteries. In order to resolve this problem, some current studies showed that covering
sulfur over graphene sheets can significantly lower the dissolution of polysulphide into
the electrolyte and enhances the cycling stability and rate performance [39]. For example,
rGO/FeS, composite prepared via the one-step solvothermal method and used as an
anode in lithium-ion batteries. Pyrite FeS, microspheres wrapped by reduced graphene
oxide and showed high specific capacitance of 970 mA h g™ at a current density of 890
mA g after 300 cycles. Moreover, this anodic electrode displays a remarkable capacity
of 380 mA h g * inevitably at high current densities of 8900 mA g™ over 2000 cycles
with long cycling life [40]. The use of sulfur in lithium-sulphur batteries is the effective
way when used as a lithium-accepting anode, the resultant theoretical energy density is
2600 Wh kg™*. The usage of sulfur is advantageous in term of easily available in the earth
crust, cost-effective and has multielectron transfer redox chemistry. However, there are
still many difficulties; for example, the shuttle of polysulfide induces rapid capacity
degradation and poor cycling stability. These issues were resolved by introducing the
conductive porous frameworks which reduce the sulfur composite based cathodes by
means of large charge transport activity as well as enough room for the volume
expansion. In addition, also restrict the transportation of polysulfides by the confining the
polysulfides with the help of hierarchical pores and resilient interfacial coupling. In
another study, a distinctive lithium-sulfur based battery structure was proposed and was
recommended with an ultrathin graphene oxide (GO) membrane for obtaining maximum
stability [41]. The GO surface was modified with the electronegative oxygen atoms and
functionalized with the carboxyl groups acted as ion-hopping sites of positively charged
lithium species (Li") and stopped the transference of negatively charged species because
of the electrostatic interactions. These aforementioned activities extensively hampered
the transfer of polysulfides through the GO membrane. Therefore, the GO membrane can
be recognized as an efficient perm-selective separator system in lithium-sulfur batteries.
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The addition of GO effectively lowered the cyclic capacity decay rate from 0.49 to 0.23%
per cycle. It was suggested that the GO membrane likely to restrict the transfer of
polysulfides through the GO membrane pores, and was also beneficial for anti-self-
discharge properties.

Currently, sodium ion batteries have fascinated much consideration of research curiosity
due to the sodium being present in huge abundance and can easily be extract from the
earth crust and its cost-effectiveness as compared to Li [42]. Significantly, sodium has
similar physical and chemical properties as in Li elements. Sodium ion batteries have
shown their credential for a large-scale storage system. The stored energy can be
sufficiently utilized for renewable energy applications such as solar and wind where
energy is generated as compared to lithium-ion battery [43]. However, compared with
lithium ions batteries, sodium ion batteries have less worthy specific capacity, rate
capability and good reversibility. On the other hand, Li-ion batteries have a higher energy
density, and capability to accumulate a bigger quantity of energy in small dimensions, but
due to the disadvantages, such as higher cost, low cyclic stability life and safety concerns
limit their universal application. The huge size of sodium ions (1.02 A), which is nearly
twice to the lithium-ions (0.59 A), that leads to slower Na* diffusion efficiency, larger
volumetric change and severe pulverization of the lithium-accepting anode material. It
may also result in a less stabile solid-electrolyte interface layer, therefore, consequences
Is a massive failure in the cyclic stability of anode materials [44]. Several attempts have
been dedicated to developing the anode material that would give sodium-ion batteries a
longer life. Many carbon-based materials have been intensively studied as anode
materials for sodium-ion batteries [45].

In a recent year focus has been given to metal chalcogenides/ carbon-based hybrids for
obtaining better performance. rGO/MoS, composites with the optimal loading of rGO
(0.4 g) were reported as a potential electrode material for rechargeable sodium-ion
batteries than that of pure MoS,, as they exhibit a maximum reversible specific capacity
of about 305 m Ahg™ at a current density of 100m Ag™ after 50 cycles with excellent rate
performance. The better performance was attributed to the porous conductive network
structure that will accommodate the volume expansion, the increased specific surface
area and the lowered charger transfer resistance due to the incorporation of rGO [46]. C-
MoSe,/rGO composite was prepared with both high porosity and the large surface area in
which MoSe, nanosheets were covered by a carbon layer and also intensely rooted on the
interconnected rGO network. The prepared composite was used as an anode in sodium
ion batteries and remarkably enhanced the sodium ion storage capacity, with a high
specific capacity of 445 mAhg™ at 200 mAg™ after 350 cycles and 228 mAhg™ even at 4
Ag™ and these values are much better than those of C-MoSe, nanosheets [47].
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The 3D MoS, nanoflowers/rGO composite was successfully synthesized through a simple
ultrasonic exfoliation technique. Further, it was tested as anode material for sodium-ion
batteries and demonstrates a high reversible specific capacity of 575 mAhg™t at
100 mAg™ in between 0.01 V-2.6 V and 218 mAhg™ at 50 mAg™ when discharged in a
potential range of 0.4 V-2.6 V. Notably this material showed exceptional reversible Na-
storage capacity and decent cycling stability [48]. Sb,Ss/sulfur doped graphene composite
was reported as superior materials than the other antimony based materials with superior
and a stable capacity retention of 83% for 900 cycles with high capacities and excellent
rate performances. Resultant composites have a robust architecture which gives
outstanding cycling stability that resolves the long-term cycling stability issue for sodium
ion batteries [49]

3. Glucose sensors

Graphene-based composites have remarkably been used for glucose estimation in human
blood samples of diabetes mellitus affected patients. Graphene-based materials are well
known for non-enzymatic glucose sensors which are found to be an upfront system with
superior stability and sensitivity with higher selectivity efficiently differentiate extent of
glucose level in human blood samples [50, 51]. However, several methods have been
used to prepare glucose sensors which rely on the glucose oxidase enzyme. But one of the
major issues is immobilization of the glucose oxidase enzyme being a protein nature on
the surface of the electrode. Moreover, their practical application limits due to their
dependency or sensitivity towards temperature, pH, and humidity, results in the lacks in
overall system stability [52, 53]. To overcome these problems, numerous efforts have
been focused to realize non-enzymatic glucose sensors which are founded to overcome
the aforementioned concern over immbolization of the glucose over the surface of the
electrode by mean of the direct catalytic oxidation of glucose on the surface of the
electrode. Various catalytic materials including different metal oxides (CuO, NiO,
C050,) [54-56] and metal nanomaterials (Au, Ag, Ni, Pt, Pd) [57-61] are utilized on the
electrode surface as oxidation materials for oxidation of glucose in non-enzymatic
glucose sensors. The efficiency of non-enzymatic glucose sensors can be influenced by
the extent of oxidation capacity of the material for glucose. The material should have
important properties including a higher specific surface area with better electron transport
property, non-toxicity, and chemical stability with better mechanical flexibility.
However, most of the metal oxide and metal nanomaterials are a poor conductor and
easily drop their performance due to the tendency of nanoparticles towards aggregation
and the adverse influence of the chemisorbed chemical species which limits their use in
sensors development. Therefore, in order to overcome this limitation, these materials are
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dispersed with proper conducting support (such as activated carbon, carbon nanotube-
based materials and graphene-based materials), which would be an effective way to
reduce the aggregation between the nanoparticle and provides conducting pathway [62-
64].

Graphene-based materials with two-dimensional structure exhibit a high density of defect
sites. The defect sites act as active sites and improve electron transport between graphene
to the chemical and biological species [65]. Due to these fascinating features graphene is
an excellent material system suitable for detection of different types of biological and
chemical species which includes the glucose, dopamine, ascorbic acid, H,O,, uric acid,
protein, DNA, nicotinamide adenine dinucleotide, cholesterol, histidine, organosulfate
pesticides etc. [66]. The synergic effect between graphene and the upcoming moieties are
mainly supported by the ease of graphene towards functionalization by chemical or
biological species having covalent or non-covalent bond making it easier to use as
composites with another matrix system of polymer, metal nanoparticles and metal oxide
nanoparticles. As mentioned, the two-dimensional structure is also contributive towards
dispersion of abovementioned nanomaterials results in better catalytic activity and
detection ability.

The composites of graphene oxide decorated with silver nanoparticles were prepared by
the anodic dissolution of silver in the aqueous dispersion of graphene oxide and resultant
composites showed enzyme-less amperometric glucose sensing for real blood samples.
The results showed that the detection limit for glucose was 4uM and very much selective
in the existence of uric and ascorbic acid, which is considered as interfering molecules
for glucose detection. The presence of graphene with silver nanoparticles results in a
better sensors response in comparison to the pure silver nanoparticles [67].

In another study, the reduced graphene oxide/copper nanoparticles were prepared on a
glass/Ti/Au electrode via using an electrophoretic deposition technique. The mixture of
graphene oxide and copper sulphate were prepared in the form of colloidal suspension
and their capability towards the detection of glucose in alkaline medium, respectively.
Interestingly, the efficiency of Au electrode modified with reduced graphene
oxide/copper nanoparticles exhibited superb electrocatalytic performance for glucose
oxidation with a sensitivity of 447.65 pA mM™ cm™ as compared to Au electrode
modified only with reduced graphene oxide. The resultant sensor showed detection limit
is 3.4 mM and displayed negligible inference while crossed investigated in the existence
of various oxidizable and carbohydrate molecules (dopamine, uric acid, ascorbic acid
fructose, lactose and galactose) which specifies the superior selectivity of electrode [66].

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 111-142 doi: http://dx.doi.org/10.21741/9781945291975-5

Chang et al., adopted a facile and clean method to synthesized nanocomposites of
graphene and platinum nanoclusters. During the synthetic step, polyvinyl pyrrolidone
added as a dispersing agent, which directed to improved dispersity as well as controlled
the size of platinum nanoclusters on graphene support and further, evaluated their
electrocatalytic activity towards the oxidation of glucose in neutral media. The results
showed platinum nanoclusters/graphene exhibited a fast response time (~3 seconds) with
a detection limit of 1.21 pAcm'2 mM™. Moreover, the influence of the oxidation of
unwanted chemical species can be restricted to a certain extent by selecting the suitable
detection potential [68].

The copper oxide/polypyrrole nanofiber/reduced graphene oxide nanocomposite based
sensor was used for the detection of glucose. The sensors presented remarkable
reproducibility, stability, selectivity properties and limit of detection is 3uM which is
higher than the non-enzymatic glucose sensors based on copper oxide, polypyrrole and
reduced graphene oxide [69].

Lu et al., fabricated a composite film of nickel oxide hollow spheres/reduced graphene
oxide /nafion modified glassy carbon electrode and magnificently utilized for the
selective detection of glucose. The composite fits better in term of reflecting better
catalytic activity with selectivity. Moreover, the long-term stability towards oxidation of
glucose as well as a higher rate of reproducibility showed its potential towards sensing
applications. The limit of detection is 0.03 uM, which is higher than the bare glassy
carbon electrode, reduced graphene oxide/nafion modified glassy carbon electrode, and
nickel oxide hollow spheres/nafion modified glassy carbon electrode. Furthermore, the
composite was effectively capable of determining the glucose in real serum specimen
under the required limits [70].

4, H,0, sensors

The development of H,O, sensor is needed and highly considerable because of their
immense consumption in the field of food, paper, biomedical and chemical industries.
The H,0, is effective oxidizing agents and their direct and indirect participation in our
daily life because of its direct involvement in charge transportation in the biological
systems, its availability in the numerous cleaning goods or in the form of by-product in
various chemical reactions. So, tremendous efforts have been devoted for the
development of reliable, subtle, fast, and low cost effective H,O, sensors. Several
techniqgues such as surface plasma resonance, fluorescence, colorimetry,
chemiluminescence, chromatography, electrochemical method etc. have been used for
detection of H,0,.
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Among them, the electrochemical method is advantageous because of its better detection
capability, cost towards the lower side, ease of operation and their prospect for real-time
analysis. However, the enzyme-based H,0O, sensor is acute for the environment, because
of which sensors stability is compromised in term of fluctuation in sensor response and
rate of reproducibility. To overcome these challenges, many efforts have been made
without using enzymes. Various kinds of nanomaterials (metallic and metal oxides
nanoparticles) with high surface area and superb catalytic capability are immensely used
to modify electrode to accomplish the non-enzymatic based H,0O, sensors. Recently, the
combination of graphene-based materials produces a synergistic effect which results in
higher catalytic activity, enhanced conductivity and improved stability of the metallic and
metal oxides nanomaterials. As an amperometric sensor for detection of H,0,, silver
nanoparticles decorated graphene oxide via electrochemical reduction method on glassy
carbon electrode by an amperometry method and utilized. The modified electrode exhibit
high sensitivity and selectivity with a low detection limit (0.085 mM) [71].

On the other hand, silver nanoparticles decorated 3D-graphene composite synthesized
through the hydrothermal process. Interestingly, the composite was straightaway
fabricated over freestanding sensing electrode for non-enzyme H,0O, detection in
phosphate buffered solutions. The results revealed that the composite exhibited fast
amperometric detection, highly selective, low detection limitation (14.9 uM) for H,0,
detection was attributed to the synergistic effect of silver nanoparticles for showing high
electrocatalytic activity and 3D-graphene for the large surface area and better charge
transport [72].

Woo et al., designed a graphene/multiwalled carbon nanotube composite modified
electrode for obtaining a combination of the large surface area with excellent charge
transport activity for H,O, detection. Graphene/multiwalled carbon nanotube composite
results synergistic effect, which promotes the electro catalytic reduction of H,O, and the
limit of detection is estimated, is 9.4 x10° mol L™ [73].

In another study, paper-like 2D reduced graphene oxide-supported Cu,O and 3D-reduced
graphene oxide aerogel-supported Cu,O composites were synthesized by hydrothermal
and filtration process. The results demonstrated that the 3D-reduced graphene oxide
aerogel-supported Cu,O composite showed superior electrocatalytic activity towards the
reduction of H,O, results in the excellent detection capability for H,O, with a detection
limit as low as of value 0.37 uM, respectively. Meanwhile, the paper-like 2D reduced
graphene oxide/Cu,O composite also showed worthy response towards H,O, detection
with high sensitivity and selectivity. Both composites correspondingly displayed the real-
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time detection of H,O, in human serum, which reflects the potential of the fabricated
H,0, sensor, respectively [74].

The non-enzymatic H,O, sensor was developed using a rigid chain liquid crystalline
polymer and reduced graphene composite. Polymer offered superb electrochemical
performance and amended electrode fabricated with composite displayed superior
electrocatalytic activity towards the reduction of H,O, with a sensitivity 117.142 mA
mM™ cm and detection limit is 1.253 uM, respectively [75].

In continuation, the one-step hydrothermal method was used to successfully synthesize
silver nanoparticles/reduced graphene oxide/multiwalled carbon nanotube composite
without reducing agent and composite showed superb electrocatalytic activity for the
reduction of H,O, with a quick response time of ~ 3 s. The electrocatalytic activity was
highly influenced by the amount of silver ammonia solution in the prepared
nanocomposites. Meanwhile, the maximum electrocatalytic activity response was
witnessed for the nanocomposite with 6:1 volume ratios of multiwalled carbon nanotube-
graphene oxide (3:1, v/v) to Ag (NH3),0OH (0.04 M). The limit of detection was estimated
to be 0.9 uM [76]. Another work was reported on the preparation of reduced graphene
oxide /zinc oxide composite over glassy carbon electrode. The green synthesis approach
was applied where simultaneous electrodeposition of ZnO was performed with
electrochemical reduction of graphene oxide. The composite shows superb
electrocatalytic activity towards H,O, with a detection limit of 0.02 uM and fast response
time of less than 5s [77].

Venegasa et al.,, modify glassy carbon electrodes by preparing the cobalt doped
stannates/reduced graphene oxide composites on it. The fabricated electrodes were tested
for the amperometric evaluation of H,O,. Notably, the concentration of cobalt in the
stannates compound as well as on the content of reduced graphene oxide present in the
composite influences the catalytic activity of the composite towards the oxidation of
H,0,. The pure cobalt stannate composite with a ratio of 8:1 (stannates: reduced
graphene oxide) showed the best catalytic activity towards H,0, and a detection limit of
0.31 uM [78]. Fabricated cuprous oxide/reduced graphene oxide nanocomposites via
three approaches including physical adsorption, in situ reduction and one-pot synthesis,
respectively. The resulted composites have different morphologies and exhibited
considerably enhanced performance for the catalytic reduction of H,O, than the bare
Cu,0. Among all three kinds of cuprous oxide/reduced graphene oxide nanocomposites,
the nanocomposites synthesized via simple physical adsorption approach showed higher
sensitivity (19.5 pA/mM) with detection limit is 21.7 uM and better stability as compared
to the other two composites [79].
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5. Photodegradation of organic pollutants

Recently, Combination of graphene oxide (GO and RGO) and semiconductors (ZnO,
Cu,0, TiO,) have widely been used as advanced photocatalyst because of their superior
charge transfer interaction, magnetic and electronic interaction between graphene sheets
and semiconductor materials. Graphene sheet has the capability to receive the
photoexcited electron from the conduction band and suppress the recombination of
electrons and holes. Moreover, the higher surface area of graphene sheets causes the
semiconductor materials to disperse which accomplished to support the growth and avoid
agglomeration of the nanoparticles [80-83].

Xu et al., the synthesized a network structure of RGO coated ZnO flower via a simple
one-pot hydrothermal method and used as photocatalyst for degradation of methylene
blue. The results found that increasing the contents of GO (up to 2wt %) into ZnO could
enhance the photocatalytic activity and moreover, RGO/ZnO composites have enhanced
photocatalytic efficiency compared to the pure ZnO flowers [84].

Azarang et al., used the sol-gel method to prepare ZnO nanoparticle decorated on rGO in
a gelatin medium. The role of gelatin was to terminate the growth of the ZnO
nanoparticles on GO and stabilize them. The resulting composites were used for
photodegradation of methylene blue. The results found that ZnO/rGO exhibits high MB
degradation efficiency (99.5%) in comparison to the ZnO nanoparticles (63%) [81]. In
continuation, they synthesized ZnO/rGO nanocomposites using a sol-gel method in a
starch medium. Starch was utilized to stop the growth of the ZnO nanoparticles on rGO
and stabilize them. Further, ZnO/rGO nanocomposites used as photocatalyst for
degradation of methylene blue and results of photoluminescence spectroscopy showed
that introduction of rGO sheet into ZnO nanoparticles suppressed the electron-hole
recombination of the composite which results in enhanced photocatalytic degradation of
MB compared to bare ZnO nanoparticles [80].

Zou et al., prepared different Cu,O/rGO composites with Cu,O having different crystal
facets ({1 1 1}, {1 1 0} and {1 0 0}) with nearly same particle sizes and surface areas.
Different composites were used as photocatalysts for degradation of MB and further,
compared their photocatalytic efficiency and the result is shown in order of Cu,O {111}
ZnO/rGO>Cu,0 {110} ZnO/rGO>Cu,0 {100} ZnO/RGO.

The UV-vis diffuse reflectance and photoluminescence spectra investigations revealed
the improvement in the visible-light absorption and the faster charge-transfer rate by
Cu,0O {111} ZnO/rGO nanocomposite. FTIR, X-ray photoelectron spectroscopy and
Raman analysis also suggest that because of the developed electronic structures and
interfacial connections of {111} ZnO/rGO, the Cu" species and oxygen defects were
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much easier to occur. In addition, the presence of In-situ electrons spin resonance
speculated detection of more super-oxide radicals over {111} ZnO/rGO, which promoted
organic pollutants degradation [82].

TiO,/rGO nanocomposite synthesized via the hydrothermal method. TiO, have nano
spindle structure which is featured by large exposed {001} facets and further evaluated
their photocatalytic activity by the degradation of MB. The result showed the
photocatalytic efficiency is much higher than that of pure TiO, nano spindle under the
same conditions because of superior electron conductivity and enhanced absorbtivity of
rGO. In addition, cycling use of the nanocomposites indicates that the stability is high
[85].

The ternary nanocomposite of rGO/ZnS-Ag,S was successfully synthesized using the
hydrothermal method and accessed the efficient photocatalyst and good recycling ability
for the degradation of RhB under simulated sunlight irradiation compared to pure ZnS.
This was attributed to an efficient charge transfer from ZnS to Ag,S and graphene sheets.
Strong n-m bonding between graphene sheets provided better structural stability by means
of the superior mechanical strength and porous structure which is likely to be an ideal
requirement for that for immobilizing the many nanoparticles which can provide huge
water/solid interfaces. This leads to promote the easy retrieval of the organic dyes due to
a interlinked porous structure [86].

In another work, successful preparation of Ag/rGO composites hydrogels in the presence
of polyethyleneimine was reported and the prepared composite was used as a potential
catalyst for degradation of RhD and MB dyes under UV light. They were found Ag/rGO
composites can create more number of electrons and holes which results in the formation
of additional superoxide anions or peroxides species thereby enhanced the efficiency of
Photocatalysts [87]. The same composite system was developed by Bhunia et al.,
Ag/rGO composites using a simple and low-cost chemical route and has shown
commendable efficiency towards the photocatalyst degradation of colorless organic
pollutants (phenol, bisphenol A, and atrazine) under visible-light. They found that
photocatalytic efficiency of Ag/rGO composites under visible light was pointedly better
than the bare rGO or silver nanoparticle and be influenced by on the optimized content of
Ag. Generally, Ag nanoparticles are capable of offering the induced excitation of silver
plasmons under visible-light, on the other hand, the conductive rGO provides better
charge separation which indeed required to promote the oxidative degradation of the
organic pollutant [88].

GO/Ag@AgCI composites as Z-scheme photocatalyst was used for the degradation of
MB. They found that GO and AgCI stimulated the catalytic activity and metallic Ag
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considerably lowers the recombination of electron-hole pairs from GO and AgClI under
exposure to visible light. They suggested that the electron-hole recombination follows in
two ways; electron-hole pairs of low energy level can undergo recombination by Ag, on
the other hand, the electron-hole pairs of the high energy level are available for the two
photochemical reactions that work parallel in the system. GO/Ag@AgCIl composites
show an enhanced photocatalytic activity for the degradation of MB than the Ag@AgCI-
rGO while the content of the graphene was the same (15 wt%) [89].

In the past two decades, many researchers have focused on materials (peroxymonosulfate
oxidant (PMS)) that are able to generate sulfate radical (SO4 ") under UV irradiation
which plays a key role in the degradation process. PMS has a higher potential (1.82 V),
are cost-effective and eco-friendly [90]. Yao et al., prepared rGO/ZnFe,O, composite and
evaluated their catalytic activity for degradation of orange-1l using peroxymonosulfate as
an oxidant under visible light irradiation. The rGO/ZnFe,O, composites displayed
remarkable enhancement in visible-light photoactivity toward orange-11 in comparison to
the bare ZnFe,O, [91].

The introduction of graphene oxide into silver orthophosphate was found beneficial to
improve separation efficiency of photogenerated electron-hole pairs for increasing the
overall photocatalytic activity [92, 93]. Wang et al., prepared GO/ AgsPO, composites
via one-step route and further evaluated their photocatalytic activity for the degradation
of RhB and Bisphenol A. The outcome suggest that the overall catalytic activity and good
stability depend on the introduction of GO (6wt%) and the main reason is to promote the
charge separation, therefore catalytic degradation efficiency of Bisphenol A over
GO/AgsPO, was higher than that of AgsPO, [94]. In another study, RGO/ Ags;PO,
composites were synthesized in situ deposition of AgsPO, nanoparticles on the surface of
RGO sheets and evaluated their stability and photocatalytic activity for the degradation of
RhB of composites. Results revealed that the amount of rGO up to 3 wt% in the
composites significantly enhanced catalytic activity, which could be ascribed to the
superb charge compliant and transport properties of rGO under visible-light irradiation
[95]. In extension to this an excellent photocatalytic degradation of RhB, MB and methyl
orange under visible light was reported using GO/ Ag,CO3z; composites which were
prepared via modest and operative precipitation method. The Ag,CO3; with 0.9 wt% GO
concentration showed the photodegradation efficiency for organic dyes and it was 2 times
higher than the bare Ag,COs crystal. The enhanced photocatalytic activity of GO/Ag,CO;
composites was ascribed to the mutual contribution of GO sheets with high surface area,
improved absorption of organic dyes, optimum band gap, efficient charge separation and
decent charge acceptor properties of GO [96].
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The degradation of the MB and phenol under visible-light irradiation by Ag,CrO,/GO
composite prepared via a precipitation method which acts as a Z-scheme photocatalyst.
Experimental results shown that, composite with 1.0 wt% GO content displays the
photocatalytic activity for MB degradation as fast as within 15 min, and was 3.5 times
that of bare Ag,CrO,4 and could be achieved by the creation of Z-scheme Ag,CrO,/GO
heterojunctions that own better efficiency towards charge separation and transfer along
with the resilient oxidation and reduction capability [97].

Several researchers have focused their attention towards the use of BiVO, materials with
different crystal structures as well as various three-dimensional morphologies as
photocatalysts for the degradation of organic pollutants under visible-light irradiation.
Nevertheless, pure BiVO, have limitation including low adsorptive ability and difficulty
in passage of photo-generated electron and holes, respectively [98]. In this concern, some
researchers have been reported some publications on the incorporation of pure BiVO,
with graphene oxide materials and they found as a reliable way to develop the
photocatalytic efficiency for degradation of organic pollutants under visible light
irradiation [99]. Dong et al., synthesized three-dimensional acicular sheaf shaped BiVO,
architectures and incorporated with rGO which resulted in BiVO,/rGO composites.
Composites displayed outstanding photocatalytic activity towards the degradation of RhB
and stability during prolonged exposure to natural sunlight. Additionally, results revealed
that the photocatalytic activity of the composites improved with respect to the rGO
content ranging from 0.25 wit% to 1 wt% in the composites. The reason behind
enhancement was the higher light harvesting efficiency and reduction in rate of electrons
and holes recombination [100].
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Table 1 Photocatalytic degradation of Graphene oxide and reduced graphene oxide-

based composites used for the degradation of organic pollutants.

S.No. GO & RGO Organic Lightsource Photocatalytic Conc. of Method Ref.
composites pollutants efficiency photocatalyst
& organic
pollutant
1 Zn0O/ MB uv 92.5% in 120 10 mg of the Sol-gel  [80]
(rGO) irradiation min the resulting
produced by material was
a500 W, dispersed in 30
high- mL of the MB
pressure Hg aqueous
lamp solution (10
mg/L).
2 Zn0O/ MB uv 99.5% in 180 10 mg of the Sol-gel [81]
(rGO) irradiation min obtained
produced by material was
a500 W dispersed in 30
high- ml of the MB
pressure Hg aqueous
lamp. solution (10
mg/L).
3 Cu,0O- MB Visible light  72% in 2 hrs. 15 mg of [82]
rGO was sample was
provided by added to 45
the 400 W mL MB (10
metal halide mg/L)solution
lamp
4 TiOL/IrG MB Light 10 mg of the Hydro-  [85]
O irradiation as-prepared thermal
by a 300W samples were
xenon lamp. suspended in
60 ml of MB
aqueous
solutions (10
mg/L).
6 rGO / RhB Solar 54.08% in 100 mg of Hydro-  [86]
ZnS- simulator 120 min. photocatalyst  thermal
AQ,S equipped was suspended
with an AM ina 100 mL
1.5G filter aqueous
and 150 W solution of
Xe lamp. RhB
7 Ag/rGO Phenol, 250 W Hg 22 mg of [88]
BPA, and vapor lamp rGO—-Ag
Atrazine was used for composite was
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8 Ag/rGO RhB and
MB

9 GO/Ag@ MB
AgCl

10 rGO/ Orange 11
ZnFe;04

11 GO/ RhB,
AgsPO, BPA

12 rGO/Ag; RhB
PO,)

13 GO/Ag,C RhB, MB
O3 and MO

visible light

UV light
high
pressure
mercury
lamp (365
nm, 100 W)

Visible light
irritation the
LED lamp

Visible
irradiation

Visible light
irradiation
under 300
W Xe lamp

A 500 W
xenon lamp

Under
visible light
300 W Xe
lamp

100%70 min,
100% 30 min

100 % of
Orange Il
was degraded
by the
ZnFe,O4—
rGO within
150 min.
100% in 12
min and 87%

92% in 20
min

100% in 30
min

dispersed in
the 50 mL of
pollutant
solution with a
conc. of 100
mg/L
rGO/PEI/Ag
hydrogel
catalyst in 100
mL of RhB (4
mg/L) and MB
solution (10
mg/L).

30 mg were
dispersed in 50
mL 2.5 x10°M
MB solution
under
ZnFe,04—rGO
(20 mg)
powder was
added into
Orange 11 (20
mg/L, 100 ml)

0.075¢
photocatalysts
were added
into 75 ml RhB
(20 mg/L).
BPA (20mg/L)
over
GO/A93PO4
composites

50 mg of
photocatalysts
was added to
100 mL of
RhB solution

Dye solutions
(30 mL, 1 x
107° M)
containing 100
mg of
photocatalyst

Reduc-
tion
approac
h

Precipit
a-tion
method

[87]
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[91]

[94]

[99]
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14 GO/Ag,C MB, Visible-light 100% MB in 20 mg of the Precipit  [97]

ro* Phenol irradiation 15 min and photocatalyst  a-tion
A300 W 90% Phenol was dispersed  method
simulated in 60 min in 100 mL of
solar Xe arc MB aqueous
lamp solution (1 x
10°mol LY
16 rGO RhB Sunlight 98.5%in 10  As prepared [100
/BiVO, irradiation.  hrs photocatalyst ]
(0.10 g) were
added to 200
mL RhB
aqueous
solution (5
mg/L)

GO=Graphene oxide, RGO=Reduced graphene oxide, MB=Methylene blue, BPA=
Bisphenol A, RhB= Rhodamine B, MO=Methyl Orange

6. Cancer therapy

In recent times, graphene-based composites have been receiving increased attention in
biomedical applications including drug or gene delivery, tissue engineering, biosensing
[101]. The use of graphene-based nanocomposites as drug carriers for cancer therapy has
been grown rapidly in the past few years. Graphene material shows favorable
biocompatibility with low toxicity, admirable physical properties, a surface availability
for further bio or chemical modification and development of multifunctional activity.
Graphene possessing delocalized 7 electrons and high surface area (2600 m® g™*) which
offers interaction with various biomolecules or aromatic ring-containing anticancer drugs
and provide efficient loading capacity and target delivery than other materials which can
improve drug efficiency without increasing the dose of the chemotherapeutic agent [102].
Graphene oxide is mostly used in biomedical application because it is soluble in water.
But in physiological solution have lots of salts and proteins which creates some issues
such as, the formation of protein corona on graphene oxide surface, adverse effects occur
which disturb its biodistribution or interaction with the immune system causing toxicity.
However, to overcome these issues, it is desired to functionalize the graphene sheets to
impart with aqueous solubility, biocompatibility, suitable sizes are necessary to suitably
interface with biological systems in vitro or in vivo [103].

Sun et al., synthesized nanographene oxide/ polyethylene glycol polymers at nanoscale of
size ranges from 10-50 nm and explore the biological applications. The result presented
high stability in physiological solutions and delocalized n electrons system of graphene
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surface can be employed for the active involvement of aromatic anticancer drugs such as
doxorubicin and SN 38 via n-n stacking, which is insoluble in the water. The higher
surface area of graphene provides high drug loading efficiency on nanographene oxide/
polyethylene glycol polymers. The terminals of polyethylene glycol were accessible for
the formation of links between targeting antibodies, which eased the drug delivery to
certain cancerous cell [104].

Yang et al., checked the performances of nanographene sheets with polyethylene glycol
coating done via a fluorescent labeling method for photothermal therapy by intravenous
direction and fluorescence imaging reveals amazingly large tumor acceptance of
nanographene sheets in numerous xenograft tumor mouse models in vivo behavior.
Moreover, polyethylene glycol/ nanographene sheets show superior permeability and
retention effect of cancer lumps with the unnoticeable signal of toxicity [105].

Zhang et al., employed folic acid conjugated nanoscale graphene oxide as a nanocarrier
to load two anticancer drugs (doxorubicin and camptothecin) via m-m stacking and
hydrophobic interactions. Result confirmed that simultaneously two drugs loaded folic
acid conjugated nanoscale graphene oxide shows explicit aiming to MCF-7 cells and
shown low cytotoxicity in comparison to folic acid conjugated nanoscale graphene oxide
loaded with either doxorubicin or camptothecin only [106].

Feng et al., designed polyethylene glycol/polyethylenimine conjugated nanographene
oxide via amide bonds which is physiologically stable with ultra-small size. The results
demonstrated that the prepared system shows enhanced gene transfection activity with
reduced cytotoxicity as compared to bare polyethylenimine and polyethylenimine
conjugated nanographene oxide without polyethylene glycol. Cellular uptake of
polyethylene glycol/polyethylenimine conjugated nanographene oxide is enhanced under
a low power NIR laser irradiation and because of slight photon based thermal heating
increases the cell membrane transportation without any considerable cell damage which
causes an enhancement in plasmid DNA transfection activities persuaded by the NIR
laser were retained using polyethylene glycol/polyethylenimine conjugated nanographene
oxide as the light-responsive gene carrier. Moreover, the system also able to deliver
SIRNA into cells under the control of NIR light irradiation [107].

Shi et al., synthesized graphene oxide/silver nanocomposite via chemical deposition of
silver nanoparticles over graphene oxide via a hydrothermal method. An anti-cancerous
drug (doxorubicin) was conjugate with graphene oxide/silver nanocomposite by ester
bonds which shows a huge drug loading capacity (wt. 82.0%, weight ratio of
doxorubicin: graphene oxide/silver), active tumor targeting ability and superb solidity in
physiological solutions then graphene oxide/silver nanocomposite/doxorubicin was
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actively functionalized by DSPE-PEG2000-NGR. Results found that the release profiles
of doxorubicin from graphene oxide/silver nanocomposite/doxorubicin/NGR revealed
strong dependences on near-infrared laser and the surface plasmon resonance effect of
silver nanoparticles. Graphene oxide/silver nanocomposite/doxorubicin/NGR displayed
enhanced antitumor efficiency deprived of toxic involvement to organs because of about
8.4 times higher doxorubicin validation of tumor and about 1.7-fold higher doxorubicin
released in tumor with a near-infrared laser than the other tissues [108]. Some et al.,
synthesized curcumin/graphene composites and practiced them as nanovectors for the
transportation of the hydrophobic anticancer drug curcumin that relies on the pH reliance.
The degree of drug-loading was enhanced by increasing the number of functional groups
having oxygen group in the derivatives of graphene. The results confirmed a mutual
contribution of curcumin and graphene on the demise of the cancer cell (HCT 116)
together in-vitro and in-vivo investigations. Curcumin/graphene quantum dots consisted
of the curcumin nanoparticles on higher side showed realistic anticancer activity in
comparison to the other composite systems having curcumin with similar dose [109].

Conclusion

This chapter summarizes mainly graphene oxide composites. Graphene oxide has
excellent chemical or electrochemical activities, wide specific area, rapid response
towards pH, temperature, etc., which made graphene-based composites widely applied to
the fields of sensors, biomedicine, energy storage devices, waste water treatment, etc.
The applications of graphene-based composites have tremendous applications and are not
restricted to the above-discussed areas, so it is feasible to introduce novel functional
materials into graphene-based composites with embellished properties in different fields
through the existing and advanced techniques.
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Abstract

Biomaterial is a material that interacts with human tissue and body fluids to treat,
improve, or replace anatomical element(s) of the human body. Biological materials such
as human bone allograft, are considered to be biomaterials and they are used in many
cases in orthopedic surgery. Due to compatibility of carbonaceous materials with bone
and other tissue and the similarity of the mechanical properties of carbon to bone,
carbonaceous composite is used for orthopedic implants. Nowadays, to obtain the most
desirable clinical performance of the implants the mechanically superior metals are
combined with ceramics and polymers of excellent biocompatibility and biofunctionality.
Among  ceramic/ceramic, ceramic/polymer and  ceramic/metal  composites,
ceramic/ceramic composites enjoy superiority due to their similarity with bone minerals,
exhibiting biocompatibility and ability to be shaped into a definite size. Among
bioceramics alumina, ziconia and carbon revealed their blood compatibility, no tissue
reaction and nontoxicity to cells, but none of the above three-bioinert ceramics exhibited
bonding with the bone. However, this bioactivity of the bioinert ceramics can be achieved
by forming composites with bioactive ceramics. Bioglass and glass ceramics are nontoxic
and chemically bond to bone, elicit osteoinductive property. Calcium phosphate ceramics
are nontoxic to tissues, and have bioresorption and osteoinductive property.
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1. Introduction (Types of implant materials)

Implant materials for medical uses especially for orthopedic applications have advanced
over the past decades from materials of industrial applications into the development of
materials with features of specific biological responses within the biological
environment. Orthopedic implants are the medical devices used to replace or provide
fixation of bone or to replace articulating surfaces of a joint. They are made mainly from
stainless steel and titanium alloys for strength and lined with polyethylene plastic to act
as artificial cartilage. Among orthopedics implant few are cemented and others are
uncemented. The uncemented are pressed to fit so that bone can grow into the implant for
strength. In most joint implants one component is made from metal, and another from
polyethylene. Except some pure metal implants most metal implants are made from a
mixture of two or more metals. A good material which has a balance of desired features
can be created by combining metals, to make alloys. The most common metal alloys used
in orthopedic implants are stainless steel, cobalt-chromium alloys, and titanium alloys.
Bone fixation implants such as metal plates, intramedullary rods, and screws are
constructed of either titanium or stainless steel because they are biocompatible, have
higher mechanical strength, and a bending modulus that is greater than cortical bone.
However, due to their stiffness they absorb most of the stress in load-bearing applications
(stress shielding), leads to weak tissue growth at the site of implant. Continued use of
these implants sometimes leads to adverse reaction in a patient’s body as the metal,
although inert has the potential to leach into the patient’s system, thus a second surgery is
required for removal of the implant. The innovation of ceramic materials for skeletal
repair and reconstruction has been one of the major advances in the development of
medical materials in the last four decades; they are often referred as bioceramics.
Generally, all metal implants are non-magnetic and high in density. It is important that
the implants be compatible with magnetic resonance imaging (MRI) techniques and
should be visible under X-ray imaging. Most of artificial implants are subjected to either
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static or repetitive load which requires an excellent combination of strength and ductility.
This is the superior characteristic of metals over polymers and ceramics. In general
implant materials can be divided into the following categories: metals, polymers,
ceramics, and composites.

1. Metals and alloys : 316L stainless steel, CP-Ti, Ti-Al-V, Co-Cr-Mo, Cr-Ni-Cr-

Mo, Ni-Ti

2. Ceramics and glasses: Alumina Zirconia, Calcium phosphates, Bioactive glasses,
Carbons

3. Polymers: Polyethylene, Polypropylene, PMMA( polymethyl methacrylate),
Silicones

4. Composites: PMMA-glass fillers

Biomaterials used in orthopaedic surgery are divided into two groups: metals and

nonmetals.
METALS NONMETALS
Metallic biomaterials are used in load- Can be categorized in three subgroup: polymers, ceramics, and
bearing systems such as hip and knee composites.

prostheses and for the fixation of bone
fractures. The metallic implants used in 1 Polymers are organic materials that form large chains

orthopaedic surgery are: of repeating units, used in joint replacement
1.Low carbon grade austenitic stainless

steels: 316L

2.Titanium and titanium-base alloys:
commercially pure titanium (CP Ti), Ti-
6Al-4V, other titanium-base alloys

3. Cobalt alloys: Co-Cr-Mo, and other
cobalt-base alloys

components. Currently the polymers used in joint
replacements  are:Ultrahigh ~ molecular  weight
polyethylene (UHMWPE), Acrylic bone cements,
Bioabsorbables and polyether ether ketone (PEEK)

Ceramics are polycrystalline materials. Majority of
ceramic compounds are made up of metallic and
nonmetallic elements associated together with ionic
bonds or ionic as well as some covalent bonds.
Hardness and brittleness are properties of ceramics and
they work mainly on compression& tensile forces.
Ceramics used in orthopaedic surgery
are:Alumina(Al203) & Zirconia (ZrO2) used for
acetabular and femoral components and
Hydroxyapatite, = Cal0(PO4)6(0OH)2, used for
coating femoral stem.

Composites. Composite biomaterials are made with a
filler (reinforcement) addition to a matrix. Composites
used in the orthopaedic devices are:Fiber-reinforced
polymers and Polymethyl methacrylate (PMMA)
aggregates.
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The type of material used in biomedical depends on specific implant applications. Detail
of the materials used in medical and dental implants are:

1.1  Stainless Steel

The majority of surgical equipment is made from stainless steel or a similar alloy. It is the
metal of choice due to its hygienic abilities i.e. easy to sterilize and clean. Surgical
stainless steel is a specific type of stainless steel, often used in implants that are intended
to help repair fractures such as bone plates, screws, pins, and rods, because they are
cheap, easily available and easy to process. Stainless steel is an alloy mainly made up of
iron to which other metals such as chromium, nickel or molybdenum are added to make it
more resistant to corrosion. There are many different types of stainless steel. The
austenitic stainless steels, especially Types 316 and 316L, are most widely used for
implant fabrication. They differ only in the content of carbon. These stainless steel used
in orthopedic implants are designed to resist the normal chemicals found in the human
body. In order to be austenitic at room temperature, stainless steel needs to contain a
certain amount of austenite stabilizing elements such as Ni or Mn. The 316L contains
0.03wt% C, 17-20wt% Cr, 12-14wt% Ni, 2-3wt% Mo and minor amounts of nitrogen,
manganese, phosphorus, silicon and sulphur. The new austenitic stainless steel having
high Cr content (> 20%) with a high Nitrogen content (between 0.3 and 0.4%) and where
Ni has been partially substituted by Mn is being used in joint prosthesis. Here nitrogen
provides increase in the corrosion resistance and the mechanical properties i.e. yield
stress and stabilize the austenitic phase. Ni is substituted by Mn primarily to avoid Ni
sensitivity. The stainless steels are suitable to use only in temporary implant devices such
as fractures plates, screws and hip nails. They are not suitable for permanent implant
because of its poor fatigue strength and characteristic to undergo plastic deformation. If
used for prolonged period even the 316L stainless steels may corrode inside the body
under certain circumstances in a highly stressed and oxygen depleted region.

1.2  Cobalt-Chromium Alloys

While cobalt-chromium alloys contain mostly cobalt and chromium, others metals such
as molybdenum and nickel are also added to increase their strength and corrosion
resistance. There are basically two types of cobalt chromium alloys. One is the cobalt
CoCrMo alloy, usually used to cast a dentistry product and the other is the CoNiCrMo
alloy, these alloys are used in a variety of joint replacement implants, as well as some
fracture repair implants. Prior to the use of titanium, cobalt-based alloy (Co-Cr-mo) and
(Co-Cr-Ni) had largely replaced stainless steel as material for permanent implants. These
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alloys have more corrosion resistance due to the formation of a durable chromium-oxide
surface layer i.e. passivation layer.

1.3  Titanium Alloys

Titanium alloys are the most flexible and the lightest of the orthopedic alloys. Titanium
alloys mostly consist of titanium with varying degrees of other metals, such as aluminum
and vanadium. Titanium is light and has good mechanical and chemical properties which
are salient features for implant applications. Titanium alloy (Ti6Al4V) is most widely
used to manufacture implants. The main alloying elements are aluminium (5.5 - 6.5%)
and vanadium (3.5 - 4.5%). Although the strength of the titanium alloys may vary from
lower than to equal of 316 stainless steel but when compared by specific strength
(strength per density), the titanium alloys outperform any other implant material.

Physiological and Mechanical feature of titanium alloys: These materials are bioinert and
when implanted into human bodies remain unchanged due to their excellent corrosion
resistance. The human body recognizes these materials as foreign material, and tries to
isolate them by encasing them in fibrous tissues. However, they do not produce any
adverse reactions and are tolerated well by the human body. Some stainless steel may
induce nickel hypersensitivity in surrounding tissues but titanium alloys do not induce
any allergic reaction. The surface of titanium is often modified by hydroxyapatite
coating; the commercially accepted technique for depositing such coatings is plasma
spraying. The hydroxyapatite provides a bioactive surface, it actively participates in bone
bonding so other mechanical fixation devices and bone cements are not required. The
features of titanium and its alloys to be used in orthopedics and dental applications are
mechanical properties such as strength, fatigue resistance and bend strength. Therefore,
for load-bearing biomedical applications titanium alloys are used instead of materials
such as hydroxyapatite which displays bioactive behavior. Other specific properties that
make titanium alloys desirable biomaterial are density and elastic modulus. In terms of
density, it has a significantly lower density (table 1) than other metallic biomaterials, so
the implants are lighter than similar items fabricated out of stainless steel or cobalt
chrome alloys.

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 143-177 doi: http://dx.doi.org/10.21741/9781945291975-6

Tablel. Densities and young modulus of few ceramic biomaterials and cortical bone.

Material Density [gm/cm®] Young Modulus
[GPa]

Cortical Bone ~2.0g.cm™ 7-30

Cobalt-Chrome alloy ~8.5g.cm? 230

316L Stainless Steel 8.0g.cm® 200

CP Titanium 451 g.cm® 110

Ti6AI4V 4.40 g.cm™ 106

Titanium alloys have lower elastic modulus as compared to the other metals. This is
desirable because the bone hosting the biomaterial is less likely to atrophy and resorb.
Femoral stem of total hip replacement prosthesis is made up of a titanium alloy. The
white section is a hydroxyapatite coating to encourage bone bonding to the implant. The
ball on top of the femoral stem is called the femoral head, is made up of zirconia ceramic
and fits into the hip joint in the pelvis. The acetabular cup is also made from titanium
alloy. It is coated in a porous alumina ceramic, to allow bone ingrowth for stabilisation.
An ultra high molecular weight polyethylene (UHMWPE) liner fits inside the acetabular
cup and provides the articulating surface for the femoral head. (Figure 1,2 & 3).

¥
—Metal acetabular
3 \ shell
\ \
| N
¥ e “~ UHMWPE liner
‘ Femoral head
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Porous coating

&

.‘:’.-

— Femoral stem

Figure 1. Implant Figure 2. A total knee Figure3. Detailed
components for a total replacement prosthesis components of Total Hip
hip replacement components Replacement (THR)

implant.

Figure 2 shows prototype of total knee replacement prosthesis. It consists of titanium
alloy upper and lower structural components. A zirconia wear surface has been fabricated
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for the upper section. Similar to the hip prosthesis, this articulates against a UHMWPE
insert on the lower section.

1.4 Commercially Pure Titanium (CP Ti)

Four grades of CP Ti are available according to oxygen content. CP Ti grade 4 contains
the highest amount of oxygen, up to 0.4 per cent, and consequently has the highest tensile
and yield strengths Ratner et al. 2004[1]. The most commonly used titanium alloys in
orthopedics are commercially pure Ti (CP Ti), grade 4 (ASTM F67) and TigAl,V (ASTM
F136).In dental implants CPTi with single phase alpha microstructure is used whereas
TigAl,V, which has biphasic alpha-beta microstructure is used in orthopaedic
applications. CP titanium may also be used in some implants (for example, to make fiber
metal) in which a layer of metal fibers is bonded to the surface of an implant to allow the
bone to grow in to the implant for a better grip.

1.5 Tantalum

Tantalum is a pure metal with excellent physical and biological characteristics. It is
flexible, corrosion resistant, and biocompatible. Tantalum is gaining more attention as a
new biomaterial. Elemental tantalum unites strength and corrosion resistance with
excellent biocompatibility. Trabecular metal is made by the pyrolysis of thermosetting
polymer foam, creating a low-density vitreous carbon skeleton, and then commercially
pure Ta is deposited onto this interconnected scaffold using chemical vapor
deposition/infiltration techniques that create a metallic strut configuration similar to
trabecular bone. This explains tantalum'’s surgical applications such as cranioplasty plates
and pacemaker leads [2]. Lack of sufficient mechanical strength for use as load-bearing
metal implants is a major limitations of open cell porous scaffolds. Therefore, porous
metals fabrication technologies which can ensure sufficient mechanical strength, net-
shape fabrication capability, shape, pore size and high levels of purity for biomedical
applications, become significantly important. Tantalum is often used as X-ray markers
for stents because of its excellent X-ray visibility and low magnetic susceptibility.

1.6  Ultra High Molecular Weight Polyethylene (UHMWPE)

Sir John Charnley first used UHMWPE in 1962 and by 1970 it emerged as the dominant
bearing material for total hip and knee replacements. UHMWPE has been used as a
successful biomaterial for hip, knee, and spine implants over the last few decades. Highly
crosslinked UHMWPE materials were introduced in 1998 and since then have rapidly
become the standard of care for total hip replacements [3]. These new materials are
crosslinked with gamma or electron beam radiation (50-105 kGy) and then thermally
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processed to improve their oxidation resistance [3]. Another important medical
advancement for UHMWPE in the past decade has been the increase in use of fibers for
sutures. UHMWPE is a type of plastic commonly used on the surface of one implant that
Is designed to come in contact with another implant, as in a joint replacement. In fact, a
special type of medical-grade polyethylene was developed specifically for use in
orthopedic implants. Abrasion, chemical resistance, and its compatibility with body tissue
are basic properties for the medical use of UHMW-PE. Polyethylene is very durable
when it comes into contact with other materials. When a metal implant moves on a
polyethylene surface, as it does in most joint replacements, the contact is very smooth
and the amount of wear is usually minimal. Polyethylene can be made even more
resistance to wear, through a process called cross linking, which creates stronger bonds
between the molecular chains of the polyethylene. The cross-linking processes can result
in materials with lower mechanical properties than standard ultrahigh molecular weight
polyethylene. The appropriate amount of cross linking depends on the type of
implant. For example, the surface of a hip implant may require a different degree of
cross linking than the surface of a knee implant. The radiation-cross linked remelted cups
exhibited excellent resistance to oxidation. Because crosslinking can reduce the ultimate
tensile strength, fatigue strength, and elongation to failure of ultra high molecular weight
polyethylene, the optimal crosslinking dose provides a balance between these physical
properties and the wear resistance of the implant and might substantially reduce the
incidence of wear-induced osteolysis with total hip replacements. Osteolysis induced by
ultra high molecular weight polyethylene wear debris is one of the primary factors
limiting the lifespan of total hip replacements.

1.7 Ceramics

Ceramic materials are usually made by pressing and heating certain metal oxides
(typically aluminum oxide and zirconium oxide) until they become hard and
dense. These ceramic materials are strong, resistant to wear, and biocompatible. They
are used mostly to make implant articulating surfaces that do not require flexibility, as in
the surfaces of a hip joint.
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1.8  Composite Materials

CLASSIFICATIONS
Based on the type of the Matrix Material

Polymer Metal Ceramic Carbon & Graphite

NS NS

Non Fibrous Fibrous

Based on the form of the reinforcement

Fibrous Non Fibrous

e Fiber — a filament with e A particle — non fibrous
Long Dimension very with no long dimension
high e A composite with particle

e A composite with fiber as reinforcement is called
reinforcement is called non fibrous composite.
fibrous composite.

One of the primary restrictions on clinical use of bioceramics is the uncertain lifetime
under the complex stress states, slow crack growth, and cyclic fatigue that arise in many
clinical applications. Composite materials are made by mixing two or more separate
materials without creating a chemical bond between the materials. Metal alloys and
ceramics are not considered to be composite materials because their ingredients are
chemically bonded to create a new material. Bioactive and mechanically strong
composite can be produced by combining of the bioinert and bioactive ceramics. On a
larger scale two layers of these different materials can be combined to create a composite
material with the desired characteristics, for example, hip implant stem may consist of
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layers of two different materials (alumina ceramic and hydroxyapatite composites) to get
the desired combination of strength and flexibility. After introduction of ceramic
particulate reinforcement there is a wide choice of material for implant applications like
ceramic/ceramic, ceramic/polymer, and ceramic/metal composites. But the
ceramic/polymer composites have been found to release toxic elements into the adjacent
tissues and further have the limitations of organization into definite shape. The
metal/ceramic composite faces problems of corrosion of metal and degradation of its
ceramic coatings during its long time application. Ceramic/ceramic composites are more
superior as they are similar to bone minerals, exhibiting biocompatibility and are able to
be shaped into different sizes. The combinations of various absorbable and nonabsorbable
polymers with calcium-based materials are well accepted eg. Polymer composites are
used in orthopedic surgery whereas biocompatible polymers and polymer ceramic
composites are used for tissue graft. These non-fibrous composites cannot be used as
load-bearing skeletal implants due to their relatively poor mechanical properties.

1.9 Trabecular Metal

Trabecular Metal is made from tantalum over carbon. It is strong, flexible, and
biocompatible.  Trabecular Metal material is structurally similar to the bone,
approximates its physical and mechanical properties more closely than any other
prosthetic materials and is the primary reason for wide acceptance.This unique, highly
porous, trabecular structure is conducive to bone formation, enables rapid and extensive
tissue infiltration and strong attachment[4,5].The Trabecular Metal Osteonecrosis
Intervention Implant System ( implant design) has been developed to intervene in stage |
or Il osteonecrosis of the femoral head and may be used with bone graft. The device has
the potential to limit the progression of the disease, delaying or preventing the need for a
hip replacement in many patients. The advantages of Trabecular Metal material and the
implant design includes: (1)75-80% porosity (2) Cellular structure as of bone (3)
Stiffness similar to bone (4) High coefficient of friction gives implant stability (5)
Structural support to necrotic part of femoral head (6) Limit the progression of disease,
delaying the need for total hip arthroplasty (7) Offers an alternative to grafting
procedures

Physical and Mechanical Properties: Trabecular Metal allows greater bone in growth as
compared to other conventional porous coatings because it is made up of interconnecting
pores which leads to a structural biomaterial that is 70-80% porous, it also has higher
interface shear strength. It can withstand physiological loads as it has high strength-to-
weight ratio. The elastic modulus and compressive strength are similar to bone [5, 6]. The
bone-like physical and mechanical properties of Trabecular Metal contribute to extensive
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bone infiltration. The pore size and high volume porosity of Trabecular Metal supports
vascularization and rapid, secure soft tissue ingrowth. Its low stiffness helps
physiological load transfer and minimizes stress shielding.

1.10 Bioabsorbable Materials

Bioabsorbable materials are absorbed by the body when their job is over. They are made
from a biocompatible plastic that can be dissolved by normal body fluids. Many sutures
used today in all types of surgery are bioabsorbable. These bioabsorbable materials may
also be used in implants that reattach soft tissue to bone.

1.11 Silicone

Silicones are a general category of synthetic polymer, rubbery in nature and are very
flexible. Silicones are made up of repeating silicon to oxygen bond and silicon atoms are
also bonded with organic groups (methyl group). The most common Silicones are the
polydimethylsiloxanes and trimethylsilyloxy. The most important silicone Implant is the
Silicone breast implant. Due to its unique biocompatibility and biodurability, silicones
have widespread application in health care. In orthopedics, it is most commonly used
implant material that replaces the joints of hand and the foot, to replace the hand flexor
tendon, to replace the thumb CMC (carpometacarpal) joint and the
MCP(metacarpophalangeal) and PIP(proximal interphalangeal) joints.One of the most
common problems with silicone implants is that they can leak or rupture. Others side
effect are Infection or painful, swollen or inflamed implant site, fracture of the implant,
loosening or dislocation of the prosthesis which requires revised surgery, bone restoration
or over-production, allergic reaction(s) to prosthesis material(s) and untoward
histological responses possibly involving macrophages and/or fibroblasts. Silicon inside
the body is toxic and is a carcinogenic (cancer causing) substance, it is known to damage
the immune system, kill cells and produce silicosis.

2. Features of an ideal medical implants material

The ideal material or material combination should exhibit the following properties

» A biocompatible chemical composition to avoid adverse tissue reactions

» Excellent resistance to degradation (e.g., corrosion resistance for metals or resistance
to biological degradation in polymers)

» Acceptable strength to sustain cyclic loading endured by the joint

* A low modulus to minimize bone resorption

» High wear resistance to minimize wear debris generation
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Young’s modulus, also known as the tensile modulus or elastic modulus, is a measure of
the stiffness of an elastic material and is a quantity used to characterize materials.

3. History of bioceramics origin

Earlier to 1925 in implant surgery pure metals were more often used as biomaterials. The
1930s marked the beginning of the era of better surgical techniques and also the first use
of alloys such as Vitallium. In 1969 L. L. Hench and others discovered that various kinds
of glasses and ceramics could bond to living bone [7,8]. In a scientific meeting Hench
come to know that after an injury the bodies of soldiers would often reject the implant.
Hench was very interested in this and wanted to know more about it and began to
investigate materials that would be biocompatible. The final product was a new material
which he called Bioglass. This work inspired a new field called bioceramics[9]. With the
discovery of bioglass interest in bioceramics grew rapidly.The predecessor of bio-
ceramics is traditional ceramic materials, a heat reflective material used for many
purposes. A good example of this is ceramic coating of space shuttle that reflects solar
radiation while in space, keeping the shuttle Columbia cool.” Scientists started research
on ceramics and FIR (Far infrared Rays) for application to the human body. Their goal
was ceramics that could generate FIR at lower temperatures and at the correct wavelength
so that it could align with FIR generated through the natural process of metabolism by
one’s body in the form of heat waves. Their work lead to the birth of Bioceramics.

4.  Bioceramics and its early uses

Bioceramics are subset of biomaterials [10,11]. Bioceramics and bioglasses are
biocompatible ceramic materials i.e. being compatible with the human body
environment[12]. Biocompatibility is a direct result of their chemical compogitions whigh
contain ions commonly found in the physiological environment (such as Ca , K, Mg ,,
Na , etg,) and of other ions showing very limited toxicity to body tissues (such as Al

and Ti ). Bioceramics range in biocompatibility from inert nature in the body
e.g.ceramic oxides to the other extreme of resorbable materials (which are eventually
replaced by the materials which they were used to repair and reconstruction of diseased
or damaged parts of the musculo-skeletal system). Bio-ceramic material is produced by
combining various mineral oxides such as Silica, Aluminum, Magnesium, and more than
20 types of ceramics. These ingredients are heated at high temperatures (2900 F/1600C)
to form the bio-ceramic material. Bioceramics can be single crystals (sapphire),
polycrystalline (alumina or hydroxyapatite (HA)), glass (Bioglass), glass-ceramics (A/W
glass-ceramic), or composites (stainless-steel-fiber-reinforced Bioglass or polyethylene-
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hydroxyapatite. Bioceramic materials must be long lasting, structural failure resistant,
and corrosion resistant, also must have a low Young's modulus to prevent cracking of the
material. Bone is a complex living tissue and structurally bone is a composite consisting
of inorganic hydroxyapatite crystals (HA) and an organic mixture of mostly collagen
fiber with small amounts of other proteins. The collagen fibers are aligned in bundles that
contain apatite nano-crystals aligned along the fiber axis. Bone also contains smaller
amounts of magnesium, fluoride and sodium. These minerals give bone its characteristic
hardness and the ability to resist compression.This structural alignment is the foundation
of the multi-level hierarchial structure of bone and contributes to bone’s natural
resistance to bending. So to be successful, a biocompatible synthetic bone composite
must mimic this important orientation of components to achieve the mechanical
properties of bone. Although the skeleton plays a vital role in the human body both in
terms of support and locomotion and also the protectionof vital organs, it is susceptible to
fractures as a result of injury and degenerative diseases which are often associated with
ageing. Therefore there has always been a need, since the earliest time, for the repair of
damaged hard tissue.The earliest attempts to replace hard tissue with biomaterials aimed
to restore basic functions by repairing the defects caused by injury and disease and to
elicit minimal biological response from the physiological environment.These materials
are now largely classed as “Bioinert” and the absence of a toxic response would have
been considered to be a successful outcome. In the 1920s de Jong[13] first observed the
similarities betweenthe X-ray diffraction patterns of bone mineral and a
calciumphosphate compound, hydroxyapatite. Later Posner and coworkers identified the
crystallographic structure of bone mineral and hydroxyapatite [14, 15].

5. Overview of bioceramics applications

In present time ceramics are commonly used in medical field for replacements of hips,
knees, teeth, tendons, and ligaments and also for periodontal disease, maxillofacial
reconstruction, augmentation and stabilization of the jaw bone, spinal fusion, and as bone
fillers after tumor surgery. Carbon coatings are thrombo resistant, used for prosthetic
heart valves. Therapeutic treatment of cancer has been achieved by localized delivery of
radioactive isotopes via glass beads. A significant problem in the radiation treatment of
cancer is the serious systemic side effects. Localization of the radiation at the site of the
tumor decreases the radiation dosage required to kill the cancer cells and thereby
minimizes side-effect toxicities. An innovative approach to the localized delivery of
radioactive yttrium-90 (90Y) to treat liver cancer has been developed by using glass
microspheres. An yttria-aluminosilicate glass, containing 89Y is made in the form of 25-
pum microspheres. Prior to use in hepatic arterial infusion therapy, the microspheres are
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bombarded by neutrons which creates '90Y, a radioactive isotope which is a short half-
life (64 h), short range (2.5 to 3 mm in the liver) 3 emitter. The microspheres are injected
through a catheter placed in an artery, and the blood stream carries them to the liver
where a high proportion goes to the cancerous part because of three times increased its
blood supply. A localized dosage of up to 15000 rd can be delivered in this manner,
whereas a maximum of 3000 rd of external radiation can be tolerated by the patient. Still
another therapeutic application of bioceramics is delivery of various steroid hormones
from aluminum calcium phosphate porous ceramics [16]. The advantage of this method is
sustained delivery of a potentially toxic substance over long periods of time, again
minimizing systemic side effects due to large dosages. Other medical uses of bioceramics
are in pacemakers, kidney dialysis machines, and respirators. Applications of bioceramics
are summarized as below in different areas of specialization.

Table 2: Biomedical Applications of Bioceramics

Medical
Divisions of Devices Function Biomaterial
specialization

Acrtificial total hip, High-density  alumina,

Reconstruct arthritic or

knee, shoulder, L metal bioglass coatings,
: fractured joints - . :
elbow, wrist stabilized zirconia.
Repair  fractures by
holding the fragment in Bioglass-metal fiber
Bone plates, screws, anatomical position. composite, Polysulfone-
wires (stabilization and carbon fiber composite,
fixation of bone)i.e. PE-HA composite.
osteosynthesis
(A) For teosynth _ _
Implants in . Align fractures for Bioglass-metal fiber
Orthopedic  Intramedullary nails : composite, Polysulfone-
osteosynthesis . .
Surgery carbon fiber composite

Bioglass-metal fiber

Correct abnormal spinal composite, Polysulfone-

Harrington rods

curvature carbon fiber composite
Permanently . Bioglass-metal fiber
. ... . Replace missing .
implanted artificial g composite, Polysulfone-
: extremities . .
limbs carbon fiber composite
Vertebrae  Spacers Correct congenital

. Al,O;

and extensors deformity
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Spinal fusion orotect spinal cord Bioglass
Temporary bone TCP, Calcium and
space fillers phosphate salts
Polytetra fluro ethylene
(PTFE) - carbon
Alveolar bone .
replacements Restore _ the alveolar composne_, Porous
: ’ ridge to improve denture Al203, Bioglass, dense-
mandibular . .
. fit apatite  (HA), HA-
reconstruction
autogenous bone
composite.
(B) FOr End osseous tooth Replace diseased, Al,O3 Bioglass, dense
Dental epjacement damaged or loosened hydroxyapatite, vitreous
Implants inm5)ants teeth carbon
Dentistry . .
Provide posts for stress Bioglass-coated AIl203,
Orthodontic anchors  application required to Bioglass coated
change deformities vitallium
HA, HA-PLA
Periodontal  pocket composite, TCP,
obliteration Calcium and phosphate
salts bioactive glasses
© Al,O3,HA, Bioacive
Otorhinolog In ENT Artificial eardrum Glasses Bioactive Glass-
y ceramics
(D) Artificial Musculoskeletal PLA-carbon-fiber
tendon and :
. System composite
ligament
(E) Artificial .
heart valves For cardiac uses In cardio vascular Pyro_lyt|C carbon
coatings
and stent
(F) _
Maxillofacia Al,0O; HA, HA-PLA
I composite Bioactive
reconstructi glasses
on

6. Subdivision of bioceramics

Subdivision of bioceramics is based on their bioactivity. No material implanted in living
tissues is inert; all materials elicit a response from living tissues. When a synthetic
material is placed within the human body, tissue reacts towards the implant in a variety of
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ways depending on the material type. Materials elicit one of the four types of responses
(Implant-Tissue Response), are

(a) If the material is toxic, the surrounding tissue dies.

(b) If the material is nontoxic and biologically inactive (nearly inert), a fibrous tissue
of variable thickness forms.

(c) If the material is nontoxic and biologically active (bioactive), an interfacial bond
forms.

(d) If the material is nontoxic and dissolves, the surrounding tissue replaces it.

These four types of response allow different types of attachment of prostheses to the
musculo-skeletal system. The attachment mechanisms, with examples, are summarized
below.

Table 3: Summary of Bioceramics-tissue attachment mechanism and their examples.

Type of Type of attachment mechanism Examples
bioceramic
1 Morphological fixation: Dense, Al,O;  (single  crystal

nonporous, nearly inert ceramics attach by polycrystalline)
bone growth into surface irregularities by

cementing the device into the tissues, or by

press fitting into a defect.

2 Biological fixation: For porous inert Al,03 (porous
implants bone ingrowth occurs, which polycrystalline)
mechanically attaches the bone to the Hydroxyapatite-coated
material. porous metals

3 Bioactive fixation: Dense, nonporous, Bioactive glasses
surface-reactive ceramics, glasses, and
glass-ceramics  attach ~ Hydroxyapatite Bioactive glass-ceramics
directly by chemical bonding with the bone.

4 Bioresorbable: Dense, nonporous (or Calcium sulfate (plaster of
porous), resorbable ceramics are designed Paris) Tricalcium
to be slowly replaced by bone. phosphate Calcium

phosphate salts

In general, there are three terms in which a biomaterial may be described, representing
the tissues responses.
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Classification of Biocompatible Materials

Based on their effect on body tissues
= Biotolerant Example: Metal alloys, polymers
= Bioinert Example: Materials based on aluminum oxide, zirconium
dioxide
= Bioactive Example: Materials based on calcium phosphates
Based on the effect of body tissues on materials
= Biodegradable Example: Metal alloys, polymers
= Bioresistive  Example: Materials based on hydroxyapatite
= Bioresorptive  Example: Materials bearing tricalcium phosphate
or phosphate and silicophosphate glasses.

6.1 Bioinert

Are high strength ceramics, the term bioinert refers to any material that has minimal
interaction with its surrounding tissue in the body, examples of these are stainless steel,
titanium, alumina, partially stabilized zirconia. Generally a fibrous capsule might form
around bioinert implants hence its biofunctionality relies on tissue integration through the
implant. Examples with detailed are given below.

e Alumina (Al,O5)

e Zirconia (ZrOy)

* Oxide ceramics

 Silica ceramics

e Carbon fiber

» Diamond-like carbon

 Ultra high molecular weight polyethylene (UHMWPE)

6.1.1 Alumina (Al,O3)

High density, high purity (> 9 9.5%) alumina (alpha-Al,0O3) was the first bioceramic
widely used clinically. An alumina ceramic has characteristics of high hardness and high
abrasion resistance. The excellent wear and friction behavior of Al,O5are associated with
the surface energy and surface smoothness of this ceramic. There is only one
thermodynamically stable phase, i.e. Al,O; that has a hexagonal structure with aluminium
ions at the octahedral interstitial sites. Although some dental implants are single-crystal
sapphire, most alumina devices are very-fine-grained polycrystalline alpha-Al,O3. A very
small amount of magnesia (<0.5%) is used as an aid to sintering and to limit grain growth
during sintering.Alumina has been used in orthopedic surgery for nearly 20 years,

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use


http://en.wikipedia.org/wiki/Diamond-like_carbon

Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 143-177 doi: http://dx.doi.org/10.21741/9781945291975-6

motivated largely by (1) its excellent type 1 biocompatibility and very thin capsule
formation which permits cementless fixation of prostheses and (2) its exceptionally low
coefficients of friction and wear rate. Alumina on alumina load-bearing wearing surfaces,
such as in hip prostheses, must have a very high degree of sphericity produced by
grinding and polishing the two mating surfaces together. The alumina ball and socket in a
hip prosthesis are polished together and used as a pair. The long-term coefficient of
friction of an alumina-alumina joint decreases with time and approaches the values of a
normal joint. This leads to wear of alumina on alumina articulating surfaces that are
nearly 10 times lower than metal-polyethylene surfaces. Abrasion resistance, strength
and chemical inertness of alumina have made it to be recognized as a ceramic for dental
and bone implants. Other clinical applications of alumina include knee prostheses, bone
screws, alveolar ridge and maxillofacial reconstruction, ossicular (middle ear) bone
substitutes, keratoprostheses (corneal replacements), segmental bone replacements, plate
& screw and posterior type dental implants.

6.1.2 Zirconia (ZrO,)

Zirconia is of two types, partially stabilized zirconia (PSZ) and zirconia toughened
alumina (ZTA). Zirconia (ZrO;) is a ceramic material with adequate mechanical
properties for manufacturing of medical devices. Zirconia stabilized with Y,0; has the
best properties for these applications. Zirconia ceramics have several advantages over
other ceramic materials due to the transformation toughening mechanisms operating in
their microstructure that can be manifested in components made out of them. In present
day’s main application of zirconia ceramics is in THR ball heads. When a stress occurs
on a ZrO,surface, a crystalline modification opposes the propagation of cracks.
Compression resistance of ZrO, is about 2000 MPa. Orthopedic research leads to this
material being proposed for the manufacture of hip head prostheses. Prior to this, zirconia
biocompatibility had been studied in vivo; no adverse responses were reported following
the insertion of ZrO, samples into bone or muscle. In vitro experimentation showed
absence of mutations and good viability of cells cultured on this material. Zirconia cores
for fixed partial dentures (FPD) on anterior and posterior teeth and on implants are now
available. Clinical evaluation of abutments and periodontal tissue must be performed
prior to their use. Zirconia opacity is very useful in adverse clinical situations example,
for masking of dischromic abutment teeth.

6.2 Bioactive

Bioactive material within the human body interacts with the surrounding bone and in few
cases, even soft tissue. This occurs through a time dependent kinetic modification of the
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surface, triggered by their implantation within the living bone. An ion — exchange
reaction between the bioactive implant and surrounding body fluids results in the
formation of a biologically active carbonate apatite (CHAp) layer on the implant that is
chemically and crystallographically equivalent to the mineral phase in bone. Examples
of bioactive materials are

« Synthetic hydroxyapatite [Ca;o(PO4)s(OH),]
o Glass ceramic A-W
« Bioactive glass(e.g. 45S5 Bioglass)

A common characteristic of bioactive glasses and bioactive ceramics is a time-
dependent, kinetic modification of the surface that occurs upon implantation [17, 18].
Bioactive Materials develop an adherent interface with tissues that resists substantial
mechanical forces. In many cases the interfacial strength of adhesion is equivalent to or
greater than the cohesive strength of the implant material or the tissue bonded to the
bioactive implant. Bonding to bone was first demonstrated for a certain compositional
range of bioactive glasses which contained SiO, Na,0, CaO, and P,Os, in specific
proportions. There were three key compositional features to these glasses that
distinguished them from traditional Na,O-CaO-SiO, glasses: (1) less than 60 mol% SiO,,
(2) high-Na,O and high-CaO content, and (3) high-CaO/P,0s ratio. These compositional
features made the surface highly reactive when exposed to an aqueous medium.

6.2.1 Synthetic hydroxyapatite [Ca;o(PO4)s(OH),]

Medical uses of calcium phosphate-based bioceramics i.e. synthetic hydroxyapatite arises
due to its similarity to the bone apatite, the major component of the inorganic phase of
bone, which plays a key role in the calcification and resorption processes of bone. Most
materials in the CaO - P,O5 — H,O system easily satisfy the requirement of
biocompatibility. The presence in the material of CO5”, SiO,*, CI", F, Na*, K*, Mg**etc.,
i.e., all ions contained in the natural bone structure or in body tissues, do not disturb
biocompatibility. The low strength of hydroxyapatite (HA, Ca (PO,),(OH),)) have
limited their scope for clinical applications and hence more research needs to be
conducted to improve their mechanical properties. Scientist interest in this group of
materials is for their use as a porous structure, as the bioactive phase in composites, as a
bioactive coating on metallic implants, and as the bioactive matrix of composites.
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Ideal hydroxyapatite materials have to meet certain requirements:

1. They should be biocompatible with the living organism;

2. The material should have a certain level of bioresistivity or a certain
biodegradation rate;(based on the treatment method used)

3. The material should possess biological activity, i.e., have an osteostimulating
effect initiating the formation of bone tissue;

4. The materials should have certain strength;

5. The materials should withstand various types of sterilization and radiation
(UHF, SHF, UV, x-ray, gamma radiation) without changing their properties of
biocompatibility, bioresistivity, biodegradability, bioactivity, and strength
parameters;

6. Porous materials should fulfill certain requirements e.g. type of porosity and
the size of pores, whose dia. should be at least 100 nm,

7. Porous materials also ensure the desired interaction between the body tissue
and the implanted material, i.e., the ingrowth of blood vessels and nerve fibers
into the implant;

8. Osteoplastic materials should be easily amenable to mechanical treatment or
other shape-correcting method used for surgery

6.2.2 Bioactive Composites

Bone is a natural composite material, having a complex structure in which several levels
of organisation, from macro- to micro-scale, can be identified. Two levels of composite
structure are considered when developing bone substitutes: first, the bone apatite
reinforced collagen forming individual lamella at the nm to um scale; second, osteon
reinforced interstitial bone at the um to mm scale. It is the apatite-collagen composite at
the microscopic level that provides the basis for producing bioactive ceramic-polymer
composites as analogue biomaterials for bone replacement [19]. Mechanical properties of
bones have been well documented, which serve as the benchmark upon which the
mechanical performance of bone analogue materials is evaluated. As an anisotropic
material, cortical bone has a range of associated properties rather than a set of unique
values. In order to overcome the problem of modulus-mismatch between existing implant
materials and bone and promote the formation of a secure bond between the implant and
host tissue, the concept of analogue biomaterials was introduced by Bonfield et al in the
1980s[20] since then, varieties of bioactive composite materials have been produced and
investigated[19]. Due to the presence of particulate bioactive bioceramics such as HA,
Bioglass and A-W glass-ceramic in these composites, implants made of these composites
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can form a strong bond with the host tissue resulting in their integration into the
biological system.

6.2.3 Bioactive glass (e.g. 45S5 Bioglass)

History of Bioglass began in 1967 when Professor Larry Hench notice the wounds
sustained during the Vietnam War in terms of amputations[21]. The need for the
development of materials that would help in the repair of tissues by forming a direct bond
with them, rather than the interfacial scar tissue that occurred around metallic and
polymeric implants of that time. In the early 1970s, Hench et al.[22—-24] reported that
particular compositions with the Na,0-CaO-P,0s-SiO, system with B,O3; and CaF,
additions formed a strong, adherent bond with bone. In vitro tests showed that the 45S5
Bioglass composition undergoes a surface reaction which occurs very rapidly. The
surface reaction is a complex, multi-stage process which results in the formation of a
biologically active hydroxy-carbonate apatite (HCA) layer. This HCA phase is
chemically and structurally similar to the mineral phase in bone and thus it provides a
direct bonding by bridging host tissue with implants[25,26].The rate of bone bonding and
the strength and stability of the bond vary with the composition and microstructure of the
bioactive materials. Hench et al.[27] reported that for their particular formulation of
bioactive glass, bone formed a rapid bond when the silica levels were in the range 42—
53%; glasses with 54-60% silica required 2—4 weeks for bone to bond; and bone did not
form a direct bond with glasses containing more than 60% silica. Hench defined two
classes of bioactive materials (A and B) characterised by the rate of bone regeneration
and repair. Class A materials are those that lead to both osteoconduction (the growth of
bone along the bone—implant interface) and osteoproduction as a result of the rapid
reactions on the implant surface[28,29]. Class B bioactivity occurs when only
osteoconduction occurs[30,31].

6.2.4 Apatite-wollastonite (A-W) glass-ceramic

Kokubo et al.first reported the production and behavior of A-W glass-ceramic in
1982[32]. Apatite-wollastonite (A-W) glass-ceramic became one of the most extensively
studied glass ceramics for use as a bone substitute. A dense and homogeneous composite
was obtained after heat treatment of the parent glass, which comprised 38 wt%
oxyfluorapatite (Cajo(PO,)e(O,F),) and 34 wt% _-wollastonite (CaO-SiO,) crystals, 50—
100 nm in size in a MgO-CaO-SiO, glassy matrix. Apatite-wollastonite glass-ceramic is
an assembly of small apatite particles effectively reinforced by wollastonite.The bending
strength, fracture toughness and Young’s modulus of A-W glass-ceramic are the highest
among bioactive glass and glass ceramics, enabling it to be used in some major
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compression load bearing applications, such as vertebral prostheses and iliac crest
replacement. It combines high bioactivity with suitable mechanical properties [33-38].
The final product contains:

* Wollastonite 28 wt% (CaO-SiO,)
» Oxyfluoroapatite 34 wt% (Cayg (POy4) 5 (O,F),
* Glass 28 wt% (MgO 17 wt%, Ca0, 24 wt%, SiO,, 59 wt%)

6.3 Bioresorbable

Bioresorbable refers to a material that upon placement within the human body starts to
dissolve (resorbed) and slowly replaced by advancing tissue (such as bone).Common
examples of bioresorbable materials are tricalcium phosphate [Caz(PO,),] and
polylactic—polyglycolic acid copolymers.Resorption or biodegradation of calcium
phosphate ceramics is caused by (1) physiochemical dissolution, which depends on the
solubility product of the material and local pH of its environment (New surface phases
may be formed, e.g., amorphous calcium phosphate, dicalcium phosphate dihydrate,
octacalcium phosphate (Cas(P04)sH .sH,0), and anionic substituted HA ); (2) physical
disintegration into small particles due to preferential chemical attack of grain boundaries;
and (3) biological factors, such as phagocytosis, which causes a decrease in local
pH[39].All calcium phosphate ceramics biodegrade to varying degrees in the following
order: aTCP>B TCP>>HA. The rate of biodegradation increases as (1) surface area
increases (powders> porous solid>dense solid), (2) crystallinity decreases, (3) crystal
perfection decreases, (4) crystal and grain size decrease, and (5) ionic substitutions of
CO5%, Mg, Sr** in HA take place. Factors for decreasing rate of biodegradation includes
(1) F-substitution in HA (2) Mg®* substitution in B-TCP, and (3) decreasing p-TCP/HA
ratios in biphasic calcium phosphates. Because of these variables it is necessary to control
the microstructure and phase state of a resorbable calcium phosphate bioceramic in
addition to achieving precise compositional control to produce a given rate of resorption
in the body. As yet, there are few data on the kinetics of these reactions and the variables
influencing the kinetics. Most commonly used bioresorbable materials in orthopedics
include polylactic acid (PLA); polyglycolic acid (PGA); the L-isotope form of PLA, the
copolymer of PLA and PGA: PLGA,; and the DL-isotope form of PLA: PDLLA. As
mentioned above the degradation process of these materials in the body involves two
steps: hydrolysis followed by metabolizations. The process of hydrolysis involves the
breaking of the polymer chains within the implant material to produce by-products that
include lactic acid and glycolic acid single molecules. These degradation products are
metabolized in the liver and produce carbon dioxide as a by-product, which body
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eliminate. In the area of high strength fracture fixation, PLLA is favoured by product
because of its slow rate of complete resorption in to the body. The racemic mixture
(mixture of isomers) consisting of PDLLA also shows characteristic that could utilize in
the high strength situations. However PLLA,s semicrystalline structure provides much
higher strength in the material than PDLLA,s amorphous structure, thus PLLA is the
preferred material for use in fracture fixation devices(FFDs).

Table 4: Characteristic Features (physical and mechanical) of Ceramic Biomaterials are
summarized as below.

Young’s Compressiv  Bond Density
Material Modulus eStrength strength Hardness
[GPa] [MPa] [GPa] [9/cm3]
Bio Inert 2000-3000
380 4000 300-400 >3.9
Al,O3 (HV)
1000-3000
ZrO, (PS) 150-200 2000 200-500 ~6.0
(HV)
Graphite 20-25 138 NA NA 1.5-1.9
(LTI)
pyrolitic 17-28 900 270-500 NA 1.7-2.2
Carbon
: 150-200
X;trrsg:s 24-31 172 70-207 1.4-16
(DPH)
Bioactive
73-117 600 120 350 3.1
HAP
Bioglass =75 1000 50 NA 2.5
AW Glass
118 1080 215 680 2.8
Ceramic
Bone 3-30 130-180 60-160 NA NA

PS - Partially Stabilized; HA - Hydroxyapatite; NA - Not Available; AW - Apatite-
Wallastonite; HV - Vickers Hardness; DPH - Diamond Pyramid Hardness
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6.4  Porous ceramics

Porous ceramics are for tissue ingrowths, examples are hydroxyapatite-coated metals and
Alumina. The potential advantage offered by a porous ceramic implant is its inertness
combined with the mechanical stability of the highly convoluted interface developed
when bone grows into the pores of the ceramic. When pore sizes exceed 100 pm, bone
will grow within the interconnecting pore channels near the surface and maintain its
vascularity and long-term viability. In this manner the implant serves as a structural
bridge and model or scaffold for bone formation.

7. Ceramic Materials for Artificial Joints

Ceramic materials have been used for artificial joints since the 1970s when the first
generation of alumina products demonstrated superior resistance to wear, compared to the
traditional metal and polyethylene materials. Advances in material quality and processing
techniques and a better understanding of ceramic design led to the introduction of second
generation alumina components in the 1980s that offered even better wear performance.

Advantages of Using Ceramics over Traditional Materials for artificial joints: Traditional
metal—polyethylene hip system wear generates polyethylene particulate debris, inducing
osteolysis, weakening of surrounding bone and results in loosening of the implant.
Ceramic materials generate significantly less polyethylene debris when used in
conjunction with polyethylene acetabular components in bearing couples. Ceramic-on-
ceramic hip joints received FDA approval in 2003. Where an alumina femoral head is
mated with an alumina acetabular cup, totally eliminates polyethylene debris and reduces
wear significantly. In addition the use of ceramic-on -ceramic hip systems also alleviates
metal ion release into the body if a metal on metal hip system were used. This superior
wear performance extends the life of artificial joints, giving ceramic-on-ceramic joints a
predicted life of well over 20 years. Serving the needs of the increasing numbers of
younger patients for whom such surgery is now a viable operation, these ceramic-on-
ceramic joints allow them to leads active lifestyles.

8.  Coatings for medical implants

8.1 Carbon coating

Bokros in 1967, describe the medical use of pyrolytic carbon coatings on metal
substrates[40]. Soon after that these coatings were used for heart surgery implants. He
also emphasized that the good compatibility of carbonaceous materials with bone and
other tissue and the similarity of the mechanical properties of carbon to those of bone
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indicate that carbonaceus composite is also used for orthopedic implants. Unlike metals,
polymers and other ceramics, these carbonaceous materials do not suffer from fatigue.
However, their intrinsic brittleness and low tensile strength limits their use in major load
bearing applications. In 1969 DeBakey[41] used low-temperature isotropic (LTI) carbon
coatings for prosthetic heart valve for the first time in humans. Nowadays all prosthetic
heart valves have LTI carbon coatings because of their excellent resistance to blood clot
formation and long fatigue life [42].Three types of carbon are used in biomedical devices:
the LTI variety of pyrolytic carbon, glassy (vitreous) carbon, and the ultralow-
temperature isotropic (ULTI) form of vapor deposited carbon [43-44].These carbon
materials are used either as integral and monolithic materials (glassy carbon and LTI
carbon) or impermeable thin coatings (ULTI carbon). Above forms do not suffer from the
integrity problems typical of other available carbon materials. With the exception of the
LTI carbons co-deposited with silicon, all the carbon materials used clinically are pure
elemental carbon. Up to 20 wt% silicon has been added to LTI carbon without
significantly affecting the biocompatibility. Carbon surfaces are thromboresistant,
compatible with the cellular elements of blood and also they do not influence plasma
proteins or do not alter the activity of plasma enzymes.

8.2  Hydroxyapatite coating

Is the second most common bioceramic coating material on porous metal surfaces for
fixation of orthopedic prostheses? Ducheyne and colleague in 1980 [45] suggested that
HA powder in the pores of a porous, coated-metal implant would significantly affect the
rate and vitality of bone in growth into the pores. Among various means of applying the
HA coating, plasma spray coating generally is being preferred. Ceramic-based coatings,
such as diamond-like carbon (DLC), provide a biocompatible, sterilization-compatible,
non-leaching, and wear resistant surface for key pivot points and wear surfaces. Such
coatings are used to reduce friction, increase surface hardness and prevent ion release
from metal implant components.

9. Failure of metals used for biomedical devices

Failure of metals at implantation site occurs as covered below.

9.1 Corrosion

Metal implants are prone to corrosion due to corrosive medium at implantation site and
cyclic loading. Corrosion of metallic implants that occur within the human body
constitutes an ion source that may potentially affect the local and systemic host
environment. Therefore, corrosion resistance is the important property of the metallic
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implants. Types of corrosion in implant applications are fretting, pitting and fatigue.
Fretting corrosion behavior of metallic implant is determined by many factors like
Corrosive medium, chemical composition of alloy and level of stress at the contact
surfaces. Titanium nitride coating on the metallic implant has been a popular method to
improve corrosion resistance of metallic implant such as Ti alloy and Co based alloy by
physical vapor deposition, plasma spray process, etc. Other methods to improve the
corrosion resistance of the implant are like modification of metallic implant surface by
electropolishing, sand blasting or shot peening method (Aparicioa, 2003)[46]. Evaluation
of corrosion behavior using methods which resemble the services condition of the metal
implants helps in considering the condition for prevention of corrosion. The fatigue
corrosion of metallic implant in corrosive medium can be evaluated by ultrasonic
frequency which enables the application of very-high stress cycle within reasonable
testing period (Papakyriacou, 2000)[47].The fretting corrosion behavior of metallic
implant can be evaluated by a typical pin-on disc method in an artificial physiological
medium (Tritschler, 1999, Kumar, 2010)[48,49]. Parameters that are monitored includes
concentration of corrosive medium, load or friction forces, frequency and number of
fretting cycles. Pitting corrosion can be evaluated with the absences of applied forces. It
was reported that a good example of pitting corrosion evaluation was obtained in a
buffered saline solution using anodic polarisation and electrochemical impedance
measurements (Aziz-Kerrzo, 2001)[50].

9.2 Fatigue and fracture

In human body cyclic loading of medical implants is the possible cause for fatigue
fracture. Microstructure of the implant materials is one of the factors which determine the
fatigue behavior of implant materials; example is Ti6AI4V with equiaxed structure has a
better fatigue strength property than the elongated structure (Akahori, 1998)[51]. Other
factors are the frequency of the cyclic loading or the cycling rate (Karla 2009, Lee
2009),[52-53] design of the implants and the type of fluid medium of the implant.

9.3 Wear

Implant wear and aseptic loosening are two important failure problems that should be
taken into consideration when dealing with long-term prosthetic devices. Corrosion
process and wear are the surface degradation properties that limits the use of metallic
implant such as Ti alloy (Dearnley, 2004) [54]. An improvement on the wear properties
of Ti alloy was achieved due to titanium nitride coating on hip implant (Harman,
1997)[55].Wear failure can be avoided by proper material selection. It was also reported
that in knee replacement changing implant material from UHMWPE (ultra-high
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molecular weight polyethylene) to CoCrMo implant alloys significantly reduces the wear
debris process (Harman, 1997)[55]. Similarly metal-on-metal ortho prostheses show
better wear performance than metal-on-UHMPWE (Spriano, 2005)[56].

9.4 Metal ions release

There are several factors which play important role on the metal ion release. First, the
existence of passive oxide films, once it is broken, metal ions release will be easier to
occur (Hanawa, 2004) [57]. Second, pH factor where ion release in both stainless steel
and Co are affected by pH of the body fluid at a degree that higher for stainless steel
(Okazaki, 2008) [58]. Coating is used to reduce the metal ion release from metallic
implant. Titanium nitride layer have an excellent biocompatibility and the formation of
hard nitride layer causes a lower ion release on the metallic implant (Ferrari, 1993) [59].
Therefore titanium nitride coating has been implemented on the Ti alloy and Co based
alloy using plasma spraying method (Ferrari, 1993)[59]. Hydroxyapatite coating was also
reported to decrease the metal ion release (Browne, 2000)[60].
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Abstract

This chapter discusses the development of a low cost ceramic membrane prepared from
kaolin clays for ultrafiltration application to produce clear water from high turbidity
water. The manufacturing of low cost tubular supports via extrusion, using kaolin and
corn starch as a pore forming agent was the first purpose in this study. Our second
objective is to deposit ultrafiltration layer on the optimised tubular support. Finally, the
prepared membrane has been applied for treating of industrial effluent under various
pressure values.
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1. Introduction

In the 21st century, the scarcity of global water resources has become one of most severe
challenges for human beings. On the other hand, the rapid industrial growth has resulted
in large wastewater production. The necessity to treat wastewater is an inevitable
challenge before its discharge into the environment [1-5]. Actually, membrane
technologies are considered as one of the most promising new separation techniques for
wastewater treatment. Membranes are widely used in several applications due to
advantages offered by their relatively high stability, efficiency, low energy requirement
and facility of process [6-10].

According to the material of construction, the main types of membranes are polymer and
ceramic membranes. Due to good chemical stability, good pressure resistance, excellent
temperature stability, better mechanical resistance and long-life performance, mineral
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membranes are preferred in the professional environment over organic membranes [11-
13]. Furthermore, ceramic membrane allows to achieve high water flux and to alleviate
fouling problem compared with conventional polymeric membrane [14-17]. Classically,
commercial ceramic membranes for separation processes are made from expensive
powders such as zirconia, alumina, silica and titania [18-20]. Recently, membranes made
from renewable and cheaper raw materials such as apatite powder, phosphates, natural
clay, zeolite, kaolin and waste materials such as fly ash have received attention from
academia and industry [16, 17, 21-33].

Ceramic membranes with high performance such as high permeability, high
permselectivity parameters and good mechanical resistance can only be obtained in an
asymmetric configuration, which consists of a multilayer system with a macroporous
support (with the largest pore size). The last one is the top layer at which the separation
takes place. Various synthesis routes for the preparation of top layer are usually used
such as slip casting method, sol- gel process and dip coating [17, 23,25, 28, 33]. The
properties of the ceramic membranes are mainly determined by their composition, the
pore-former content and the sintering temperature. The microstructure of these
membranes is controllable, thanks to the use of different types of pore forming agents.
Besides, it is well known that porosity can be effectively controlled by varying sintering
conditions. Normally, an improvement in porosity by adding a poreforming agent or by
decreasing the sintering temperature cause a deterioration in mechanical reliability [17,
26, 28]. The key point is to break the trade-off limit between permeability and
mechanical stability that is to increase water flux while maintaining mechanical
properties.

Membrane processes like microfiltration, ultrafiltration, nanofiltration and reverse
osmosis have proved their efficiency in the field of water treatment in various industrial
sectors [28- 33]. Ultrafiltration (UF), as a low pressure driven membrane process with
separation properties between microfiltration (MF) and nanofiltration (NF), has attracted
growing interest in many applications, such as desalination and wastewater treatment.
Over the past decades, attentions to treat industrial wastewater such as cuttlefish effluent
and textile wastewater by micro and ultrafiltration ceramic membrane have been
increased rapidly to obtain high effluent qualities [8, 17, 26, 32]. In this respect, ceramic
membrane usage is a promising channel for the treatment of sewage.

Kaolin is one of the most widely clay materials and has an important role in numerous
industrial applications and could be a preferred raw material for the development of
porous ceramics membrane. The latter exhibits also hydrophilic behaviour, which is
extremely desired to prepare membranes for water filtration [16,17, 26, 27]. Following
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the same perspective, the main goal of this study was to develop a low cost effective UF
membrane for cleaning industrial effluent generated by seawater product industry. The
membrane has been prepared by deposition of kaolin’s active layer directly on kaolin-
porous support without intermediate layer. This allowed to decrease the membrane
resistance and thus to enhance the ultrafiltration process performances. The primary
purpose of this study is the development of a porous ceramic support prepared by mixing
an optimum amount of natural kaolin and starch powder as a pore forming to improve the
porosity and the permeability of the support. In the second part, the elaboration of
ultrafiltration layer supported by the kaolin support and their main properties will be
discussed. To this end, the performance of the optimized membrane was mainly explored
in this study by evaluating filtration and treatment performances.

2.  Characterization of the starting materials

The raw material used for the preparation of both support and active layer is kaolin- clays
provided by BWW Minerals.

2.1  Chemical composition of the powder

The chemical composition given in weight percentages of oxides is listed in Table 1. The
samples have silica as a major component, followed by aluminium oxide while minor
amounts of calcium oxide and titanium oxide are also present [17, 34].

Table 1. Chemical composition of the used kaolin (wt %).
LOI* SiO, Al,0; K,O Fe,0O; TiO, CaO MgO

Kaolin |11.27 47.85 37.60 0.97 0.83 0.74 057 0.17
(%)
* LOI: Loss on Ignition at 1000.

2.2  Particle size distribution (PSD) of the kaolin powder used in the tubular
support elaboration

PSD analysis (Figure 1) reveals unimodal distribution for natural clay powder used in
tubular support preparation. The particle diameters range varied from 2 to 6 pm.
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Figure 1. Granulometric repartition of kaolin powder.

2.3  Phase identification

Figure 2 shows the phase composition of used kaolin. It can be seen that the main
crystallized phase is kaolinite with minor components of quartz and illite.
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Figure 2. X-ray diffraction of the clay sample, describing the patterns corresponding to
the main phases.
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2.4  Thermal analysis

The temperature evolution of the kaolin powder was characterized by TGA as shown in
Fig. 3: from room temperature to 150° C for the first one with a loss of 1 % and from 400
°C to 700 °C for the second one, with a total weight loss of 13 %. The first weight loss is
related to dehydration whereas the second weight loss is caused by the dehydroxylation
of the kaolinite.
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Figure 3. TGA of the kaolin powder [26].

Figure 4 shows the dilatometric measurements of the kaolin powder used in this study.
The kaolin began to shrink between 500°C and 650°C. This first shrinkage is related to
the hydroxylation of the kaolinite. By studying this figure, the sintering process begins at
about 1140°C, and, the shrinkage of 7% was obtained at about 1255°C for the raw kaolin.
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Figure 4. Dilatometric measurements of the kaolin powder used in this study.

3. Support elaboration and characterization

3.1  Tubular porous support elaboration

Pastes with two different formulations were prepared. The first paste contains only clay
powder whereas the solid composition of the second paste was 90 % of kaolin and 10 %
of starch powder. Corn starch has been added to clay as a pore former [26]. The support
fabrication process is initialized by thorough mixing of dry inorganic raw materials
followed by addition of distilled water to prepare a paste (Figure 5). For good dispersion
of the water in the paste, this mixture should be covered in a plastic case for at least 24 h.
After that, extrusion has been used as the forming process of tubular support. The
extruded tube was then dried at room temperature during 24 h on rotating aluminium
rolls. The dried tube was then fired at four different temperatures ranging between
1000°C and 1250°C as per the schedule illustrated in Figure 6. Two steps have been
determined: the first one for the elimination of organic additives at 500°C. The second
heat treatment step involves the heating of the membrane from 500°C to desired sintering
temperature at a heating rate of 5°C/min. Then the membrane is kept for 1 hour for
sintering. The inner and outer diameters of the tubular support obtained were 11 mm and
16 mm, respectively, while the length was 150 mm.
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Figure 5. Steps order of membrane supports fabrication.
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Figure 6. Firing schedule used for the support calcination.

3.2 Support characterization

For the development of high-quality supports, the following properties are of major
importance: pore size distribution, porosity, surface texture, mechanical properties and

chemical stability.
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3.2.1 Optimization of kaolin support composition: Effect of sintering temperature
and starch content

To optimize the different processing parameters for making membrane supports, we
studied the effect of the content of starch and the sintering temperature on the properties
of different prepared supports. The micrographs indicate that the effect of sintering is
very marked. A progressive reduction of porosity can be observed when temperature
increases. At 1250°C, the phenomenon is important; yielding to an important decrease of
the porous volume. In the other hand, we also observed here that the incorporation of
organic aditive powder loading in the ceramic has an effect to increase the total porosity
of the resulting support. As can be ssen in Figure 7, the samples with starch (K+S) have
higher porosities at all temperatures as compared with kaolin alone.

Thus, compared to pristine kaolin support, the presence of organic additive increased the
porous nature of the support. It can be described by the fact that porosity was increasing
since the number of pores on the surface was increasing by the addition of starch as pore-
forming agent. The high quality of the elaborated supports with cracks-free and smooth
surface would certainly contribute to an effective deposit of a selective layer.

1100°C

[ ] e, i’ 3 1 A A 4 ot | '{_f ' s ~
Figure 7. SEM images of tubular supports with and without starch content and sintered
at various sintering temperatures [26].

To optimize the temperature required for the sintering of the green supports, a good
compromise should be found between porosity and mechanical strength. Results in table
2 indicate that both the pore size and the flexural strength of the supports with and
without additive show a gradually-increasing trend with sintering temperature. This
gradual increment indicates a process of coarsening of pores. Because high-temperature
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sintering made the small pores connected with each other and consequently larger pores
are formed [16,17,26]. However, at high sintering temperature, the porosity for the
specimens decreases. As an example, when the firing temperature reaches to 1250°C, the
mean pore size of suupport which contained starch in the starting raw materials mixture
was found to be about 1.41 um while the estimated pore size was decreased to be about
0.83 pum at 1100°C. On the other hand, the porosity increases from 36 to 48 % between
1250°C and 1000°C.

Table 2. Variation of pore size, porosity and the flexural strength of the supports, made
from the kaolin and the kaolin+starch system and sintered at different temperatures.

Temperatur Poresize  Porosity Flexural strength
e (°C) (Hm) (%) (MPa)

1100 °C 0.41 44,12 10
Kaolin

1150 °C 0.56 38.23 20.16

1200 °C 0.67 32.44 25.91

1250 °C 0.75 26.61 28.41
Kaolin 1100 °C 0.83 48.89 8.1
St + ) 1150 °C 1.02 44 15

arc
1200 °C 1.21 40 19.2
1250 °C 1.41 36 21

By examining now the ceramic support containing starch powder, it can be noticed that
whatever the temperature, the addition of starch has for effect to increase both the
porosity and the average pore diameter of the samples. This phenomen resulted from
burning out of starch leading to increasing in the apparent porosity.

It is well known that not only the sample porosity is the factor deciding the suitability of
the produced sample for filtration test, but also the mechanical property is a high
important factor. Mechanical strength is a critical property in determining the usability of
the obtained membranes for filtration. The mechanical resistance test was performed
using the three points bending strength to control the resistance of the support (Figure 8).
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LLOYD |

Figure 8. Photo of flexural strength machine.

The influence of both firing temperature and pore forming agent addition on the
mechanical stability of supports was illustrated in Figure 9. The greatest flexural strength
was found to be associated with the support without corn starch addition and sinteredat
1250°C, which is about 28 MPa. It should be noticed that this higher strength is in a
good agreement with the microstructure shown in Figure 7. In fact, the flexural strength
was found to be decreased with both decreasing the sintering temperatures and adding
starch powder. The decline of the mechanical properties could be explained by the the
highly increased in the porosity of the produced sample in both cases. Thus, the
mechanical stability increases as porosity decreases.
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Figure 9. Flexural strength as a function of sintering temperature for tubular ceramic
supports, fabricated from kaolin (K) and the mixture (kaolin + 10 wt% starch).

3.2.2 Choice of the support

This study shows that the introduction of starch in the composition of ceramic paste
satisfies the compromise between porosity and mechanical properties of sintered support.
Hence, the sintering temperature of 1150 °C was considered optimum for the supports
made by the optimized compositions 90% kaolin and 10 starch.

The membranes support shows a unimodel distribution (Figure 10). This is necessary for
a good integrity of the membrane. In addition, the support is characterized by a flexural
strength of 15 MPa, a porosity of 44 % with a mean pore size of 1.02 pm, indicating that
it is a good support for ultrafiltration membrane. On the other hand, ceramic supports
provide a smoother surface which will allow the deposit of a homogeneous cative layer
(Figure 11).
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Figure 11. Surface and cross sectin photographs of optimised support.
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4.  Ultrafiltration layer deposition and characterization

4.1  Ultrafiltration layer deposition

The kaolin powder is crushed for 30 min with a planetary crusher at 250 revolutions/min
and calibrated with 50 um. The particle size distribution of this powder was determined
by the Dynamic Laser Scattering (DLS) technique. This method gave an average particle
size in the order of 2.8 um. The obtained particle diameters range from about 1.5 to t 5
um (Figure 12).

ncielle gO*

Distribution différer

00000

Figure 12. Granulometric repartition of kaolin powder used to prepare the ultrafiltration
layer [26].

As depicted in Fig. 13, a defloculated slip was obtained by mixing kaolin powder, PVA
(12% w/w aqueous solution) and water. The deposition of the slip on kaolin support was
performed by slip casting process. The tubular support was coated with the kaolin
dispersion; dried at room temperature and fired at at 650 °C for 3 hours (Fig. 14).

In order to optimise the slip composition suitable for the slip casting, empirical study was
performed to select the optimum composition [17]. The slip composition was optimised
basing on a rheological study using an Antoon Paar rheometer model MCR301 and the
SEM observation of the sintered layer [17]. The optimum suspension composition was
done in Table 3.
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Figure 13. Scheme of slip casting coating process.
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Figure 14. Firing schedule used for the membrane sintering.

Table 3. Composition of UF suspension

Component conditions Proportion (Wt %)
Kaolin powder Particle size <5 pum 4

PVA 12% aqueous solution 40

Water Deionised 56
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4.2  Characterization of the slip

The viscosity of the slip elaborated according to the protocol described previously has
been studied right before deposition. Figure 15 shows that for the whole range of
temperature (25-80°C), as the temperature increases the viscosity decreases. Figure 16
shows the rheogram of the slip used, this figure shows that the optimised slip behave
according to a Newtonian type as the shear stress increases with D.
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=
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0,01
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0 10 20 30 40 50 a0 7 80 80
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Figure 15. Evolution of viscosity with the temperature.
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Figurel6. Influence of the shear rate on the rheological curves of the used slip.
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4.3 Membrane characterization
4.3.1 SEM analysis and pore size distribution

The morphology, surface quality and the thickness of the active layer were examined by
scanning electron microscopy (Figure 17). All samples showed a typical asymmetric
structure. The thickness of the ultrafiltration layer may be controlled by the casting time.
At 20 min, the membrane thickness reached 30 um, which seems to be the critical value.
The best layer is obtained with 6 min casting time with thickness around 8 um which is a
good thickness for an ultrafiltration layer [17, 35-37]. When focusing on the surface
texture of the different samples, it seems that no significant difference arises whatever the
enduction time (Figure 18).

Figure 17. SEM images of membranes cross section obtained with different casting times
[17].
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The cross-sectional view showed well adhesion between the support and the active layer
which is an essential criterion for membrane coating to avoid peeling off of the top layer
(Figure 19). UF layer with an average pore diameter of 11 nm (determined by mercury
porosimetry) and a thickness of 8 pum was obtained.

35

30

25

20

15

Thickness (pm)

10

0 2 4 7 8 10 12 14 16 18 20 22

Casting time (min)

Figure 18. Evolution of the surface morphology and the thickness of the active layer with
different casting times.

(Dp =11 nm])

Support
[Dp =1'um)

Figure19. SEM image of the optimised membrane: (a) general view of the surface; (b)
cross-section view.
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The mean pore sizes of support and UF layer are 1 um and 11 nm, respectively (Figure
20). This attribution is based on the comparison of distribution diagrams of both the
support sintered at 1150°C/1 h and the membrane sintered at 650°C/3 h. It is also clear
that the pore size distribution of the filtration layer is narrower than that of the support.

4.3.2 Water permeability

Figure 21 indicates the effect of the operating pressure on the permeate flux of both
coated and uncoated supports. The pure water flux (PWF) increased linearly with the
operating pressure. A linear fit was generated. The water flux slope for the optimised
membrane was about (79, R? = 0.999) against 140 L-h™' -m™ bar ' for the simple kaolin
support. The deccrease of permeability values in the presence of the active layer was
reflected in Figure 21, which can be proves that an UF membrane was actually achieved.
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Figure 20. Determination of the pore diameter of UF kaolin membrane [17].
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Figure 21. Effect of transmembrane pressure on PWF for both the support and the

optimised membrane.

5.  Application to the treatment of the industrial wastewater

5.1

Wastewater characteristics

One of the most important industrial applications of the membrane separation process is
the clarification and purification of cuttlefish effluent treatment. Samples were collected
from Tunisian sea product industry [17].

Table 4. Turbidity, COD and conductuvity of raw and ultrafiltrated effluent by kaolin
membrane at different TMP [17].

Raw effluents Filtrate at various pressure
2 (bar) 4 (bar) 6 (bar)
Turbidity 333 0,60 0,93 1,34
(NTU)
COD 2612 350 458 528
(mg.L™)
Conductivity | 202 139 144 146
(mS.cm™)
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The tangential ultrafiltration experiments were performed on a laboratory-scale filtration
pilot, using recycling configuration at room temperature (Figure 22). It was equipped
with a cross-flow filtration system implementing the tubular ceramic tubes.

Permeate

Figure 22. Filtration pilot used for the ultrafiltration experiments.

5.2  Ultrafiltration treatment

The typical measured water flows through the optimised membrane are given as a
function of time and of at various working pressure pressure, as illustrated in Figure 23.
The flux (PWF) drops fast at the beginning of the filtration until it became stabilized. The
fall of the filtration flux observed at the beginning of the operation can be due to a partial
fouling of the membrane pores by the melanin particles. The phase of flux stabilisation
corresponds to the establishment of the membrane fouling by the formation of a deposit
layer [8,17, 36-38]. Furthermore, this figure shows that there is an increase in the
stabilized flux values, when the applied pressure is increased.
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Figure 23. Effect of time of filtration on PWF [17].

5.3 Wastewater characterization

The characteristics of the effluent before and after filtration are presented in Table 4 and
Figure 24. The obtained ceramic membrane exhibited superior turbidity removal
efficiency for the studied effluent (99%).The result was interesting with a pollutants
retention rate of 87% for COD, 28 % for conductivity and almost a total retention of
color. As it can be seen in Figure 22, filtration on ceramic membranes improves
considerably the appearance and quality of the effluent.

The results prove the industrial feasibility of UF cuttlefish effluent treatment in
attendance of the composite Kaolin/Kaolin UF membrane.
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Figure 24. Evolution of retention of the different parameters by kaolin ultrafiltration
membrane at different TMP.

54  Membrane regeneration

The effectiveness of the regeneration is checked by the determination of the membrane
permeability which should be quite similar to that obtained with virgin membrane. Figure
25 shows almost total renovation of the membrane.

Conclusion

In summary, ceramic membranes in a tubular configuration were prepared. The tubular
support was prepared by the extrusion procedure using a ceramic paste made with kaolin
and corn starch as poreforming agent. A correlation between paste composition, sintering
temperatures and physicochemical properties of the obtained supports was discussed. The
incorporation of a porogenic reagent (starch powder) in the collodion was the key step to
obtain bigger pore sizes and to make the obtained membrane more porous, and thus
induce an increase in pure water permeability. Ceramic samples were fired at firing
temperatures in range from 1100 to 1250 °C. The optimised supports sintered at 1150°C
shows good porosity, good mechanical strength and good chemical stability. These
results may allow the deposition of the active layer directly on the porous support by slip-
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casting process. SEM picturs shows that the obtained membranes have an asymmetric
structure and the thickness of the active layer was approximately 9 pum with 6 min casting
time. A narrow distribution with an average pore size of 11 nm can be seen for the
deposited layer. Finally, this study made it possible to show the effectiveness of the
application of UF processes in the clarification of wastewater resulting from the cuttlefish

conditioning.
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100
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Figure 25. Determination of water permeability for new and regenerated membrane.
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Abstract

For decades there has been expanding worldwide worry for the general wellbeing
impacted by environmental pollution. The arrival of chemical contaminations into the
earth introduces a huge swath of issues related with public health. Carbonaceous
composites have been broadly considered for all sorts of contaminants expulsion from
wastewater because of its phenomenal and tunable properties. The present and potential
utilizations of carbon based materials in wastewater treatment incorporate adsorption,
photo catalysis, sanitization and membrane separation. The carbonaceous materials such
as activated carbons, carbon nanofibers and carbon nanotubes for the most part managed
high extraction effectiveness, great selectivity in complex networks and toughness for
continuous adsorption/desorption cycles, basically because of high surface territory,
compound security, dispersibility in wastewater and, significantly, multi-sort
communication.
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1. Introduction

One of the greatest problems that the world is facing today is that of environmental
pollution, increasing with every passing year and causing grave and irreparable damage
to the earth. Rising contaminations are a gathering of unregulated mixes introduced in
water, which are thought to be extremely hurtful both for the human wellbeing and for
the earth [1-4]. The rising toxins have been isolated into five gatherings: pharmaceuticals,
steroid hormones, perfluorinated mixes, surfactants and personal care items (Figure 1). In
the gathering of pharmaceuticals alone, finished a hundred mixes (barring their
metabolites) have been distinguished in effluents and also in surface waters.
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Figure 1: Classification of emerging contaminants.

Regular assets of the world start to get depleted; horticulture needs to fulfil an essential
part in a manageable world. Considering the restricted accessibility of water and land
assets, accomplishments in farming can be gotten utilizing new advances. Carbon based
materials can offer approaches to make critical changes in the farming area in ecological
designing and in water assets. The physical, chemical and electrical properties of carbon
based materials are considered to be innovative solutions to diligent environmental
challenges.

Carbonaceous composites and their practical subsidiaries are used in environmental
applications incorporate focused on conveyance of remediation specialists, built
evacuation of dangerous contaminants, and novel film structures for water filtration [5-8].
Figure 2 shows applications of carbonaceous composites for wastewater treatment.

Carbon materials is a favoured adsorbent for the expulsion of micro pollutants from the
watery stage; be that as it may, its broad utilize is limited because of high related
expenses. To diminish treatment costs, endeavours have been made to discover cheap
elective carbonaceous material forerunners, for example, squander materials [9].
Carbonaceous composite finds significant applications in agri-sustenance topical zones
like: regular assets administration, conveyance components in plants and soils, utilization
of rural waste and biomass, in nourishment preparing and sustenance bundling, chance
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appraisal being likewise assessed. Carbonaceous composite materials are broadly
connected as development materials in aerospace and electronics industry and restorative
prosthesis, and so on. Of late, they have been utilized as promising impetus backings and
special adsorbents [10,11].

Adsorption

Photocatalysis

Trace contaminants:

Microbial Pathogens

Dyes: Organics: Heavy metaE

Carbonaceous

materials

Disinfection

Membrane process

Entimjcrnbial pmpeztiga Nanocomposites: Nanofibrer:
Thin flim nanocomposite

Figure 2: Overall of application of carbonaceous composites in wastewater.

2. Carbon based materials

Carbon-based materials have caught extensive enthusiasm from the materials science
group for a considerable length of time. Carbon is a to a great degree light and flexible
material that, contingent upon the neighbourhood holding of the constituting carbon
molecules, has tremendously changing properties. Surely understood great cases of
carbon allotropes are precious stone, undefined carbon and graphite. Carbon-based
nanomaterials show phenomenal physical and chemical properties, for example, high
quality, fantastic imperviousness to erosion and uncommon electrical and warm
conduction and steadiness. As a result of these interesting components, nano-carbon
materials are utilized as a part of an extensive variety of fields, including science, vitality
stockpiling and prescription. Be that as it may, notwithstanding various advances in the
previous decades, specialists still face challenges with respect to the blend, consistency
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and reproducibility in the development of carbon materials. To beat these issues, and to
have the capacity to grow new utilizations of this material, particular and thorough
portrayal is primordial.

Carbon's exceptional hybridization properties, and the affectability of carbon's structure
to irritations in union conditions, take into account custom fitted control to a degree not
yet coordinated by inorganic nanostructures. While inorganic nanomaterials are a
promising territory of future research. The physical, chemical, and electronic properties
of carbonaceous nanomaterials are firmly coupled to carbon's basic compliance and, in
this way, its hybridization state [12]. The ground-state orbital design of carbon's six
electrons is 1s% 2s% 2p? The tight vitality hole between the 2s and 2p electron shells
encourages the advancement of one’s orbital electron to the higher vitality p orbital that is
void in the ground state. Contingent upon holding connections with the neighbouring
particles, this advancement permits carbon to hybridize into a sp, sp?, or sp® design. The
vitality picked up from covalent holding with adjoining particles adjusts for the higher
vitality condition of the electronic design. This remuneration is almost equivalent for the
sp2 what's more, sp3 hybridization states after the out-of-plane holding due to © bonds
among unhybridized p orbitals is considered [13].

At high temperatures or weights, carbon accepts the thermodynamically great
trigonometric sp* design of precious stone. The carbon grasps the planar sp2 consistence
and structures monolayer sheets bound by three sigma covalent bonds and a singular ©
bond. Frail out-of-plane collaborations are an aggregate of van der Waals powers and the
connection between covering © orbitals of parallel sheets. Gentle shear powers, physical
partition, and compound change disturb these frail interplanar powers and make
graphite's planes slip past each other [14]. Along these lines, carbonaceous composites
share the same holding setups as plainly visible carbon structures, in any case, their
properties and morphology are overwhelmed by the strength of select reverberation
structures instead of the mass midpoints of their crystalline structures.

The natural utilizations of carbonaceous nanomaterials laid out in the audit are both
proactive (avoiding environmental degradation, enhancing public health, improving
vitality productivity) and retroactive (remediation, wastewater reuse, transformation of
pollutant). Figure 3 display the environmental application of carbon based materials.

Among carbon-based nanomaterials, contingent upon the hybridization states we can
include: fullerenes, carbon nanotubes, carbon black and multi-walled carbon nanotubes
and graphene.
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Figure 3: Environmental application of carbon based materials.

2.1 Fullerenes

Fullerenes comprise of 20 hexagonal and 12 pentagonal rings as the premise of an
icosohedral symmetry shut enclosure structure. Every carbon particle is attached to three
others and is sp2 hybridized. The C60 particle has two bond lengths - the 6:6 ring bonds
can be viewed as "twofold bonds" and are shorter than the 6:5 bonds. C60 is not "super
aromatic™ as it has a tendency to keep away from twofold bonds in the pentagonal rings,
bringing about poor electron delocalisation. Accordingly, C60 acts like an electron
inadequate alkene, and responds promptly with electron rich species. The geodesic and
electronic holding factors in the structure represent the soundness of the particle. In
principle, an unbounded number of fullerenes can exist, their structure in light of

pentagonal and hexagonal rings, developed by rules for making icosahedra.

The electric and conductive properties of fullerenes and different carbonaceous
nanomaterials shape the reason for some of their extraordinary attributes on the
nanoscale. Accordingly, adjustment of these electric properties by means of single
substitution or, on the other hand endohedral doping has produced critical research
consideration.
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Application of Fullerenes
Organic Photovoltaics

Fullerene can be utilized as natural photovoltaics. As of now, the record productivity for
a mass heterojunction polymer sun based cell is a fullerene/polymer mix. The fullerene
goes about as the n-sort semiconductor (electron acceptor). The n-sort is utilized as a part
of conjunction with a p-sort polymer (electron contributor), commonly a polythiophene.
They are mixed and given a role as the dynamic layer to make what is known as a mass
heterojunction [15-16].

Antioxidants and Biopharmaceuticals

Fullerenes are intense cancer prevention agents, responding promptly and at a high rate
with free radicals, which are regularly the reason for cell harm or passing. Fullerenes hold
awesome guarantee in wellbeing and individual care applications where counteractive
action of oxidative cell harm or passing is alluring, and in addition in non-physiological
applications where oxidation and radical procedures are damaging (sustenance waste,
plastics disintegration, metal erosion). Significant pharmaceutical organizations are
investigating the utilization of fullerenes in controlling the neurological harm of such
illnesses as Alzheimer's malady and Lou Gehrig's sickness (ALS), which are a
consequence of radical harm. Medications for atherosclerosis, photodynamic treatment,
and hostile to viral specialists are additionally being developed.

Polymer Additives

Fullerenes and fullerenic dark are synthetically responsive and can be added to polymer
structures to make new copolymers with particular physical and mechanical properties.
They can likewise be added to make composites. Much work has been done on the
utilization of fullerenes as polymer added substances to change physical properties and
execution attributes.

2.2  Carbon Nanotubes

Carbon nanotubes (CNTs) have one of a kind properties, yet the external dividers of
perfect CNTs are synthetically dormant. In this way, CNTs are required to be altered in
order to have biocompatibility and dissolvability [17]. Noncovalent also, covalent surface
alterations are two ordinarily utilized systems to alter CNTs. In the primary strategy, long
polymer chains (polystyrene sulfonate) are wrapped around the CNTs. CNTs, likewise
called buckytubes, are barrel shaped carbon atoms with remarkable properties. They can
be partitioned into single-walled CNTs (SWCNTSs) and multi-walled CNTs (MWCNTS)
on the premise of the tubes number in the CNTs, where SWCNTSs are made of single
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layer carbon particles while MWCNTSs involve multilateral graphene sheet that moved
upon itself with many concentric tubes. As with graphene-based nanomaterials, CNTs
display extraordinary properties, for example, huge particular territory, rich hollows and
layered structure, which achieve a wide assortment of exceptional applications in
wastewater treatment, including the evacuation of natural contaminants and
overwhelming metals. Different techniques can be utilized to orchestrate CNTSs, for
example, synthetic vapour statement (CVD), the bend release strategy, fire union
technique and other adjusted strategies. Other nanocomposites joined with polymers and
metal oxides could be set up by aqueous technique, microwave illumination and different
methodologies. In the later one, coordinate covalent change [18]. A large portion of the
present functionalization strategies take after covalent or substance approach and a solid
covalent holding framed amongst CNTs and coupling specialist [19]. Comparison of
covalent and non-covalent functionalization of CNTS was shown in Table .1

Table 1. Comparison of Covalent and non-Covalent functionalization of CNTSs.

S. No Covalent functionalization Non-covalent functionalization

1 | Arrangement of stable compound | van der Waals cooperation
bonds

2 Loss of electronic properties No loss of electronic properties

3 Done by side divider and end top | Wrapping of atoms over the CNT
connection surface

4 | Demolition of n-bond change Basic system is held

5 Done by oxidation, lahogenation, | Done by adsorption of polymer,
amidation, thiolation, Surfactants, biomolecules,
hydrogenation and so on nanoparticles and so on.

Applications of CNTS
Drug Transporters

CNTs have risen as an effective medication bearer due to their special properties (high
medication stacking limit, high mechanical quality) [20]. CNTs have been utilized for
conveying different peptides, nucleic acids, and little atomic medications into living cells
[21]. Direct conveyance of chemotherapy sedates by physically adsorbed on CNTs, for
instance, supramolecular benzene ring structure of CNTs bears shockingly high degree of

sweet-smelling particles by n-r stacking.

Another utilization of CNTSs for tranquilize conveyance is intravenous infusion. One of
the issues with infusing drugs into the body is the danger of veins getting blocked as a
result of the extansive size of the medications, which would prompt tissue poisonous
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quality. It has been recommended that CNTs could be utilized as nano bearers for
conveying drugs into the body by means of injectable courses [22]. Medications can
either append to the external surface of the CNT by means of practical gatherings or be
stacked inside the CNT. Connection of the anticancer medication to the external surface
of the CNT can be through either covalent or noncovalent holding [23].

Gene Therapy

In the field of cutting edge quality treatment, promising restorative and preventive
impacts were accomplished. Nonetheless, the objective cell specificity and adequacy are
basic attributes [24]. Little medication atoms can go into the cells by dissemination yet
bio macromolecules, for example, DNA, RNA, and protein can't infiltrate through cell
film and along these lines require conveyance vehicles for intracellular conveyance. Both
viral and, non-viral vectors can be utilized for treating the hereditary diseases. Viral
vectors can accomplish high transfection efficiencies yet have wellbeing concerns, for
example, immunogenic and oncogenic. Non-viral vectors are protected yet have low
transfection viability. CNTs offer advantages over other non-viral conveyance
frameworks. An imperative essential for quality treatment vectors is the capacity to
conquer extracellular boundaries, incorporating into vivo leeway instruments and
assurance of the nucleic corrosive load from corruption, while accomplishing particular
focusing of cells or tissues.

Biocompatibility and biodegradability of CNTs

On the off chance that nano-biomaterial corrupt into the body, the cancer-causing nature
and, different types of lethal impacts may incite unfavourable reactions. Furthermore,
non-biodegradable nanomaterials can aggregate in tissues and move toward becoming
wellbeing dangerous. Poisonous quality related examinations appeared to examine the
more beneficial methods for debasement impacts of CNT based medications [25].
Functionalised CNTs appeared to be corrupted inside cells, for example, neutrophils and
macrophages by myeloperoxidase (MPO) movement furthermore, in the phagolysosomal
reproducing liquid (PSf). Despite this, non-functionalised CNTs were safe (no
morphological changes watched) when presented to the same natural oxidative conditions
[26]. The show of biodegradability for f-CNTSs has critical ramifications for the long haul
toxicological profiles of these materials, especially identified with any potential clinical
application. A few elements may be dependable, for example, the energy of debasement
and the rate of body discharge of these species.
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2.3  Graphene based material
Graphene

Graphene and its derivatives are being connected in contamination administration with an
importance on gas adsorption and water remediation. Graphene is an unending two-
dimensional (2D) monolayer comprising of sp2-hybridized carbon molecules. It could be
seen as the central building hinder for other carbon allotropes, for example, fullerenes
and carbon nanotubes. It likewise displays inborn layering and a few deformities, for
example, topological deformities, opportunities, which would impact the reactivity of
graphene with others.

Graphene oxide(GO) and Reduced graphene oxide (RGO)

GO, can be produced using concoction shedding of graphite by responses, is a two-
dimensional sheet with plenteous oxygenated practical bunches on their basal plane and
edges. The creation procedure of GO breaks the -conjugated system also, in this manner
make it very water-dispersible, in the interim, lessen the conglomeration among
individual GO sheets, show a more extensive potential in wastewater treatment. And GO
itself has pulled in critical considerations because of numerous fascinating properties and
its part as a promising forerunner for mass creation of graphene-based nanomaterials.
Amalgamation methodologies of GO contains the Brodie, Staudenmaier, Hummers
technique, or altered strategies in light of them. The structure of RGO is amongst
graphene and GO, there are just a couple of useful gatherings inserting on the RGO
surface, could be lessened from GO by solvothermal and aqueous strategies. The
upgraded electronic and conductive properties make it a planned possibility for poisons
evacuation in wastewater treatment processes.

Graphene nanocomposites

Lately, plentiful polymers and metal oxides were joined to the graphene-based sheets,
creating nanocomposites. These nanocomposites display champion auxiliary execution
and multifunctional properties by brushing the two parts attributes. Furthermore, it ought
to be noticed that incorporated nanocomposites are not simply the aggregate of diverse
segments, however rather another nanomaterial with totally new properties. The
functionalization process could encourage the scattering and after that keep the
conglomeration of graphene sheet in the fluid stage, and bless them with some prevalent
compound and physical properties, which may add to numerous reasonable uses. For
instance, attractive nanocomposites of graphene could be effortlessly isolated from
treated water and along these lines diminish genuine recontaminations, yet it is
troublesome for partition of unique graphene and GO.
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3.  Engineered carbon nanomaterials (ECNM)

The natural uses of designed carbonaceous nanomaterials are both proactive (avoiding
natural debasement, enhancing general wellbeing, advancing vitality proficiency) and
retroactive (remediation, wastewater reuse, toxin change). Carbon’s one of a kind
hybridization properties and the affectability of carbon's structure to annoyances in
combination conditions take into consideration custom-made control to a degree not yet
accomplished by inorganic nanostructures. ECNM join the unmistakable properties of sp?
hybridized carbon bonds with the surprising qualities of material science and science at
the nanoscale. From the electrical conductivity of a solitary nanotube to the adsorptive
limit of mass nanomaterials, both single particles also, mass properties offer potential
advances in ecological frameworks. Carbon nanomaterials are for the most part
predictable with conventional physical-compound models also, hypotheses including
electrostatics, adsorption, hydrophobicity. Atomic displaying has given an elucidation of
physical-compound procedures happening at the nanoscale that are generally blocked off
through test methods, however computational requests restrain the scope of length-scale,
chirality and layers attainable in the sub-atomic demonstrating of heterogeneous nanotube
and graphene tests.

4. Removal of ionic pollutants

lonic toxins exist in dirtied water in essentially two structures (i) metal particles, for
example, arsenic, mercury, cadmium, chromium, cobalt, copper, selenium, lead and (ii)
non-metal particles, for example, fluoride, phosphate, nitrate, and sulfide. Nano materials
(1- 100 nm) are superb poison adsorbents because of their little size, expansive surface
area, high reactant nature and different dynamic locales. Uncovered nanoparticles result
in agglomeration because of a high surface free vitality which decreases the dynamic
adsorption destinations. Graphene is very steady, expansive in estimate (mm to inch) and
has a substantial surface territory. To keep away from total arrangement of exposed nano
particles, graphene has been utilized as a supporting material in numerous investigations
[27-29].

5. Removal of organic pollutants

For the most part, the ecological uses of graphene based material can be assembled into
three angles, to be specific the adsorption, change and identification of natural
contaminations. Moreover, graphene based material gadgets, for example, a section
stacked with graphene based material, have been essentially connected in smaller than
expected scale decontamination and identification. Graphene nanomaterials and their
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subsidiaries have displayed brilliant execution in ecological poison evacuation, including
that of substantial metals, anionic and cationic colours, natural contaminations (phenolic
mixes, pesticides, and polycyclic aromatic hydrocarbons (PAHS)), inorganic anionic
contaminations, and gas poisons. The expansive applicability of graphene and its high
proficiency in the control of different contaminants are principally because of its vast
surface range, wealth of surface useful gatherings and quick electron exchange, which
make graphene a great adsorbent and reactant medium [30,31].

Graphene-based materials have been effectively connected in the adsorption of natural
toxins as colours, polycyclic sweet-smelling hydrocarbons and gas. In these graphene
materials, the adsorption is controlled by physisorption between the contaminations and
the graphene surface, as such the bigger the surface territory the more noteworthy the
adsorption capacity. Because of the benefits of minimal effort, arrangement process
capacity and special structure, graphene oxide has been used to manufacture
superhydrophobic and superoleophilic materials which can be utilized in the clean-up of
oil spillage and concoction spillage. The utilization of graphene-based materials as
adsorbents has been stretched out to the evacuation of colours. The favourable position in
utilizing this graphene based materials is that they can be isolated from arrangement
effortlessly, without attractive or centrifugation partition, along these lines making them
effectively regenerable and reusable.

6. Removal of air pollution

Graphene and its subordinates have been viewed as appealing possibility for air
contamination adsorption because of their substantial surface territory. In any case, their
adsorption limits are constantly restricted because of the solid stacking of graphene
sheets. The unrivalled execution of graphene based materials for vaporous poison
adsorption can be credited to two viewpoints. The first is the fundamental components of
graphene based materials including its substantial particular surface territory, which
uncovered a high amount of locales to adsorption, and the permeable structure giving
quick and adaptable transport pathways [32]. The second is its oxygen-containing (and
other enhanced polar) utilitarian gatherings, which give concoction adsorption locales
and fortify the partiality for polar gas atoms [33].

High adsorption limit is perceived as an essential for compound change, which for the
most part happens after adsorption amid contamination debasement. In that route, with its
huge surface zone and pore structure graphene based materials perform well during the
time spent contamination change. The fundamental explanation behind this (a) Graphene
can give inexhaustible synthetic response dynamic locales on its surface utilitarian
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gatherings. Since the dynamic useful gatherings of graphene based material can append
and tie with contaminative gasses at high fixations under ordinary conditions, the
following stage of gas detoxification or mineralization is encouraged. (b) Graphene can
acknowledge electrons and guarantee quick charge transportation in perspective of its
high conductivity. The choice and pre-centralization of vaporous toxins by graphene
based material is an essential for the change/mineralization and partition of poison
blends. The removal mechanism of graphene based material in air pollution purification
was shown in Figure 4.

Gas pollutants
(CO, CO,,850,,

SO3, H,S, NHS)

l o[Separatimﬂ

Adsorption|e
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Pre-concentration|o

e Mineralization
Transformation |g 0 E J

. 4
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Figure 4: Mechanism of graphene based material in air pollution.

7.  Properties

The remarkable properties of carbonaceous nanomaterials most usually referred to in
ecological applications are size, shape, and surface range; sub-atomic collaborations and
sorption properties; and electronic, optical, and warm properties. Atomic control infers
control over the structure and adaptation of a material. For carbonaceous nanomaterials
this incorporates estimate, length, chirality, and the quantity of layers in the fullerene
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confine. Albeit current creation procedures for nanoscale carbon structures need finish
accuracy and consistency, interfaces between development conditions and item properties
educate the union of tuned nanomaterials. Varieties in blend system, temperature, weight,
impetus, electron field, and process gasses upgrade nanomaterial structure, virtue, and
physical introduction for particular applications [34].

The physical properties of individual nanomaterials, the size, shape, and surface territory
of carbonaceous nanomaterials are profoundly needy upon accumulation (packaging)
state and dissolvable science. Scums including vapour, biomolecules, and metals that
adsorb to the surface of nanomaterials may in a general sense modify the collection
conduct, warm and electric qualities, mechanical quality, and physicochemical properties
of the nanomaterials. The physicochemical properties ascribed to optional structures of
nanomaterial totals are exceptionally factor and inadequately described. Settling these
attributes is basic for across the board use of carbonaceous nanomaterials from both
specialized and ecological wellbeing and security viewpoints.

Atomic Interactions and Sorption Properties. Clarifying the atomic cooperation, sorption,
and partitioning properties administering fullerenes and nanotubes is a joint exertion
amongst scholars and experimentalists. Carbonaceous nanomaterials are for the most part
predictable with conventional physical substance models and hypotheses including
electrostatics, adsorption, hydrophobicity, and Hansen dissolvability parameters. Sub-
atomic demonstrating has given an interpretation of physical-compound procedures at the
nanoscale that are generally unavailable through test strategies, however computational
difficulties limit the scope of length-scale, chirality, and layers possible in the atomic
displaying of heterogonous nanotube tests [35-38].

Electronic, Optical, and Thermal Properties. The holding arrangement of fullerenes and
nanotubes presents interesting conductive, optical, and warm properties offering wide
guarantee for application in the electronic business. While the importance of exceptional
field emanation properties, optical nonlinearity, high warm conductivity, and low
temperature quantum wonders may appear to be indirectly identified with customary
natural applications, significant roundabout ecological benefits collect from update of
vitality and material serious purchaser hardware [39]. Novel electronic properties of
carbon-based nanomaterials will likewise contribute to natural detecting gadgets and
effective power era in creative sun powered cell designs [40]. At long last, fullerene
intervened photo oxidation of determined organics has been investigated as an
environmental remediation method
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8.  Photocatalysis and sorbents

Photocatalytic system is a propelled oxidation process for expulsion of follow
contaminants and pathogens from wastewater, which have been considered as a valuable
pretreatment approach for dangerous substance and non-biodegradable contaminations to
improve its biodegradability. A photocatalysis upgrade via carbonaceous nanomaterials
has been thoroughly analyzed. Carbonaceous nanomaterials could upgrade the
photocatalysis execution through three essential systems:

(1) giving fantastic adsorption dynamic destinations;

(2) enhancing the relocation effectiveness of photograph incited electrons and deferring
electron-gap recombination;

(3) tuning the band crevice or photosensitization.

A fantastic element of carbonaceous composites as impetus bolsters and adsorbents in
respect to customary carbon frameworks is the plausibility of deliberate varieties over
wide scopes of fundamental physical and compound properties, for example,

(i) Sizes and volumes of a wide range of pores: small scale (beneath 2 nm in size), meso-
(2-50 nm), and macro pores (over 50 nm) morphology of all of small scale, meso-, and
full scale components

(i1) Level of crystallinity, thickness of carbon stage; warm and electrical conductivity,
and other physico-substance parameters of the surface.

(iii) Mechanical quality: wearing down and affect resistance

Components influencing sorption are the accompanying ones: surface zone, mineral
surface properties, natural carbon, dissolvability, temperature, pH, saltiness, co-solvents
and broke up natural issue.

Surface region. Adsorption is a surface wonders specifically identified with surface
region. Expanding the surface region, the particular adsorption will increment. Sorption is
normally announced as a mass property on a for each gram weight premise. Sorption
ought to dependably be accounted for on a zone premise, considering microspores and
atomic porosity.

Mineral surfaces properties. Surface charge makes surface conditions in which there is an
uneven charge appropriation, making a twofold layer of particles, accused natural solutes

trading of other counter-particles in the twofold layer, bringing about physisorption.
Natural carbon. It has been discovered that the sorption of hydrophobic natural mixes is
emphatically controlled by the nearness of soil natural material. While the response takes
after that a sorption and will fit a sorption isotherm, it is parcelling.
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Dissolvability. As the solvency of a hydrophobic compound declines, the adsorption
coefficient increments from entropy driven collaboration with the surface.

Temperature. Since adsorption is an exothermic procedure, K values for the most part
diminish with expanding temperature. All in all, a 10% lessening in K sorp would happen
with a temperature ascend from 20 to 30°C.

pH. Just chemicals that have a tendency to ionize are influenced by the pH, on impartial
particles the main change will be in the character of the surface, at low pH humic
materials being about unbiased, for instance and more hydrophobic. Changes in pH will
influence natural acids and bases by evolving dissolvability. Cations coming about
because of the protonation of a natural base may more firmly adsorb to soils than
nonpartisan species. Sorption of charged species will be influenced by the pH.

Saltiness. An expansion in saltiness can bring down the adsorption coefficient of cations
due to the substitution/trade by salt cations. The adsorption of corrosive herbicides
increments with saltiness at pH values over the pKa of the corrosive, pH impacting the
effects of saltiness. Nonpartisan particles are for the most part less influenced by saltiness
yet regularly demonstrate an expanded adsorption with expanding salt fixation, likely
because of the expansion in the action coefficient of impartial particles and coming about
lessening in watery solvency. Expanding saltiness may likewise change the interlayer
dispersing of layer dirts and additionally the morphology of the dirt natural issue.

Co-solvents. Co-solvents are water dissolvable natural solvents, for example, methanol or
acetone and they can diminish the sorption steady Ksorp by expanding the clear
dissolvability.

9. Carbonaceous nanomaterials as sorbents

Sorption of natural contaminants to sorbents such as NOM, mud, and initiated carbon
represents a noteworthy soak in normal and designed ecological frameworks. Regular
drinking water treatment, for instance, depends on physicochemical sorption forms for
the evacuation of natural and inorganic contaminants. Many years of research have
improved our comprehension of sorption systems also, encouraged streamlining of
sorbent properties [41-44].The sorptive limit of customary carbonaceous sorbents is
restricted by the thickness of surface dynamic destinations, the actuation vitality of
sorptive bonds, the moderate energy and nonequilibrium of sorption in heterogeneous
frameworks, and the mass exchange rate to the sorbent surface. The huge measurements
of conventional sorbents additionally constrain their vehicle through low porosity
situations and confuse endeavours in subsurface remediation. Carbonaceous
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nanosorbents, with their high surface zone to volume proportion, controlled pore estimate
circulation, and manipulatable surface science, overcome a considerable lot of these
inborn constraints. Sorption examines utilizing carbon-based nanomaterials report fast
harmony rates, high adsorption limit, adequacy over a broad pH range, and consistency
with BET, Langmuir, or Freundlich isotherms [45-50].

Conventional utilizations of activated carbon in water and wastewater treatment
incorporate decrease in natural contaminants, remaining taste, or scent. While
carbonaceous nanosorbents are successful in these territories, their cost and conceivable
poisonous quality has avoided broad research in coordinate and broad use for water
treatment. The incorporation of nanosorbents into customary stuffed bed reactors,
however subtle elements on the adequacy of different nanomaterial immobilization
procedures have not been exhibited. To date, most research on the ecological utilizations
of nanosorbents has focused on the evacuation of particular risky contaminants.

Another favourable position to carbonaceous nanosorbents is the virtual nonattendance of
hysteresis amongst adsorption and desorption isotherms for fluids and gasses under
environmental weight. Improved air weight pertinent to gas adsorption in hydrogen
stockpiling applications may re-establish hysteresis in the framework by lessening the
vitality hindrance to fill nonwetting CNT pores and the intraparticle locale of the
nanoaggregates. While quick harmony rates and high sorbent limit are intense traits of
carbonaceous nanosorbents, their actual progressive potential lies in the different
pathways for customized controls of their surface science. Fitting the prevailing physical
and synthetic adsorption powers by means of particular functionalization yields
carbonaceous nanomaterials that supplement the current suite of moderately unspecific
regular sorbents. Functionalized nanosorbents may give a streamlined way to deal with
focusing on micro pollutants, evacuating contaminants.

10. Composite filters

While adjusted CNT composite films create profoundly particular, tunable, and quick
filtration on the seat scale, they are hard to make are still in the early phases of innovative
work. Elective CNT applications in nanocomposite layers use the physical properties of
CNTs to enhance the mechanical dependability of the film or as an instrument to disturb
polymer pressing of the dynamic layer in customary turn around osmosis layers.

11. Renewable energy

In spite of the fact that nanomaterials and nanocomposites will discover applications
crosswise over sustainable power source divisions, the lion's share of utilizations
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constitute material upgrades to auxiliary segments. CNT anodes, for example, may make
strides the affectability and spatial determination of radiation counters utilized as a part of
atomic power plants. Symmetric, adjusted nanotube films, may empower the utilization
of second rate warm through an osmotic warmth motor. Furthermore, more grounded,
lighter materials may yield auxiliary changes in wind gathering gadgets. The best
potential for carbonaceous nanomaterials to yield major achievements lies in sun based
vitality applications.

In photo electrochemical cells, semiconducting materials create an electron-gap combine
and exchange the charge through a circuit to a counter cathode in contact with a redox
couple in the electrolyte arrangement. Semiconducting CNTs experience charge division
upon introduction to UV light, starting charge exchange to an answer stage reactant.
While coordinate utilization of CNTSs' photoactive properties in photo electrochemical
cells have accomplished unobtrusive photo conversion efficiencies, semiconducting
materials, for example, TiO, are prevalent reactant specialists. Lamentably, these
nanoscale inorganics experience the ill effects of high charge recombination as the free
electron moves to the terminal surface. To diminish rates of charge recombination, CNTs
have too been proposed as conductive frameworks to pass on charge to the anode. High
conductivity and smooth intersections between the anode and SWNTs empower this
lessening in control recombination. Once more, union of monochiral nanotubes would
significantly enhance the conduction proficiency of CNT platform.

12. Antimicrobials agents

Notwithstanding producing a suite of novel ecological applications, the one of a kind
properties and nanoscale measurements of fullerenes and nanotubes have raised concern
among toxicologists and natural researchers. While express systems of antimicrobial
movement are still under examination, toxicity may depend upon physiochemical and
basic qualities, for example, surface science, practical a mass thickness, length, leftover
impetus defilement, and width. Various specialists are trusting to misuse these watched
antimicrobial properties in ecological and human wellbeing applications. Particular
classes of nanomaterials may be appropriate for water sterilization, therapeutic treatment,
antimicrobial surface coatings, or research facility procedures in microbiology. Novel
antimicrobial surface coatings that adventure the intrinsic defencelessness of
microorganisms toward CNTs may give rich building answers for the testing issue of
bacterial colonization and biofilm improvement in drinking water frameworks,
therapeutic embed gadgets, and other submerged surfaces. Work on CNT harmfulness
toward assorted microbial groups is progressing. Various research bunches are examining

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 205-230 doi: http://dx.doi.org/10.21741/9781945291975-8

applications of antimicrobial and antiviral nanoparticles for water treatment also,
appropriation frameworks.

Carbonaceous nanomaterials show solid antibacterial action and lower oxidation
capacity, could viably inactivate pathogens under obvious light illumination or direct
contact, tend to shape cleansing results (DBPs)[51-53]. Graphene-based nanocomposites
were broadly explored as disinfectants for a long time. The attractive RGO functionalized
with glutaraldehyde nanocomposite (MRGOGA) demonstrated the splendid purification
capacity towards S. aureus and E.coli, up to 99% of gram-positive and gram-negative
microbes were Killed successfully in 10 minutes upon close infrared laser illumination.
The antibacterial movement, substantial particular surface territory and solid conductivity
of graphene-based nanomaterials empowered their utilization in sterilization applications.
Furthermore, the antibacterial component of these carbonaceous nanomaterials was
accounted for to include two viewpoints:

(1) obliterating the honesty of cell films upon coordinate contact;

(2) aggravating the specific microbial advance by means of oxidative anxiety. Moreover,
extra inquires about related with augmenting purification execution and natural impacts
of nanomaterials ought to be given careful consideration.

13. Sensor based on carbon nanomaterials

CNT based sensors offer various points of interest to existing sensor stages, and peruse
are alluded to later basic surveys regarding this matter. Compound, natural, warm,
optical, push, strain, weight, and stream sensors draw upon the excellent electrical
conductivity, substance soundness, high surface zone, mechanical firmness, and direct
functionalization pathways of CNTs to improve conventional carbon cathode sensor
stages. In another application, varieties of adjusted MWNTs developed on a SiO,
substrate fill in as anodes in ionization sensors for gas discovery. The sharp tips of
nanotubes encourage the era of high electric fields at low voltages, empowering compact,
battery worked, and little scale sensors. Identification happens by means of electric field
deterioration of the example took after by cathode enlistment of a special unique mark for
each vaporous analyte.

The presentation of CNT nanowire sensors constitutes a real leap forward for the sensor
field. Adsorption of charged species to the surface of the CNT changes the nanotube
conductance, in this manner setting up a reason for connection between present
vacillation and analyte piece or, on the other hand fixation. The energy of the nanowire
sensor stage lies in plans for level controlled adjustment to target particular synthetic and
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organic analytes lacking innate partiality for CNTs. Covalent and supramolecular
functionalization enables adjustment with a suite of substance gatherings, metals,
compounds, antibodies, DNA particles, and natural receptors. Other natural applications
incorporate wellbeing and security observing, framework administration, synthetic and
material productivity in assembling, and savvy administrative stages.

Observing ecological microbial biology and identifying microbial pathogens are likewise
destinations of biosensor stage examine. A few frameworks use coordinate adsorptive
gathering of nucleic corrosive or protein focuses to the surface of the CNT terminal
cluster for name free electrical identification of hybridization. Others utilize the one of a
kind conductive properties of the CNT to open up flag pathways in both acknowledgment
and transduction occasions.

Conclusion

The quick development of this field guarantees us that graphene based material will be
another era of materials in toxin administration with extraordinary limits and simple
control. With its constant small scale, meso-, and full scale structures, graphene based
material shows greatly great potential for the evacuation of natural contaminations by
means of adsorption and change forms. Obviously, the natural utilizations of graphene
based material ought to be extended from water cleansing, to air cleaning, and on to soil
and groundwater remediation. Its high adsorption limit and good selectivity make
graphene based material a fantastic bearer for pre-thinking and isolating complex natural
poisons. This property can be utilized as a part of the recuperation of contaminations
from wastewater and dirtied gas, and to create supportable natural nanotechnology. The
particle level instruments of the connection of graphene based material with ecological
contaminations should be uncovered. Moreover, graphene based material can be
enhanced to meet future natural control needs for all intents and purposes and at the
business level by utilizing section operations.

Carbonaceous nanomaterials have high particular surface regions, exceptional electrical,
optical, warm and concoction action; have been viewed as a standout amongst the most
imminent contender to expel concoction and organic contaminants from wastewater.
What's to come advancements and full-scale uses of these nanomaterials still face a wide
assortment of difficulties what's more, more careful investigations are positively required.

The present blend techniques for carbonaceous nanomaterials is as yet convoluted and
low-proficient, albeit various investigations have been directed to handle it. More basic,
strong and proficient manufacture strategies are critically required. In the meantime,
business expansive scale generation of carbonaceous nanomaterials is testing and should
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be tended to for expansive range applications. The agglomeration of CNTs and graphene-
based nanomaterials in watery stage is another shortcoming in water sterilization.
Collected nanomaterials would decrease the surface territory too as dynamic locales and
subsequently influence the availability to them, bringing about diminished proficiency on
contaminations expulsion. Nanomaterials changed with different useful gatherings and
metal oxides have been utilized to beat them, and further looks into should concentrate
more on the focused on adjustment furthermore, improve the evacuation proficiency and
in addition selectivity and fondness toward particular contaminants. Carbonaceous
nanomaterials have many preferences and additionally constraints in wastewater
treatment, it is to be sure potential nanomaterials for taking care of assorted natural
issues.
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Abstract

Globally, intensive research and innovation has been carried out for development and
designing of photocatalysts with high efficiency and cost-effectiveness for various
environmental and energy applications. Photocatalysis has been focused among various
advanced oxidation processes for environmental detoxification and energy production via
water splitting. Novel photocatalysts have been designed with incorporation of organic
and polymeric counterparts for increasing their potential. Fortunately, graphene (carbon
allotrope) has found a place and impressive contribution in materials science with
outstanding properties for photocatalytic applications. Graphene based nanomaterials,
graphene nano-sheets, reduced graphene oxide (RGO) and graphene oxide (GO) have
gained immense concern in the perspective of all research fields. These derivatives have
unique physiochemical properties such as high surface area, high electron mobility,
thermal stability, biocompatibility, 2D scaffold with extended conjugation. All these
properties are highly advantageous which trigger the exploration of such materials in the
various research applications. From the discovery of graphene to today, it has been
engaged in all the research fields such as fabrication of heterogeneous photocatalysts,
solar fuel cell, energy storage devices, pollutants removal, hydrogen production and
biomedical application. Since the precursor material for the production of graphene
derivative is graphite which is a nonprecious and abundant material, thus making the
graphene based research approachable for all researcher seekers in the respective field.
This review surveys the developments, innovations and challenges involved in use of
graphene and its derivatives in photocatalysis. Designing, fabrication of photocatalysts
based on graphene and its derivatives and novel strategies have been summarized. Such
kind of review helps in promoting awareness and motivation for continuous innovations
in utilization of graphene based materials in photocatalytic scene.
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Graphene, Photocatalysis, Water Treatment, Energy Production, Degradation
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1. Introduction

Green technologies as semiconductor mediated photocatalysis utilizing the photon energy
for various environmental detoxification and clean energy production have been of
tremendous interest among scientific and industry [1-3]. The unplanned anthropogenic
activities and industrial bloom has led to increase in number of emerging contaminants in
water bodies which are often non-regulated. Secondly the dependence on all nations on
fossil fuels has given rise to a global energy crisis [4, 5]. There has been an increasing
demand for shifting to renewable energy of sun, wind and nuclear power. However clean
and cost effective technologies are required to harness energy from renewable sources
such as the sun. So keeping this concern in mind various researchers have been
continuously looking for alternatives which are ecofriendly as well as cheap. Advance
oxidation processes and especially semiconductor photocatalysis has been instrumental in
solar energy conversion for water purification, CO, reduction and hydrogen production as
a clean fuel [5, 6]. With first discovery of photocatalysis TiO, ZnO and Iron oxides have
been star photocatalysts [7-12]. However their obvious limitations of low efficiencies
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application [13] led to focus on other metal oxides, sulphides, nitrides, halides,
oxyhalides, etc. [14-16].

In recent years, metal free catalysts have gained importance because of their dual
characteristics of adsorption and photocatalysis. Carbon based and derived materials such
as graphene, carbon nanotubes, activated carbon, graphitic carbon nitride, organic
polymers, etc. have been used as catalysts in single and combined forms for various
photocatalytic applications [17-19]. Numerous carbon scaffolds have been studied widely
owing to their low cost, high strength, ease of preparation, ecofriendly nature, and low
toxicity [20]. Graphene oxide, reduced graphene oxide, graphene, activated carbon and
biochar are emerging materials which are being utilized as supports for photocatalysts
[21]. Despite the supportive properties, the role of these materials are also being explored
by some researchers in the field of heterogeneous photocatalysis and they get
extraordinary response [22].

Graphene which is a single layer of graphite is a “wonder material” and has a unique
structure, high conductivity, high surface area, stability and electron mobility. In addition
it can be produced by cost effective approaches. Graphene has been a part of various
composite materials, reinforced plastics, nano-composites, heterojunctions, drug delivery
vehicles, medical implants, tissue engineering parts, solar cells, energy storage devices
and radiation absorbers. Graphene and its derivatives graphene oxide and reduced
graphene oxide have been important components for making various functional materials
for photocatalytic environmental detoxification and energy conversion.

2. Graphene oxide (GO)

GO is a modernistic 2D motif which is prepared from graphite powder as well as from
flakes. GO has been widely explored in the field of photocatalysis due to its admirable
optical, mechanical, electrical, and chemical properties [23]. GO is immensely
oxygenated and there is huge abundance of epoxy and hydroxyl groups in their basal
scaffoled [24]. Despite, the GO is highly dispersible in some solvents and water due to
loss in hydrophilicity which is because of the oxygen moieties present on the GO surface
which protect it from agglomeration [25]. Peculiarly, -COO are the most abundant groups
found on the surface of GO which could provide as nucleation and dock sites for
nanocrystal growth which might be beneficial for the synthesis of hybrids photocatalysts
[26]. Numerous photocatalysts has been synthesized with the combination of GO and
researchers have got satisfying results in the respective fields such as
BiVO,/TiO,/GO[27], ZnO/GO[28], Ag/AgCI/GO[29], Eu/TiO,/GO [30]
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2.1  Synthesis of GO from graphite powder/flakes

The instigating work on the synthesis of GO was started in 1859 by Brodie [31]. The
method involves, the reaction of Graphite with KCIO; and fuming HNO; at 60 °C.
However the reaction needs a long time to complete. Further, Hummer developed a
method for the preparation of graphene derivatives from graphite powder which has
become most important method [32]. This preparation strategies involved harsh treatment
of graphite powder with concentrated H,SO, solution containing KMnO, and NaNO;.
However Hummer methods also have some glitch like release of toxic gases such as NO,
& N,0, during oxidation process and release of Na* & NOj ions which are difficult to
remove from the reaction mixture [33]. Afterwards, the Hummer method was modified
by Tour and co-workers by eliminating the use of NaNQOg, and increasing the amount of
KMnQOy,, and operating the reaction with the mixture of H,SO4/H3PO4in a 9:1 (v/v). This
modification is quite effective which not only increases the yield of the reaction mixture
but also diminishes the evolution of toxic gases [34].

3. Reduced graphene oxide (RGO)

RGO is a 2D material that is stable under ambient conditions; it has a special electronic
honeycomb structure with delocalize conjugated n system [19, 35]. RGO seems to be a
promising material in the field of heterogeneous photocatalysts owing to its unique
structure and properties such as anomalous quantum Hall effect, zero band gap, high
charge mobility, etc. [36, 37]. RGO has been utilized as a scaffold for the fabrication of
various photocatalysts. It was examined that RGO demonstrate an imperative role in the
effective separation of photo generated charge carrier which is beneficial for a
photocatalysts to strengthen its optical activity [38, 39]. Thus various heterogeneous
photocatalysts has been synthesized in combination with RGO such as Bi,sFeO4/RGO
[40], CuS/RGO [41], CdS/CoFe,04/RGO [42] TiO,-RGO [43].

3.1 RGO synthesis

In general, RGO is made from the GO by different methods which includes thermal
reduction [44], chemical reduction [45, 46] photocatalysts reduction [47, 48] electro
chemical reduction [49, 50], solvothermal reduction [51], etc. Figure 1 shows the
synthetic routes to RGO.
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3.2  Thermal reduction

RGO can be prepared from thermal treatment of GO by annealing at 2000 °C. The rapid
heat treatment resulted to release CO or CO, gases which exert pressure on the stacked
layer of graphene sheets and ultimately lead to exfoliation of graphene sheets [52].

Hummer’s
Method

oxidation

Fig.1: Reduction methods and strategies for RGO synthesis.

The abrupt heating of GO decomposes the oxygen group containing moieties such as —
COQ, -OH, -OR etc. [53] and removes the carbon atom from the 2D plane which causes

the distortion. This ends in formation of small sized and wrinkled graphene sheets [54].
Microwave heating is an alternate method used for the exfoliation of GO in graphene

sheets. This method is more popular as compare to the high temperature annealing as it
minimize the energy cost. But the productivity of exfoliation is lower as compared to
thermal heating [55]. To overcome this complication Voiry et al. annealed GO slightly
prior to microwave exposure so that it can absorb more radiation [56].

3.3  Chemical reduction
As compared to thermal annealing chemical reduction method of GO is cheaper and easy

to operate and facile at room temperature. Hydrazine and its derivatives such as
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hydrazine hydrate and dimethylhydrazine have been endorsed as good reducing agents
and can be used for the mass production of graphene [57]. The reduction process can be
done directly by adding the hydrazine derivative to the aqueous suspension of GO [58].

Metal hydrides are the class of chemicals which have been widely authorized as strong
reducing agents. Out of metal hydrides NaBH, is the most commonly used for the
reduction of GO [59]. As NaBH4 is slightly hydrolyzed by the water thus it is
recommended that freshly prepared solution of NaBH, should be used for better
reduction. However it is most reactive towards -CO group as compared to —RO, -COOH
and -OH, hence after reduction these group remains in the GO [60]. To tackle this hitch,
the pre-reduced GO by NaBH, is treated by conc. H,SO, at 180 °C to achieve complete
reduction [61]. As hydrazine and NaBH, both have some drawbacks such as toxicity of
hydrazine and stability of NaBH, in aqueous medium limiting their use for reduction
process. Both these drawbacks have been managed by using ascorbic acid. Which has
been recently incorporated for the reduction of GO [62].

The reducing agents used for the reduction of GO to RGO influence its properties such as
C/O ratio and conductivity. The influence of different reducing agent on the RGO
properties has been summarized in the following table 1.

Table 1: Effect of various reducing agents on the RGO properties.

S.No. | Reducing agent C/O ratio | Conductivity (S/cm) Ref.
1 N2oH4 12,5 99.6 [63]
2 NaBH./H,SO, 8.6 16.6 [61]
3 Ascorbic acid 125 77 [63]
4 Hydroiodic acid 15 300 [64]

3.4 Photoreduction of GO

Photoreduction is a ‘Green’ method used for the synthesis of RGO which not only
excludes the use of harmful chemical but also minimizes the cost and time consumption.
The method is quite smooth, safe and impregnable as compared to other methods. This
method allows reduction process even in liquid phase as a result of which the RGO is
also obtained in the solution form which can be directly used for another application [65].
Li et al. reported the photoreduction of GO with HsPW;,04,and isopropanol as sacrificial
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agent in the UV light (high pressure mercury lamp, WG320 filter, | > 320 nm) for 10
min. The conductivity of RGO reduced by this method is found to be 400 S m™ [66].

Table 2: Green strategies for reduction of GO in various materials.

S.No. | Composite Strategy for reduction | Application Ref
1. | rGO-Aunano Rose water Glucose sensing [67]
2. | TiIO/RGO Hydrothermal Photodegradation of [68]

rhodamine B (RhB)
3. | (rGO)/mono and Azadirachtaindica Nonenzymatic [69]
bimetallic extract hydrogen peroxide sensor
4. | RGO Aloe vera Adsorptive removal of [70]
methylene blue
5. | RGO nano-sheets Ultrasound & UV- - [71]
radiation
6. | RGO/Ag/Ce0, Ultrasonication Reduction of p- [72]
nitrophenol
7. | ZnO-RGO Hydrothermal reaction Photo-degradation of [73]
RhB
8. | Ag-ZnFe,O,@rGO Microwave method Photodegradation of MB | [74]
9. | Fe304/RGO Averrhoa Cr(VI) reduction, Phenol | [75]
carambola leaf extract | degradation and
10. | CuO/rGO Glucose Antimicrobial activity [76]
11. | RGO/Fe;04 Murrayakoenigiileaves | removal of Pb(ll) from [77]
extract aqueous solution
12. | Agl-RGO Ultrasonication degradation of [78]
Rhodamine B (RhB)
13. | Au-Ag-In-rGO Piper pedicellatum a-glucosidase [79]
inhibition and
14. | RGO/Fe304 Solanum trilobatum Degradation of MB [80]
15. | RGO Alanine -- [81]
16. | RGO-AuNP Glucose sensing of H,0, [82]

Generally, during the course of photo-reduction process the energy excitation in the
bandgap of GO are liable for reduction. The band gap of GO is about 3.09 eV, during the
illumination of aqueous suspension of GO it absorb light energy < the band gap energy
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and lead to the photo generation of electrons and holes [83]. Figure 2 shows
photoreduction of GO.

Fig. 2: Mechanism of photoreduction of GO to RGO.

These species are quite reactive towards the reduction of -OH and —RO moieties attached
to the basal plane of GO, which ultimately resulted for the reduction of GO. If the
reduction is carried in the presence of a semiconductor it depends on the redox potential.
Such materials are easily reduced in the presence of light energy and they further react
with available oxidant to recover its original state [84]. By this point of view
semiconductors such as ZnO, BiVO,, etc. have been utilized for the reduction of GO [85,
86].

3.5 Solvothermal method

Solvothermal method is an environmental benign green approach for the reduction of GO
and in the preparation RGO based photocatalysts [87]. Solvothermal reaction has been
carried in sealed vessel in the presence of a solvent such as water, ethanol, methanol, etc.
The method has many advantages such as it requires less volume solvent and self-
generated pressure inside the sealed vessel when heated beyond its boiling point [88].
Various semiconductor/RGO composites have been synthesized by this method such as
RGO/ZnIn,S,[89], TiO,/RGO [90] and CoS-RGO [91].
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3.6  Green reduction strategies

Besides all above discussed reduction strategies researcher looking for such alternate
methods which are not only cheap but also biocompatible [92]. In this context, the
reduction of GO with some plant extract also have been studied along with some greener
approaches. The use of plant extract in the reduction process not only eliminates the use
of harmful chemicals but also minimizes the cost of the operation. The various plant
extracts and greener approaches used for the reduction of GO have been listed in table 2
along with utilization of as prepared RGO.

4. Chemical modification or functionalization

GO and RGO possessed varieties of oxygen containing functional groups thus they can
be regarded as excellent applicants for the modification. The modification can be done
according to the applicative utilization such as for adsorption [93], drug delivery [94],
photocatalysis [95], etc. The modification strategies broaden the area of RGO for diverse
application. Table 3 present the different composite fabricated with the modified RGO
and application.

5. Utilization and application of GO and RGO

5.1 Role in photocatalysis

Graphene and its derivatives have attracted much attention for the photocatalytic
operation owing to its unique properties as discussed earlier. It has a high electron
mobility 2x10° cm? Vs [96] and high surface area ~2965 m?’g™ [97]. Additionally, the
delocalized n- electrons could not only contribute to admirable conductivity but also act
as acceptor of electrons which helps in the suppressing of charge recombination. Thus
derivatives of graphene as RGO, GO and graphene itself have been extensively
scrutinized for the fabrication of photocatalysts composites (Figure 3 shows charge
transfer in RGO during photocatalysis). The use of heterojunction in the photocatalysis is
widely considered to separate photoinduced electrons and holes. Figure 4 shows
degradation on surface of RGO.

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



EBSCChost -

Carbonaceous Composite Materials

Materials Research Forum LLC

Materials Research Foundations 42 (2018) 231-272

doi: http://dx.doi.org/10.21741/9781945291975-9

Table 3: Chemical modification of GO/RGO.

rechargeable batteries

S.No Composite Modification Application Ref
1. GO-es-PVA Esterification - [98]
2. PS-GO Polysaccharides Adsorption of MB, Rh¢G, AF [99]

and OlI dyes
3. Cu?*-GO Cu? Mimicking Horseradish [100]
Peroxidase and NADH
Peroxidase
4, NH2-RGO Primary amine - [101]
5. GO-DETA Amine Catalytical activities for [102]
knoevenagel condensation and
Michael addition inwater.
6. S-rGO Sulphonation to improve monovalent anions | [103]
selectivity andcontrollable
resistance of anion
exchangemembrane
7. Graphene-NH, Amine Thrombo-Protective Safer [104]
8. GO Amide Hydrogen Sulfide Gas Sensing | [105]
Q. CA/RGO/GCE Calixarene Simultaneous determination of | [106]
Fe(111), Cd(1l) and Pb(ll) ions
10. | Fe304@PEI-RGO Magnetic Determination of polar acidic [107]
polyethyleneimine herbicides in rice
11. | pPRGO@MS(DOX)- Polydopamine Targeted Chemo-Photothermal | [108]
HA Therapy
12. SRGO Sulfophenyl - [109]
13. ERGO-PA Polyaniline Chemiresistive sensor to [110]
monitor the pH in real time
during microbial fermentations
14, RGO-AQ Anthraquinone Electrode material for [111]
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Fig.3: Charge transfer in RGO.

Semiconductor composites with heterojunction may lead to enhanced photocatalytic
efficiency [112-115]. Despite, it is reported that graphene oxide could serve as a
semiconductor either p-type or n-type owing to its tunable optical properties which
depends on the surface composition of the GO. Table 4 & 5 summarizes the research
progress in RGO and GO based photocatalysis.
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Fig.4: Photodegradation and adsorption on RGO surface.

5.2 Role of GO/RGO in the photocatalytic hydrogen generation and oxidation
reduction processes

The present decade is highly dependent on fossil fuel to fulfill their energy need which is
very critical by the view point of environmental pollution and other environmental
concern. Thus research communities are trying to find such alternate energy sources
which are renewable as well come true on the pollution criterion [116]. Thus solar energy
has attracted great attention as an alternative to fulfill the energy crises. Among various
techniques, photocatalytic hydrogen is a propitious techniques to convert solar
illumination into usable chemical energy [117]. Consequently, there is high demand of
such photocatalysts which can be capable of harnessing visible spectrum efficiently for
the photocatalytic hydrogen production. Various semiconductors based materials have
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been explored such as Pt, Au, Ag, Ir, Ru, etc. [118-120]. But the use of such expensive
material has barred their use for large scale application [116, 121, 122]. Hence, it is
influential to find a cost effective alternative. Thus various researchers have explored
graphene and its derivative along with other semiconductor materials for photocatalytic
hydrogen generation due to its large surface area and high electron mobility. Moreover,
photoreduction and oxidation are the processes which utilize solar energy for the
reduction/oxidation reactions. Various organic and inorganic pollutants have been treated
by this process to reduce their noxious effects. Graphene and its derivative have been
extensively explored for such photo oxidation/reduction reaction. Various GO/RGO
based photocatalysts along with their utilization have been listed in table 6 & 7.

6. Mode of biomedical application

The graphene derivative has apprehended the attention of scientists in the area of
biomedical application due to its exceptional properties and bio-compatibility [123].
Figure 5 shows such biomedical applications.

Sensing

=

Analysis

o Analyte
RGO loaded with Target
biosensor

Fig.5: Biomedical applications.
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Table 4: Photocatalytic mode of utilization of RGO

S.No. Composite Application Summary Ref
Catalyst  Pollutant Max. GO/RGO
(mg) (mg ") (%) (Wt%)
1. g-CsN4/GO/RGO Phenol decomposition | 80 10 28 - [124]
2. RGO-C3N4 Degradation of RhB&4- | - RhB=5.0 - 2.5 [125]
nitrophenol 4-nitrophenol =
10.0
3. Cu,0/RGO Degradation of RhB 100 10 98.9 - [126]
4. g-C3N4/CdS/RGO Degradation of RhB& | 100 RhB =4 - - [127]
CR CR=20
5. Ag/Ag,CO5-rGO methyl orange (MO) 50 MO= 10 - 1.0 [128]
and phenol degradation Phenol=10
6. Ag/RGO/Fe;04 reduction of 4- 5 4-nitrophenol= - - [129]
nitrophenol, CR &RhB 350
RhB=10
CR=10
7. Mn3;0,—rGO Orange-I1 - - 100 - [130]
8. MIL-101ZnFe,O,~ | MO, MV, MB, RhB 20 - 100 - [131]
rGO
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S.No. | Composite Application Summar Ref
y
Dose Pollutant Degradation | GO/R
(mg) (mg L™ (%) GO
(Wt%)
1. CuO/Ag;AsO4/GO Degradation of 200 20 85 5.0 [132]
phenol
2. Fe,03-TiO,/GO MB degradation 30 10 - 1.0 [133]
3. GO/Ag/AgQ,S-TIO, CV Degradation - - 80.01 - 134
4, AgsPO,/GO Methyl orange 80 20 86.7 15 [135]
5. MoS,-GO Degradation of 10 10 99 - [136]
methylene blue
6. Co304/TiO,/GO Photodegradation of 50 OTC=10 - - 137
oxytetracycline and CR=10
Congo
Red
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Table 6: Photocatalytic mode of H, generation by GO/RGO based photocatalysts

S.No. | Composite Summary Ref
Conc. of Sacrificial substance Rate of H,
photocatal production
ysts
Used (mg)
1. Cu,0/rGO 10 Methanol [145]
2. RGO-ZnIn,S, 50 S%/S05> 81.6 umolh™ [146]
3. TiO»/RGO/Cu,0 | - Methanol 631.6 pmol/hm? [147]
4, AuPd-MnO x - - 382.1 molcatalysts” | [148]
IMOF-Graphene ht
5. Ni(OH),- 10 NaS 4731 ymol h'g ™t | [149]
CdS/rGO and 0.25 M Na,SO3
6. g-C3N4-TiO./rGO | 05 - 23,143 pmol g*th™ | [150]
7. Sn304/rGO - - 20 pmol/g/h [151]
8. RGO/TiO, - Methanol 149 mol ht g [152]
9. Au-CdS/ZnS- -- - 9.96 mmol h'g™ [153]
RGO
10. 2D/1D/2D g- 50 Triethanolamine ~4800 pmol h* g? | [154]
C3N,/CdS/rGO
11. WSe,/rGO 05 - - [155]
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S.No. | Composite Application Ref
1. Cu/rGO CO;, reduction [156]
2. PdosoAuUgs0/PDA- | Interconversion between CO, and HCOOH [157]
3. ;C[;)(/)ZD Photo-induced CO; reduction to solar fuels [158]
ZnV,06/RGO

4, Cu-Zn/graphene Direct CO, hydrogenation to methanol [159]
5. Cu-Zn/N-rGO Methanol synthesis via CO; hydrogenation [160]
6. rGO/SrTipgsFeo 050 | Conversion of organic pollutants to methanol and ethanol | [161]
7. ?;?etall3D-RGO Electroreduction of CO, to Formate [162]
8. RGO-TIO, Photocatalytic CO, reduction [163]
9. rGO/Pt-TiO2 Photocatalytic water Splitting [164]
10. AgBr@TiO,/GO Oxidation of benzyl alcohol [165]
11. CsPbBr3; QD/GO Photocatalytic CO, Reduction [166]
12. MoS,/g-C3N4/GO | Water splitting [167]
13. PtAu/PDA-RGO Methanol oxidation [168]
14. a-Au/CeOx-RGO | N;eduction [169]
15. TiO,-RGO Photo-reduction and removal of Cr(VI) [170]
16.

Especially RGO has been explored for drug delivery [171], bio-sensing and tissue
engineering [172], bio functionalization of protein [173], antimicrobial agent [174],

carcinoma diagnostic and treatment [175], etc.

The research in respective fields has

created graphene as next generation medical tool. Some modes of utilization of RGO in
medicinal fields have been listed in table 8.
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Table 8: Biomedical mode of utilization.

S.No. | Composite Medical Application Ref
1. rGO-PDMS Wound dressing [176]
2. sSDNA-FG Exhaled Breath Analysis [177]
3. rGO-TPA/FeHCF | Immuno-sensor for the determination of SKBR-3 breast [178]
cancer
4, Graphene/Gold Applications in cancer diseases [179]
5. PDA- SPR biosensor [180]
Ag@Fe;0,4/rGO
6. LZFO-RGO Applications in hyperthermia [181]
7. Anti-IL8/AuNPs— | Detection of oral cancer [182]
rGO/ITO
8. RGO-Ag Application as active SERS substrate [183]
9. Ce0,/rGO Oxidase-like Activity and Colorimetric Sensing of [184]
Ascorbic Acid
10. Ag@rGO Antibacterial properties [185]
7. Future perspective and exploration

RGO and GO demonstrated surplus area of applicability such as in water detoxification,
hydrogen production, CO, reduction, photocatalytic water splitting. Hence, the graphene
material can be considered as the future material. Its advantageous properties can be
explored in various research fields such as medicinal, sensing, coating of metal surface,
energy storage devices, etc. Besides, there are many complications which still have to be
dealt with such as development of more efficient methods for the large scale production
of graphene derivative, to develop the modification strategies to meet the requirements of
the objectives, to alter the morphological characteristics as the performance of a catalyst
is highly dependent on morphology. It is also very important to deeply investigate the
mechanism of graphene derivatives in the respective field to understand and to tackle the
associated hitches.
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8.

Conclusion

This chapter explains photocatalytic potential of RGO and GOES including synthesis
strategies i.e chemical methods, solvothermal method, thermal annealing, and green
reduction method. The various utilization modes of RGO and GO have been presented
such as role in photocatalysis, adsorption, medicinal field, hydrogen production, CO,
reduction, etc. The ease of availability precursor of RGO and GO, a non-precious
material graphite make it approachable for all researchers. Graphene oxide and reduced
graphene oxide have proven to be highly efficient in various environmental catalytic
applications. They are indeed future materials as these studies inspire scientists
worldwide to have a multi-pronged approach in designing of such sustainable materials.
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Abstract

Nanomaterials are a relatively new class of materials that have at least one dimension in a
size range below one hundred nanometers (<100nm) resulting in properties that are
significantly different from their bulk-sized analogue materials. These opened new
application platforms as reinforcing fillers in plastic composites, functional materials in
sensors and energy, and in biomedical applications such as medical diagnosis and
prevention, and drug delivery. Nanomaterials have various interesting physicochemical
properties such as electrical conductivity, antimicrobial properties, reinforcing capability,
photoactivity, optical properties, etc. Thus, characterization of nanomaterials is crucial to
fully understand their merits in various material systems. In this review, an overview of
various nanomaterial characterizations techniques with an emphasis on spectroscopic
techniques is presented. The utilization of scanning tunnelling microscopy (STM), X-ray
diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS), and ultraviolet-visible
diffuse reflection spectroscopy (UV-vis) are highlighted. Furthermore, future trends of
these spectroscopic characterizations for nanomaterials and nanocomposites applications
are discussed.
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1. Introduction

The concept of using fillers as strengthening material agents is not novel. It started about
4000 BC, with the utilization of straw to strength mud blocks [1]. The word
reinforcement is defined as “the action or process of reinforcing or strengthening, by
adding another material to it”; and this addition of another material has mesmerized a
large section of the scientific community. The first reinforcement grids, plates or fibers

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 273-308 doi: http://dx.doi.org/10.21741/9781945291975-10

have been incorporated in 1849, and the first patent was approved in 1867 [2]. Very
recently, fibers made from alumina, boron, carbon, glass, and silicon carbide materials
have been used as fillers in composites. The aforementioned fillers have limited
capabilities for mechanical reinforcement due to their mesoscale dimensions [3].

In contrast to micro-scale fillers, nanofillers provide small inter-particle distance because
of their size; and this impact the polymer matrix residences even at very low filler
concentrations. Furthermore, the reduction of fillers dimensions to nano-scale leads to a
large interfacial area for polymer — filler interaction. Nanoscale fillers are also free of
most defects that are associated with the hierarchical structure of micro-scale fillers,
resulting in improved physical properties that provide them with a unique reinforcing
capability in polymer matrices. Polymer nanocomposites came into limelight after their
discovery in the 1980s. Prior to their recent widespread prominence for various
functional applications, there were various application examples by which nanoparticles
were used as fillers. Even though, nanoscale dimensioned black carbons were used as
fillers in rubbers they were not specifically referred as nanocomposites until recently. The
most announced application of polymer nanocomposites next to the ignition of the
renewed interest, was a timing belt cover made from polyamide 6 and exfoliated clay by
Toyota for an automotive application [4]. The use of nanofillers can result in
improvement in tensile and flexural strength, modulus, and heat distortion temperature
and gas barrier properties upon addition of a small fraction of nanofillers in plastic
matrices.

Carbon, a remarkable element is known for its tremendous capacity of catenation. The
property of carbon to combine with itself and different chemical elements in numerous
methods forms the premise of organic chemistry and life. The unique structural and
transport properties of carbon-based nanostructures, the first of which was fullerene, have
captured the interest of researchers since their discovery [5]. Some other nanostructures
of carbon known as graphene have been demonstrated to be the strongest material in
nature. Carbon nanotubes (CNT) do not trail back much in their strength. It is clear that
carbon nanofillers have become promising ultra-strong, and conducting polymer
nanofillers [6].

In this book chapter, we have reviewed various techniques of characterizing nanoparticles
and polymer nanocomposites. Analysis of the particle size, shape, aggregation and
agglomeration, dispersion in matrices, and interactions were reviewed. Various
spectroscopic characterization techniques of carbon nanofillers and their nanocomposites
are covered.
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1.1  Carbon nano-fillers

Carbon is abundantly available in nature. It can be found in its elemental form as coal,
natural graphite and in smaller quantities as diamonds. Due to its specific hybridization
properties [5], there also are several engineered types of carbon such as adsorbent carbon,
carbon black, glassy carbon, cokes, artificial graphite and diamonds, carbon and graphitic
fibers, etc. and, this makes them applicable in various fields. The birth of carbon science
dates back to the mid-1980s by Harry Kroto after the discovery of the first all-carbon
molecule, fullerene Cg, or buckyball [7].

In the 1950s, a report on hollow carbon fibers was presented by Radushkevich and
Lukyanovich [8]. Similarly, in the 1970s Oberlin et al. showed an image of empty
tubular-shaped materials formed by benzene decomposition [8]. These and other
researchers gave way to the invention of carbon nanotubes (CNT), which was first
observed in 1991 in Japan by Sumio lijima [9]. Arc-discharge evaporation technique was
used to develop needle-like tubes as same as fullerene synthesis by ljima; and these
needles grew on the other end of the electrode.

Also, one of the tubular derivatives of fullerenes is carbon nanotubes (CNTSs). They
include graphene cylinders that are closed at each ends with caps containing pentagonal
earrings. They typically have a diameter of few nanometres, and their length can vary up
to numerous centimetres. CNTs may be single, double or multi-walled [8]. Figure 1
depicts the structures of graphene, graphite, fullerene, and carbon nanotubes.

Graphite is one of the allotropes of carbon that has a layered planar shape. Each carbon in
graphite layer atoms is arranged in a hexagonal lattice with a separation of 0.142 nm, and
the distance among planes is 0.335 nm. Graphene is an allotrope of carbon which is a one
atom thick planar sheet (carbon atom is sp>-bonded) and densely packed in a honeycomb
crystal lattice. During 1990 and 2004, numerous efforts had been made to make very thin
films of graphite through techniques of mechanical exfoliation [10] to prepare graphene.
Although the theoretical concept of graphene was explored since 1947 [11], graphene
was officially discovered and reported by Andre Geim and Kostya Novoselov in 2004
[12]. They used micromechanical cleavage or the Scotch tape approach to extract a single
atom thick crystallite layer from bulk graphite by pulling out graphene layers and
transferring them onto skinny SiO, on a silicon wafer. Since its discovery, various forms
of carbon nanomaterial have been derived from the basic graphene structure (e.g.,
fullerene, carbon nanotubes).
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2D Graphene

0D Fullerene

1D Carbon nanotubes

Figure 1 Schematics displaying fullerene and nanotube formation from graphene. As
presented in Figure 1, graphene is a 2-D construction block for carbon substances of all
different dimensionalities. It could additionally be wrapped into 0-D buckyballs, rolled
into 1-D nanotubes or stacked into 3-D graphite Copyright © Geim, A.K.2007 [13].

1.2 Polymer nanocomposites

High performance composites with characteristic reinforcing filler in dimensions of
nanoscale (< 100 nm) are known as polymer nanocomposites. Such nanofillers can come
in fibrils, whiskers, particulates, platelets, fibroids, and so on. The need for high
performance and functional polymeric materials in applications ranging from engineering
structures, coatings, biomedical, electronics, to packaging, is the major drive for the rapid
increase in the development of nanocomposites. Some of the major assets of nanoscale
reinforcement of polymers includes enhancement in stiffness and creep resistance,
reduction in the coefficient of thermal expansion, improvement in fracture toughness,
improvement in gas and moisture barrier properties, etc. [14, 15]. The use of nanoscale
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fillers may result to unusual polymer properties such as electrical conductivity,
electromagnetic wave shielding, fire retardancy, electric, heat insulation, optical
transparency, and colour. Moreover, polymer nanocomposites are able to be processed
using conventional polymer processing technologies (e.g., extrusion, injection moulding,
thermoforming, etc.), thus it avoids the rather costly layup process required for the
fabrication of traditional conventional fiber-reinforced composites [16].

As best example, silica or alumina ceramic fillers have been used as cost effective means
to enhance the mechanical performance of epoxy resins [17, 18]. The disadvantage is
reduction of ductility of the already brittle epoxy while adding rigid particles. On the
contrary, the use of elastomeric particles consisting of rubber can enhance the toughness
of epoxy matrices, however these can reduce the stiffness [19]. The extraordinary
reinforcing capability of nanomaterials by carbon nanotubes, fumed silica, cellulose
nanocrystals, graphene, and graphene nanoplatelets (few layers of graphene) provide
magnificent mechanical properties as nanofillers of polymer nanocomposites. The
production of polymer nanocomposites generally involves the dispersion of the nanofiller
phase into the matrix phase [20]. Numerous thermoplastic and thermosetting polymer
matrices can be used along with the stated carbon nanofillers to prepare exciting
nanocomposites. Characterization of nanofillers, their dispersion in polymer matrices as
well as the interfacial interaction between each other is the primary focal point of this
chapter.

There are several techniques for manufacturing polymer nanocomposites. The interfacial
interaction as well as the dispersion of nanofillers in matrices is critical for the
performance of many functional nanocomposites. Nanocomposites have an extensive
variety of applications ranging from bicycle frames, wind turbine blades, badminton
rackets to micro/nanodevices [21], nanocomposite packaging films [22], smart materials
[23], sensors and actuators [24], etc. Bio nanocomposites and load bearing composites
are highly significant applications in tissue engineering and bone reconstruction,
respectively. Nanocomposites have reduced weight to mechanical performance ratio
when compared to metallic material counterparts, and this is one of the most vital reasons
driving the use of such materials for structural components in industrial scales.

Nanocomposites also have a vital role in the aerospace industry. For example, the
recently launched Boeing 787 Dreamliner is manufactured with 80 % by volume and 50
% by weight polymer-based composite. The result enabled about 20 % fuel saving
through magnificent weight reduction. While the majority of the reinforcing agent used in
the Boeing 787 Dreamliner is the traditional carbon fiber, nanoparticles can play
important roles as a partial substitute or complete replacement of such fibers to enhance
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not only the performance, but also the cost structure. Other opportunities of
nanocomposites in polymer science include the direct integration of functional
nanoparticles in electronics, energy generating devices, antimicrobial packaging films, or
electromagnetic shielding tools. Figure 2 presents a summary of carbon based nanofillers
including conducting films and coatings for devices like displays, touch screens, optical
and thermal devices, etc.

Conductive com

Terabit
3] r syl I ’
memory device Fuel cell &
Hydrogen storage

Figure 2 Potential applications of carbon nanofillers as functional components of
polymer nanocomposites.

2. Characterization of nanomaterials

The characterization of nanomaterials is critical for many potential applications. The
physicochemical properties of the nanomaterials, which includes size, shape, aspect ratio,
crystallinity, hardness, surface properties, purity and composition, molecular weight and
weight distribution, rheological properties, stability and solubility in various solvent and
temperature environments, colloidal properties, etc. are important for their utilization as a
component in nanocomposites. These and other properties dictate their dispersibility,
functional properties as well as their reinforcing capability in polymer matrices. Recent
progress in nanotechnology has resulted in the development of sophisticated physical
methods to characterize nanomaterials. Some of the most important techniques are
presented in the following sections.
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2.1  X-ray diffraction

X-ray characterization techniques are interesting for material characterization because of
the penetration strength and element sensitivity of X-rays. X-ray diffraction (XRD), X-
ray photoelectron spectroscopy (XPS), small angle X-ray scattering (SAXS), and wide
angle X-ray scattering (WAXS) are extensively used X-ray based techniques for
nanomaterial characterizations. XRD, based on wide angle elastic scattering of X-rays, is
an indispensable technique for characterizing the size and degree of crystallinity of
crystalline materials at the molecular level [25]. According to Bragg's law, the diffraction
of X-ray is defined as the reflection of a collimated beam of X-rays incident at the
crystalline planes of a specimen [26] in such a way that the diffraction pattern provides
structural information of the crystals. Typical XRD device is based on extensive-attitude
elastic scattering of X-rays, and it is used to characterize crystalline size, shape and lattice
distortion by long-range order, however that is confined to disordered substances [27].
Moreover, it can be applied to identify unknown samples, measure sample purity, textural
measurements (e.g., orientation of crystal grains).

In general, XRD is an established non-destructive material structure characterization
technique. However, the application of XRD can be limited due to the difficulty in
developing crystals and the potential to get results only from single conformation/binding
state of the pattern [28]. Furthermore, XRD has a low depth of diffracted X-rays,
specifically for low atomic number compounds, compared with electron diffractions [29].
Overall, XRD is effective for characterizing single phase and homogeneous crystalline
samples. Contrarily, it has limited use for mixed samples and samples that are not ground
into a powder. More recently, femtosecond pulses from a hard-X-ray free-electron laser
are getting popularity for structure characterization. This approach can be useful for
structural characterization of macromolecules that do not provide sufficient crystal
length, under conventional radiation sources, or other samples that are sensitive to X-ray
radiation [30]. The Scherrer formula [29] can be used to determine the crystallite size
from the broadening of corresponding X-ray spectral peak. In this formula, the mean size
of the crystallite domains (d) is calculated as:

d = KM cosO

Where, A is X-ray radiation wavelength, K is a dimensionless shape factor, is typically
taken as 0.89, and B is the line broadening at half the maximum intensity (in radians) after
subtraction of the instruments line broadening, and 0 is the Bragg angle (in degrees).

For instance, Cheng et al. [31] used XRD to characterize N-doped TiO,. In this study, the
proportion of anatase inside the TiO, samples was determined from the integrated XRD
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peak intensities using a quality factor ratio of anatase to rutile (which is 1.265). Figure 3
displays the XRD patterns of pure TiO, and N3-TiO, calcination at a various
temperatures.
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Figure 3 X- ray diffraction patterns of pure TiO, and N3-TiO, catalysts calcined at
various temperatures. Adapted from [31]. Copyright © Cheng (2016).

Based on the results present in Figure 3, it can be observed that the XRD peak width of
the anatase phase at 20 = 25.3° exhibited gradual sharpness with an increase in the
treatment temperature. This is indicative of increase in crystallite size with temperature
increase. The N3-TiO, did not display any new XRD peak as compared with the pure
TiO,, demonstrating that no new phase was created. At a calcination temperature of 350
°C, about 5 nm anatase crystallite sized Ns-TiO, nanoparticle has a mixed phase of
anatase and rutile with compositions of 80% and 20%, respectively. This crystalline
phase composition is comparable to commercial TiO, (e.g. grade P25 marketed by the
chemical company Degussa). High photocatalytic activity was exhibited by the P25, and
this is due to its mixed phase composition. Thus, from these results, it can be anticipated
that the N3-T10,-350 (as-prepared) possesses superlative photocatalytic activity due to its
mixed phase composition. Overall, XRD has a very limited use in disordered or
amorphous materials.
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2.2  Raman spectroscopy

Raman spectroscopy (RS) is a vibrational spectroscopy technique extensively used for
structural analysis (qualitative and quantitative) of molecules, macromolecules,
nanomaterials and nanostructures. The approach is preferred for in-situ experiments as it
offers submicron spatial resolution for transparent materials with limited sample
preparation[32]. The working principle of RS involves measuring the inelastic scattering
of photons frequency (qualitative analysis) or intensity (for quantitative analysis), from
the incident light after interacting with electric powered dipoles of the analyte samples
[33] to elucidate structural information.

Frequency variations among the incident photons and the in elastically scattered photons
are observed by RS, which are associated with the traits of molecular vibration. In Raman
spectroscopy, the in elastically scattered photons emitting frequencies lower than the
incident photons are referred to as the Stokes lines; where as anti-Stokes lines emit
photon frequencies more than the incident photons [33, 34].

In general, RS is corresponds to infra-red (IR) spectroscopy. While IR transitions result
from a net change in the dipole moment of the molecules, Raman transitions result from
nuclear motion modulating the polarizability of the molecules [34]. Vibrational modes
that are Raman active are IR inactive, and vice versa for most small symmetrical
molecules. Hence, RS has many pros for small molecules. For example, since water
molecules are weak Raman scatterers, this technique is suitable for studying biological
samples in aqueous solution. Furthermore, RS has the potential for detecting tissue
abnormalities as the molecular information supplied via RS can be used to investigate
conformations and concentrations of tissue components [35].

On the contrary, RS has some limitations. The technique can provide an indirect
characterization of nanomaterials; however, it lacks the spatial resolution necessary to
delineate domains for nanotechnology [36]. The conventional RS has an extremely small
cross-section and is prone to interference from fluorescence. Due to the severe laser
excitation in RS, a large sample quantity are usually required to obtain sufficient RS
indicators [37].

Surface-enhanced Raman scattering (SERS) are strongly used to enhance the RS signals.
This SERS can even increase spatial resolution at the same time as samples adhere to the
surface of metal structures, which includes typically gold or silver NP colloid substrates
[38-39]. SERS has many other uses. It has been reported in the literature that SERS can
be used to (a) study surface functionalization of steel NPs, (b) monitor the conformational
alternate in proteins conjugated to the steel NPs, and (c) to track intracellular drug
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movement from the nano platform and size of the pH inside the surrounding medium [40-
43].

Another RS method that is getting a lot of popularity is Tip-Enhanced Raman
Spectroscopy (TERS). This technique utilizes an aperture less steel tip in place of an
optical fiber to obtain surface enhancement of the Raman signals (the SERS effect) [44].
In comparison with standard RS, and SERS strategies, TERS technique provides
topological information of the Raman spectroscopy; and it is a very powerful approach
for characterization of the microstructural and surface stoichiometric information of
inorganic oxide.

Loryuenyong et al. [45] (a) used Raman Spectroscopy to study the synthesis of graphene
oxide and graphene together with other methods. Raman Spectra results of this study (a)
are shown in Figure 4 (a). The Raman spectra of stacks of graphene oxide (XGO) and
reduced graphene oxide (RGO) reveal two prominent peaks at G band and D band. The
two bands are broader in XGO than those in RGO. The two broader bands in XGO
correspond to higher disorder in XGO. The sharpening of the G band and an increase in
the peak intensity in RGO are due to the restoring sp’ domains and the reestablished sp?
network after the reduction treatment in hot water (b). Thus, the peak width differences
were useful in displaying the difference between the XGO and RGO.

Intensity (a.u.)
/
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Figure 4 FT-Raman spectra of (a) XGO and (b) RGO[45].
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In another example, Raman Spectroscopy was used by Cheng et al. [31] to study pure
and N3-T10,-350 samples. Spectra’s are shown in Figure 5. The peaks positioned at 147,
197, 396, 514, and 636 cm™ in the Raman spectrum of TiO, corresponds to A + 2By4 +
3E4, modes and these indicated the presence of anatase phase. The other peaks, located at
235, 443 and 608 cm™ are distinctive of the rutile phase [42]. As observed from this
figure, the two TiO, samples had similar phase composition, each owning a main anatase
phase composition with a small quantity of rutile, and this was consistent with XRD
observations. Further to this, a great redshift (towards the low wave-variety location) and
a touch small full-width at half most (FWHM) at 147 cm™ became observed for the Ns-
TiO, pattern from the insert sample of Figure 4, predominantly for the main peak around
147 cm™ from 150.6 to 145.3 cm™. The shift of peak positions and the changes within the
width are associated with changes in surface oxygen deficiency [42]. The shift and
change in peak spectra are associated to changes in surface oxygen deficiency increased,
and this might have resulted from the formation of excessive crystallinity and N doping.
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Figure 5 Raman spectra of pure and N doped TiO, samples. Adapted from Ref. [38]
Copyright © Berkdemir(2013).

2.3 Scanning tunneling microscopy and transmission electron microscopy

2.3.1 Principle of scanning tunneling microscopy

Scanning tunneling microscopy (STM), one of the earliest developed method in the
scanning probe microscopy (SPM) family, makes use of quantum tunneling current to
generate electron density images for eclectically conductive material surfaces at the
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atomic scale [46,47]. The working principle for this technique is adapted from the general
principle used in other SPM techniques. This involves monitoring the reaction between a
property susceptible probe (e.g., current) and the surface of a sample that is placed in
close proximity [48]. In general, STM has five essential components. These are listed as
follows (i) sharp scanning tip, (ii) XYZ-piezo scanner controlling the lateral and vertical
motion of the tip, (iii) coarse manage unit positioning the top close to the sample inside
the tunnelling variety, (iv) vibration isolation stage, and (v) feedback regulation
electronics [49]. In STM, the end-sample separation is maintained inside a range of 4-7
A. Tunnelling of electrons occur between the scanning tip and the floor by the small
voltage applied. A variation in the response current can then be recorded while the tip
moves throughout the sample in the x-y plane to generate a map of charge density [50].
Alternatively, the responding current can be kept unaltered via adjusting the tip height
through the use of feedback electronics; and this can produce an image of tip topography
throughout the specimen [51].

Samples are often embedded into a matrix to keep their original conformations when
biomolecules characterized via STM or EM techniques. The embedded samples will then
be covered with a thin steel layer, such as gold, before acquiring pictures [52]. Unlike
conventional EM techniques, STM can produce images with an atomic-scale resolution,
for instance, the usage of a Pt—Ir tip with a completely sharp quit [52].

Although STM is used to characterize size, shape, morphology, structure, and states of
dispersion and aggregation of nanoscale biomaterials due to its high spatial resolution,
only few researches had reported the usage of gold or carbon as substrates [53][C]. Most
biomaterials are insulating, however, the conductive surface of the pattern and detection
of the surface digital shape are the basic requirement to use this technique [53]. Hence,
due to the nature of the biomaterials, simple connection to the sample's surface electronic
structure may not necessarily exist with its surface topography. Despite this challenge,
STM is a favoured technique for investigating conductive atomic structures, for instance,
carbon nanotubes, fullerenes and graphene [53]. In addition to the costly STM
equipment, the manufacturing of stable probes with atomically sharp tips with well-
defined physical and chemical properties is considered to be the major limitation of STM.

2.3.2 Transmission electron microscopy

Transmission electron microscopy (TEM) is one of the most frequently used techniques
to characterize nanomaterials in electron microscopy (EM). This technique provides real
space images and chemical information of nanomaterials at a spatial resolution all the
way down to atomic dimensions (< 1 nm ) [54]. The sample should interact with the
incident electron beam that is transmitted through a very thin foil specimen during the
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process. The incident electrons that interacted with the specimen transforms into
unscattered electrons, elastically scattered electrons or inelastically scattered electrons.
The interactions between the sample and the elections result in an image formation that
can be magnified and focused onto a device [55]. The ratio of the gap among the goal
lens and the specimen and the distance between the goal lens and its image plane are the
determining factors for the magnification of TEM [55]. In TEM, electromagnetic lenses
are used to focus the scattered and unscattered electrons. The focused electrons may then
be projected on a display to generate an electron diffraction, amplitude-contrast image, a
segment-evaluation image or a shadow image of varying darkness in line with the density
of unscattered electrons [55]. In addition to the above, it improves the structural and
morphological analyses of nanomaterials due to its high spatial resolution. TEM can also
be coupled with a wide variety of analytical techniques and be used for different
applications. For example, the chemical composition and electronic structure of the
nanomaterials can be quantitatively investigated by electron energy loss spectroscopy
using chemical analyses and X-ray energy dispersive spectroscopy, respectively [56]. In
general, STEM and TEM can provide the size and shape heterogeneity of nanomaterials.
They can also reveal the degrees of aggregation and dispersion. Comparing the two
techniques, TEM has more advantages in providing better spatial resolution and
capability for additional analytical measurements over TEM [57].

TEM has certain drawbacks [55]. For example, in order for the TEM electron —beam
penetration and analysis, a high vacuum and thin sample sections need to be prepared
[57]. Like many other EM techniques, the destruction of sample and measurement in
unnatural/non-physiological conditions are common in TEM. Since TEM usually
examines a very small portion of a specimen over a certain period of time, it usually leads
to poor statistical sampling results. Furthermore, the TEM image for single sensitivity has
no depth due to 3D specimens being probed by the 2D TEM technique in transmission
view that results in abundant artifacts by the technique. In general, below 50 nm
specimen thicknesses is a requisite for conducting high resolution TEM images. Other
limitations of TEM include (ii) long processing time, (iii) intense and high voltage
electron beam usage, and (i) deforming sample's structure.

The fact that TEM can be used in aqueous environments to determine the dynamic
displacement, particle size, dispersion, and aggregation/agglomeration of nanomaterials
[58-60] provided it for various applications. This procedure adapts the function of
Environmental Scanning Electron Microscope (ESEM) for analysing samples under
partial water vapour strain within the microscope specimen chamber. Currently, wet
scanning transmission electron microscopy (STEM) imaging machine, which permits
transmission analysis of specimen that are completely submerged in a liquid segment has
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been developed. STEM also overcomes limitations associated with poor contrast and
drifting of objects that could occur during ESEM imaging in liquid [61]. Due to this
reason, the wet STEM permits observation in nanoscale resolution and has high contrast
despite the presence of several micrometers of water, without the use of contrast agents
and stains [62].

2.3.3 Examples of STM and TEM

An STM and TEM images of N5-TiO,-350 nanoparticles are shown in Figure 6. As it can
be seen from the figure, there were many sphere-like nanoparticles with various caves
and heaves. They could have resulted from the aggregation of nanocrystalline TiO,. N3-
TiO, sample that was seen as a sphere with an average particle size of about 5 nm (Fig
6b), and this was in agreement with the XRD results (results not shown here), which
shows slight accumulation.

Figure 6 SEM (a) and TEM (b) images of N3-TiO,-350. Adapted from ref.[31]. Copyright
© Cheng(2016).
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2.4  X-ray photoelectron spectroscopy and Fourier transform infrared
spectroscopy

2.4.1 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is one of the important methods that can be used
for studying the surface chemical modification nano materials. This technique is
particularly used to study the distribution and bonding of heteroatom dopants in carbon
nanomaterials such as graphene, nanocellulose and carbon nanotubes [63]. Sometimes
these materials necessarily can be used to surface modify in a controlled way for certain
applications, despite their superb intrinsic properties, characterization of the modification
Is essential. In addition to carbon, there is an interest for the investigation of alternative
dopants which are nearest to the carbon, i.e. nitrogen, boron, and phosphorus. XPS has
been used by plentiful studies to characterize the concentration and bonding of various
modified materials. Among the elements mentioned in the dopants list, it appears that
only nitrogen has received a significant research attention, with ongoing effort on the
other dopants. The crucial thing with XPS is that, experiments need to be conducted
cautiously in order to avoid wrong conclusions that can easily be reached, particularly,
during measurement of the binding energies into specific atomic configurations. Hence,
care should be taken in the (i) sample preparation, (ii) photoemission response of the
material in the intrinsic property in question, and (iii) right spectral analysis [64].

2.4.2 Fourier transform infrared (FTIR) Spectroscopy

A molecule is an IR active, if and only if the molecule in the sample specimen has a
dipole moment and its oscillating frequency is analogous to the frequency of incident IR
[65]. The absorption of IR radiation is able to transfer energy to the molecule, thereby
inducing a corresponding stretching, bending or twisting of the covalent bond in a
molecule [66]. On the contrary, molecules deprived of net dipole moments, example
diatomic molecules similar to N, and O,, do not absorb IR radiation [67]. As a result of
the IR absorption, a spectrum is generated that is a graph of absorption or transmission
versus incident IR frequency. The spectrum is the fingerprint of the structure of a
molecule of study [67]. The FTIR spectroscopy is often employed for nanomaterial
classifications. The spectral bands by FTIR are commonly employed to elucidate
characteristics of nanomaterial-polymer conjugation. Moreover, the method can be used
to study the nanoscale constituents, such as validation of purposeful molecules covalently
attached on the carbon nanotubes [68], [69].

A recently developed FTIR technique, Attenuated total reflection ATR-FTIR
spectroscopy, avoids some of the limitations of sample preparation complication as well
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as spectral irreproducibility that is observed in IR [70]. The method deploys total internal
reflection in combination with the IR spectroscopy to probe the structure of
adsorbed/deposited species at a solid/air or solid/liquid interface. In this system, the total
internal reflectance forms an oscillating wave that extend from the internal reflection
element (IRE) crystal-sample interface into the sample with a penetration depth of
micrometers (0.5-5 um) [71]. The changes and modifications in surface properties and
identification of chemical properties on the polymer surface can be investigated by ATR-
FTIR [70, 72].The method can also be used to study the surface structures of
nanomaterials, despite the lack of sensitivity. The penetration depth of ATR-FTIR has
the same order of magnitude as the incident IR wavelength and hence, it is not effective
to analyze samples at nanometre scale [72].

2.4.3 Examples of measurements of XPS and FTIR

Kharlamova et al. [73] used XPS (Figure 7) and other alternative techniques to
characterize highly pure semiconducting and metallic single-walled carbon nanotubes
(SWCNTSs) that have a mean diameter of 1.4 nm. The XPS spectra indicated that the C 1s
peak of metallic nanotubes is downshifted from a binding energy of 284.51 to 284.57 eV
to make 0.06 eV difference when compared to the semiconducting tube peaks due to
different chemical potentials in bulk metallic SWCNTSs, as shown in Figure 7(a). On the
other hand, The C 1s peak of metallic nanotubes and semiconducting tubes had an
asymmetric Doniach-Sunjic profile and Voigtian shape, respectively due to their physical
property differences as shown in Figure 7 (b). However, an intense C 1s peak observed in
the spectra did not detect oxygen peaks. The overall XPS spectra, Figure 7 (a) confirms
the purity of the metallicity sorted samples.

Cheng et al [31] reported the XPS spectra comparison of pure TiO, and N5-TiO, samples,
and results are presented in Figure 8a. XPS was used to examine the chemical
composition and state of N5-TiO,. The XPS spectra results indicated that the pure TiO,
sample, contained elemental composition of C, O, and Ti at a concentration of 21.05,
56.35, and 22.60 atomic %, respectively. On the other hand, XPS showed that the N;-
Ti0O, sample does not only contained C, O and Ti elements but also a small concentration
of atomic N. The small quantity of N was likely generated from the dopants during the
calcination process. The compositions of C, O, Ti and N elements in the N5-TiO, sample
were 20.98, 55.47, 22.59 and 0.96 atomic %, respectively.

Two N1s XPS peaks at 401.2 and 399.6 eVs (Figure 8b) were used to investigate the
chemical state of N atom in the sample. The former peak, at a binding energy of 401.2 eV
was ascribed to the presence of oxidized nitrogen such as Ti—-O-N [74], and the latter
peak was due to anionic N in the form of N-Ti-O bond [75]. However, there was no
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typical indication of Ti—N bond formation. The typical binding energy in Ti—N is 396 eV
[76]. In comparison with this result, the latter peak was 3.6 eV higher, which was
attributed to the lower electron density of TiO, when O atom was substituted by N atom.
Thus, it is clear that N-Ti—O and Ti—O-N coincide in N3-TiO, nanoparticles.
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Figure 7 (a) The C 1s XPS spectra of the semiconducting and metallic SWCNTSs. The
inset shows the overview XPS spectra. The C 1s peak is labeled. (b) The valence band
spectra of the separated SWCNTSs. z- and o-resonances are denoted. The inset presents
the enlarged.Region of the spectra containing the peaks of van Hove singularities. The
labels Sy, S,, and M; mark the first and the second vHs of semiconducting tubes and the
first vHs of metallic SWCNTSs. E is the Fermi level [73].

Carbon atom has a wonderful property in both crystalline and disordered structure forms
due to its four valence electrons ([He]2s?2p®) which may hybridize in various ways. The
hybridizations forms may be sp®, sp? and sp, allowing carbon to form linear chains,
planar sheets and tetrahedral structures. FTIR vibrational spectroscopy is widely used to
identify and characterize the chemical structures of the carbon family, such as diamond,
amorphous carbon, graphite, graphene, carbon nanotubes (CNTs), fullerene and carbon
quantum dots (CQDs). FTIR can be used to confirm the hexagonal structure of the
pristine CNT peaks originating from the sp>-hybridized carbon and the disordered regions
of CNTs probably consisting of disordered sp*-bonded carbon, also serving as nucleation
sites for hydrogen, which are assigned to the C=C bond from the CNT skeletal vibration
mode. Overall, IR method is advantageous for nanomaterial characterization in that it is
non-destructive, real-time measurement and relatively easy to handle.
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Figure 8 Overall XPS of the as-prepared TiO, (A) and N1s spectra for N3-TiO,
photocatalyst (B). Adapted from [31]. Copyright © Cheng(2016).

Cheng et al. investigated as-synthesized pure and Ns-TiO,-350 nanoparticles using FTIR,
and results are presented in Figure 9. Both samples displayed identical vibrations in the
IR region. The intense and broad spectras in between wavenumber 400 and 800 cm™
were attributed to the strong stretching vibrations of Ti—-O and Ti—O-Ti bonds [77]. The
broad peak at 3400 and a spike at 1620 cm™ were due to O-H stretching on the surface
and O-H bending of water molecules, respectively. The intensity of the two absorption
bands in the as-synthesized Ns-TiO,-350 was stronger as compared with that of pure TiO,
[78]; indicating that the N3s-TiO, sample had more OH groups and surface-adsorbed water
that contributed greatly in the photocatalytic reaction.
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Figure 9 FT-IR spectra for as-prepared pure and N3-TiO, photocatalyst. Adapted from
ref [31].

The hydroxyl moities can capture the photo-induced holes (h*) up on irradiation with
light; and then later form hydroxyl radicals (-OH) with high oxidation capability.
Contrarily, the surface -OH groups can function as absorption centres for oxygen
molecules; and form -OH radicals to enhance the photocatalytic activity. In summary, IR
spectroscopy is extensively used as a rapid and non-destructive method to characterize
materials. It can also be carried out on samples in the solid or liquid state. However, it
does not provide information for samples with no dipole moment as these samples will

not absorb Infrared rays.

2.5 UV-Visible spectroscopy

Nanoparticles have interesting and novel optical properties, and these properties are
dependent on the size, shape, composition, concentration, aggregation and agglomeration
state, and refractive index of the nanoparticle. UV-Visible spectroscopy (UV-Vis) that
measures the scattering and absorption extinction of light passing through a specimen, is
a vital technique for the analysis of nanomaterials and their derivatives [79]. For
example, Agilent 8453 single beam diode array spectrometer is one of the modern UV-
Vis spectrophotometers, which collects spectra from 200-1100 nm using a slit width of 1
nm [80]. In this, deuterium and tungsten lamps are used to provide illumination across the
ultraviolet, visible, and near-infrared electromagnetic spectrum. The instrument is very
sensitive, and spectra can be collected from samples as small as 60 pL using a microcell
with a path length of 1 cm.
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Figure 10 shows the UV-vis diffuse reflectance spectra of the as-synthesized pure and
N5-TiO,-350 specimens. The spectrum of commercial TiO, was also presented for
comparison. The results indicated that the UV-vis adsorption edge of pure TiO, was
identical to that of the commercial TiO,, while N3-TiO, shifted to the visible-light region.
It was also seen that the optical band edge presented a notable red-shift in comparison
with pure TiO,. In addition to this, two characteristic light absorption edges were shown
for the N3-TiO, sample [81]; one direction band and the other originated from the new
energy levels in the forbidden band of TiO, which was made by N-doping.
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Figure 10 UV-vis reflectance spectra (diffuse) of the as-prepared pure and N3-TiO,
samples. Adapted from ref. [31]

The band gap energies of the as-synthesized TiO, samples were calculated using the
Kubelka—Munk function [82]. [F(R)hwu]”2 versus energy of light was plotted as shown in
10. Bandgap energies of 2.85 and 3.1 eV were obtained for N;-TiO, and TiO,,
respectively, revealing that the band gap of TiO, was narrowed by N doping. The band
gap narrowing may be attributed to the introduction of nitrogen from ammonium chloride
into the lattice of TiO,. Hence, it can be deduced that the sample of Ns-TiO, could
display high photocatalytic activity through visible-light irradiation. Overall, UV-vis is
effective for characterization of samples that absorb UV or visible light. On the contrary,
it is not effective for samples that are insoluble, or samples that shows photo- mediated
reactions.
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2.6  Other techniques

In addition to the techniques described above, there are other spectroscopic techniques
that are fruitful for the study of physiochemical attributes of nanomaterials. For instance,
when the absorption profiles of nano-materials are distinct, UV- visible absorbance
spectroscopy is useful to investigate the characteristics of nanomaterials (e.g., particle
size, concentration of aggregate state as well as bio conjugations) [83]. Fluorescence
spectroscopy (FS) is another useful technique. This is a beneficial technique for tracking
the ligand binding or conformational variation of macromolecular nanomaterials than
light absorption methods. Fluorescence spectroscopy presents detailed information of
samples that fluoresce (e.g., amino acids, proteins, organic compounds). FS has high
sensitivity, and useful for larger polymer compounds or molecules solution. It is
extensively used for amino acid detection and quantification, protein conformation and
interactions, enzymatic activities etc. FS finds application in nanomaterials conjugated
with biomolecules. The conjugation of an extrinsic fluorophore to the non-intrinsically
fluorescent nanomaterials allows this technique to analyze the certain properties, such as
concentration, particle size, and spacer composition of the biomolecule on the
nanomaterial [84, 85].

There are numerous thermal methods that can assess the thermal stability and the quantity
of nanomaterials or their conjugates [26]. For example, thermogravimetric analysis
(TGA) can be applied to monitor the temperature dependant weight change of a samples
[86]. Also, differential scanning calorimetry (DSC) can be applied to measure thermal
transitions, such as melting, crystallization, glass transition temperature of nanostructured
materials or their bio conjugates. DSC analysis can also provide other useful structural
and stability information of materials [87]. Isothermal titration calorimetry (ITC) is
another technique that can be applied to examine the stoichiometry, affinity, as well as
enthalpy derivative in nanomaterial and biomolecule conjugates [88]. Thermophoresis
can examine the motion of samples to assess the size and apparent potential by locally
warming the sample to produce temperature gradient [89]. Nevertheless, the method
needs elevated concentrations of the samples than fluorescent spectroscopy to provide
strong signals.

A number of other separation methods have been applied routinely as characterization
techniques. Amongst these methods, centrifugation is a useful separation technique for
mixed colloidal materials in liquid. Analytical ultracentrifugation (AUC), a class of
centrifugation methods, can also be used to examine the conformation, structure, and
stoichiometry as well as self-aggregation nature of nanomaterials. It can further be used
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to determine the size and size distribution, shape and the molecular mass of
nanomaterials [90].

Chromatography methods, such as hydrodynamic chromatography (HDC) and also high-
performance liquid chromatography (HPLC), can be applied for the purification, and
identification of nanomaterial bio conjugates. Chromatography techniques can also show
the circulation of nanomaterial to biomolecule ratios and the stability as well as the purity
of post-products owing to their ability to differentiate the different nanomaterial bio
conjugates.

3. Future trend

Nanomaterials can be composed of metallic, ceramic, and organic particles or molecules
[91]. In addition to this, they may be conjugated or grafted with other molecules,
coupling agents, surfactants etc. to boost their functionality, biocompatibility and tune
their application [91]. All nanomaterials have a large surface area to volume ratio that is
usually several orders of magnitude larger than their counterpart macroscopic materials.
Most nanomaterials are generated using a ‘bottoms up’ synthesis process from a
molecular precursor in order to develop distinct structural and functional characteristics.
During the synthesis process, the reactant composition, concentrations, reaction
conditions (temperature, pressure, and reaction time), additives (coupling agents,
dispersants, surfactants), and solvent medium are very critical for their final features
including particle size, morphology, structure, functional properties etc. of common
nanomaterials. Prior to developing applications for nanomaterials, developing
reproducible characterization methods of both the synthesis process and the final product
Is crucial.

Nanomaterials are generally categorized based on their types or application areas. As an
illustration, based on the applications to nanomedicines, they have various divisions such
as drug delivery, drugs, and therapies, in vivo imaging, in vitro diagnostics, biomaterials,
and implants [92]. Regardless of their category, nanomaterials have common
physicochemical features related to, for example their small particle size, and high
surface area and shares similar characterization techniques in these cases. Application
could be communality. For instance, most drug delivery system nanomaterials, including
carbon nanotubes, dendrimers, fullerenes, liposomes, Nano colloids, nanoparticles,
nanosuspensions, and nanostructured biopolymers are utilized to furnish optimal
bioavailability of functional compounds at specific physiological destinations over a
period of time. Moreover, they are targeted to cause minimal drug toxicity, enhance drug-
therapeutic effect, complement or replace invasive administration routes [92]. The drug
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carriers in nano-drug delivery systems can be devised by regulating the composition, size,
shape, and morphology [92]. In such delivery systems, the size of the nanomaterial can
affect the bioavailability and circulation time in the bloodstream, partly resulting from the
impact of surface area-to-volume ratios on the solubility of the drug delivery systems
[93]. The optimal size of nano-drug delivery systems as suggested by many studies is 10—
100 nm [94]. Recent studies reported that the shape of the drug carrier nanomaterial is
also crucial in the distribution, absorption, avoiding phagocytosis and extended
circulation of bioactive in the bloodstream [95]. Moreover, the pharmacokinetics of drugs
can be affected by the surface charge of a nano-drug delivery system [96], while drug
delivery efficiency can be influenced by the structural characteristics of the delivery
systems [97].

Assessments related to the size and size distribution of nanomaterials for drug delivery
systems or other applications such as polymer reinforcement applications can be operated
by using Atomic Force Microscopy (AFM), Dynamic Light Scattering (DLS), FCS, FS,
Magnetic Resonance (NMR), Near-Field Scanning Optical Microscopy (NSOM),
Nuclear XRD, RS, SEM, STM, Small Angle X-ray Scattering (SAXS), TEM, and several
other separation techniques. The most suitable methods for shape measurement include
NSOM, SEM, TEM, STM, AFM, XRD, and SAXS, while the appropriate methods for
surface charge measurement involve zeta potential measurement (ELS), ATR-FTIR, and
Cation Exchange (CE). The structural properties of the nanomaterials are usually studied
using techniques such as AFM, CD, FS, IR, Mass spectroscopy (MS), NMR, SAXS,
STM, Thermal, Tip-Enhanced Raman Spectroscopy (TERS), XRD, and other separation
techniques. The chemical and structural properties of GO, RGO and their derivatives are
characterized by various spectroscopic and non-spectroscopic methods, such as AFM,
Elementary Analysis (EA), FTIR, Raman spectroscopy, NMR, SEM, STM, TEM,
Thermogravimetric Analysis (TGA), plasmon spectroscopy, quasi-elastic neutron
scattering, X-ray photoelectron spectroscopy (XPS), and XRD [F].

Besides, the physicochemical properties descripted above (size, shape, surface charge),
the thermal stability of nanomaterials play a vital role in the functionality and efficacy of
nanomaterial based drug delivery systems. Thermogravimetric analysis (TGA) is
extensively used for the analysis of thermal stability. Furthermore, other characterization
techniques such as DSC, ITC, and thermophoresis are receiving an increasing attention.

Molecular diagnostics, detection of specific sequence of DNA and RNA that may not be
directly associated with a disease, targets diagnosing a disease at a molecular level prior
to the manifestation of symptoms [92]. Compared to traditional molecular imaging
agents, utilization of nanomaterial-derived contrast agents could enhance the signal
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intensity of a single particle [98]. Such strong signal produced by the nanomaterial-
derived contrasting agents, could assist in overcoming the critical limitations of low
sensitivity in  Magnetic Resonance Imaging (MRI) and the depth penetration
disadvantages of optical imaging to some extent [98]. Few nanomaterials have specific
novel properties that allow them to perform as imaging probes. The list includes quantum
dots with distinct electronic and optical properties, up conversion phosphors consisting of
phosphor nanocrystals doped with rare earth metals, super-paramagnetic iron oxide
nanoparticles containing an iron oxide core of magnetite and/or magnetite enclosed in a
polysaccharide, synthetic polymer or monomer coatings etc. [99]. Further to the features
of conventional imaging probes, including structure, purity and solubility, some
physicochemical characteristics of nanomaterial-derived imaging contrasting agents were
studied.

Conclusions

Due to the unique and novel properties of materials at nanoscale, nanomaterials have
great potential to provide very useful functional properties in an array of application
platforms. The physicochemical properties of nanomaterials such as the structure,
morphology, chemical composition, crystallinity, shape, size, aggregation and
agglomeration state, surface properties, thermal stability, etc. determines the applicability
and unique functional benefit of the nanomaterial. Applications of nanomaterials range
from biology to medicine, electronics, optical devices, polymeric materials, or other
industrial processes.  Although there are several techniques used to investigate the
structure of nanomaterials, spectroscopic techniques such as electron microscopy, Raman
spectroscopy, and X-ray scattering have proved among the most widely utilized
techniques. These techniques cover the analysis of a wide range of length (from sub-nm
to um) scales. These techniques are beneficial in analyzing the dispersion, morphological
state, and alignment of nanomaterials in a polymer matrix, and to study the interfacial
adhesion between a nanomaterial and polymer matrices. The use of these spectroscopic
techniques for the characterization of nanomaterials in medicine (e.g. drug delivery,
toxicology assessment, imaging etc.) and other biology applications cannot be overstated.
This book chapter provided a description of the most important spectroscopic properties
of nanomaterials, and introduces various spectroscopic techniques commonly applied for
characterizing nanomaterials. In fact, characterizing nanomaterials intended for different
use in both its originally manufactured condition and after introduction into an
application is unquestionable. The brief description of each technique, as well as its
strengths and drawbacks gives a picture for identifying suitable techniques for
spectroscopic characterization of potential nanomaterial and/or nanocomposite materials.
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Abstract

Biochar is actually a carbon-rich stable solid charcoal primarily used for soil
modifications. Biochar can be produced using different methods like pyrolysis,
gasification, etc. Biochar exists in many forms including biochar glomalin, terra preta,
biochar hydrogel having potential to increase soil fertility at low pH, providing protection
against infectious diseases and increasing the agricultural productivity. Biochar is an eco-
friendly approach for replacing activated carbon and other carbon based materials.
Physicochemical properties of biochar can be increased by chemical and physical
activation methods. Biochar finds application as adsorbing materials in water and air
pollution, production of biodiesel and soil conditioning.
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1. Introduction

Biochar is a fine-grained, exceptionally permeable charcoal substance that is recognized
from different charcoals in its proposed use as a soil alteration. The expression ‘biochar’
alludes to dark black carbon shaped by the pyrolysis of biomass i.e. by warming biomass
in sans oxygen or low oxygen condition with the end goal that combustion does not
occur. Conventional charcoal is one case of biochar delivered from wood. Biochar is
charcoal that has been delivered under conditions that improve certain qualities
considered helpful in agriculture, for example, high surface zone per unit of volume and
low measures of remaining gums or resins. The specific heat treatment of natural biomass
used to deliver biochar adds to its expansive surface region and its trademark capacity to
hold on in soils with next to no organic rot. While crude natural materials supply
supplements to plants and soil microorganisms, biochar fills in as an impetus or catalyst
that improves plant take-up of supplements and water. Contrasted with other soil
adaptations, the high surface range and porosity of biochar empower it to adsorb or hold
supplements and water and furthermore give natural surroundings to advantageous
microorganisms to thrive [1]. "Biochar" is a moderately new term, yet it is not another
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substance. Soils all through the world contain biochar stored through characteristic
occasions, for example, woodland and meadow. Actually, those ranging high in normally
occurring biochar are probably the most ripe or fertile soils on the planet. Because of lot
of biochar fused into the surprisingly fruitful or healthy soils, certain districts still
remains exceptionally fertile regardless of hundreds of years of draining from substantial
tropical downpours. The utilization of biochar as soil added substance has been proposed
as a way to and at the same time alleviate anthropogenic environmental change while
enhancing rural soil richness. Biochar created from thermochemical transformation of
biomass decreases ozone depleting substance outflows and is helpful for enhancing
environmental frameworks in farming. Apart from lessening ozone depleting substance
discharges, biochar enhances the physicochemical and microbial properties of soil and
assimilates noxious and vindictive substances. Biochar delivered amid the
thermochemical decay of biomass not just decreases the measure of carbon produced into
the air, however it is likewise a domain neighbourly swap for enacted carbon and other
carbon materials. Those components cause that biochar can be a conceivably decent
material in the improvement of the way toward fertilizing the soil and lasting fertilizer
quality. Being an eco-friendly method for soil alteration, it likewise offers standard
systems for carbon catch and capacity [2].

2.  Biochar structure and composition

The intricate and heterogeneous chemical and physical organization of biochars gives a
magnificent stage to contaminant expulsion. The chemical composition of biochars relies
upon the kind of feedstock and pyrolysis conditions such as living arrangement time,
temperature, rate of heating and reactor sort; in this manner, not all biochars are the same
and it is hard to characterize the correct synthetic structure of biochar. Biochars are for
the most part made out of carbon. The natural bit of biochar has high carbon content, and
the inorganic segment essentially contains minerals for example, Calcium, Magnesium,
Potassium and inorganic carbonates (carbonate particle), contingent upon its feedstock
sort. The pyrolysis temperature utilized for biochar creation does not shape graphite to
any noteworthy degree and fragrant rings in biochar are not orchestrated in flawlessly
stacked and adjusted sheets, as they are in graphite. More sporadic courses of action of
carbon are shaped amid biochar generation, and they contain oxygen and hydrogen.
Sometimes, mineral arrangement relies upon the feedstock sort. By and large, biochars
are not completely carbonized and display carbonized and non-carbonized stages.
Expansion of biochar to soil brings about an increment in water penetration, soil water
maintenance, particle trade limit, and supplement maintenance and a change in Nitrogen
utilize proficiency [3, 4].
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3. Biomass conversion methodology

Biomass is a complex heterogeneous structure made out of cellulose, lignin, and other
natural elements such as Carbon, Hydrogen, Nitrogen, Sulphur and Oxygen and inorganic
parts that can surpass 40% of its dry weight. Inorganic substances such as silicon dioxide
(SOy), aluminium oxide, iron(lll) oxide, titanium oxide, calcium oxide, sodium oxide,
etc. may initially exist in biomass or be delivered amid thermal medications. The
conversion techniques for biomass utilize can be divided into three classes: direct
burning, thermochemical forms, and biochemical procedures [5]. Particular illustrations
incorporate anaerobic assimilation, (bio) gasification and mixing with petroleum
derivative sources. Vitality substance of crude and thermochemically handled biomass
can be utilized for direct burning, cofiring with coal, or gasification. Target end-utilize
alternatives stay to be (1) heat and control era, (2) transportation powers to supplant non-
renewable energy sources, and (3) compound feedstocks. Biomass is a general term
enveloping the natural issue in living beings and their deposits beginning from
developing plants and farm manure, where compost can be thought of as a prepared type
of plant materials. Biomass energy, or quickly bioenergy, is put away in plant and
creature squander materials. Particular cases incorporate wood from characteristic
backwoods, rural yield build-ups, mechanical squanders, for example, slop and paper
squanders, and creature squander (excrement). Natural biomass is enormous and
commonly has high dampness and basic earth metal substance, in this way entangling the
immediate utilization of biomass as a fuel. Biomass can be dealt with thermochemically
by means of pyrolysis to make materials with higher vitality densities for resulting
bioenergy creation. A definite objective of biomass squander to-vitality change is to
deliver non-renewable energy source substitutes for warming, power era, and motor
operation [6].

4.  Biochar production

The current ubiquity in biochar change came about because of seriously researched
conventional cultivating practices. Terra (Land) preta is one type of biochar that
outcomes in high soil natural carbon, cation exchange limit, pH and soil fertility. These
perceptions enlivened the biochar change to enhance soil quality and product yield.
Today, asserted advantages of biochar alterations incorporate made strides overflow
quality (lessened nutrient supplement filtering) and the carbon negative idea emerging
from the unmanageability of pyrogenic carbon and the alleviation of ozone depleting
substance discharges like greenhouse gases [7]. Biochar can be produced using
conventional methods namely Pyrolysis, Gasification and Hydrothermal Carbonization.
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4.1  Pyrolysis

Pyrolysis, a thermal transformation process, is most encouraging advancements for
sequestration of carbon and creation of bio-oil as feedstock for delivering second-range
transportation powers (Figure 1). Pyrolysis is the procedure where biomass is heated in a
domain with low oxygen level producing pyrolysis gas and singes which is biochar.
Pyrolysis gas can be combusted to generate heat with low discharge and the biochar has a
huge number of employments: soil change, creatures sustain supplements, channel
material, carbon stockpiling, energy source, steel generation and so on. The qualities of
the pyrolysis method are the adaptability to utilize diverse sorts of energizes, low
outflow, low natural effect and the distinctive employments of the burn [8]. The char
created in the pyrolysis procedure has numerous potential ranges of utilization, one of
which is soil quality enhancer. Biochar heavily loaded with nutrients will greatly deliver
supplements for the plants by increasing the nutritional composition of the soil finally
resulting in increased productivity and yield rate. The carbon is put away, supposed
carbon catch, in the soil and it works an indistinguishable route as carbon catch and
capacity. Pyrolysis process can be classified as slow, batch, continuous, semi-batch and
fast process.

\

LY Products of
combusion process

} Radiant flames

% = Pyrolysis gas
T N . TR Y e T Y

AR ] Pl RCOR R g W s TR e - T T .
$ Y AL N T Al S ik B Y

3 Biochar

Figure 1 Process of Pyrolysis.

4.2.1 Materials required for pyrolysis process

It is imperative that the fuel in a pyrolysis procedure meets the clarification necessities
for accomplishing the required nature of the finished results. Just natural material is
permitted to be utilized for biochar processing. All materials that contain inorganic
substances, for example, e.g. plastics, elastic and metal must be expelled from the fuel
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before pyrolyzing. The natural material must be untreated with e.g. paint and permeated.
When utilizing agrarian waste as fuel is critical so ensure that this waste has been
developed in a manageable way. Wood chips from forest service must originate from
timberlands that are manageable delivered. Verification of the fuel is vital. The measure
of substantial metals in the fuel is likewise managed since the biochar has a capacity to
tie certain heavy metals the necessities contrast extraordinarily. The biomass likewise
contains a few minerals and other minor natural atoms and polymers. The structure of
these polymers and minerals fluctuates from various sorts of biomass and influences the
pyrolysis procedure and its finished results. The minerals in the biomass, particularly
alkali metals, can catalytically affect the pyrolysis response however expanding the yield
of biochar. The creation of various sorts of biomass fluctuates depending on the
development of biomass, environmental conditions, soil nature and farming operation.
The carbon substance may shift in a similar kind of biomass as much as 10 %. Few major
materials essential for pyrolysis process includes straw, type of wood material and its
properties such as humidity, solid manure, etc. Pre-treatment of these materials is
important such as drying, shredding and sorting [9].

4.2.2 Working principle

Pyrolysis is the immediate thermal decay of biomass without oxygen which delivers a
blend of solids (the biochar appropriate), fluid (bio-oil), and gas (syngas) items (Figure
2). The particular yield from the pyrolysis is reliant on process condition, for example,
temperature, and can be streamlined to deliver either vitality or biochar. Temperatures of
range 400-500 °C (752-932 °F) deliver more biochar, while temperatures over 700 °C
(1,292 °F) support the yield of fluid and gas fuel components. Pyrolysis happens all the
more rapidly at the higher temperatures, normally requiring seconds rather than hours.
High temperature pyrolysis is otherwise called gasification, and delivers principally
syngas, which has been utilized as vehicle fuel in few times and places. The yield
contains 60% bio-oil, 20% biochar, and 20% syngas. In pyrolysis process biomass is
essential as a fuel. This biomass, that more often wood material, has ingested carbon
from the climate amid its lifetime. At the point when the biomass is included the
pyrolysis plant a start-up vitality source is utilized to start the procedure. Inside the
reactor it is near oxygen free and temperatures reach up to 1000 °C. At these conditions
approx. 50 % of the carbon present in the biomass is gasified and creates the pyrolysis
gas. The rest of the measure of carbon is contained in the strong item, the biochar [10].
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Figure 2: Working of Pyrolysis.

4.2.3 Factors influencing the process of pyrolysis

To get the correct quality of the finished products biochar and pyrolysis gas, the working
factors can be balanced. The working parameters influencing the pyrolysis procedure are
temperature, mass stream, molecule size, weight and dampness content. Under these
optimized conditions, the pyrolysis procedure happens at quicker rate with expanded
product yield and quality [11].

Temperature

The suitable temperature directly affects the carbon generation and the biochar attributes.
Higher temperature gives less char in a wide range of pyrolysis responses. With a higher
temperature one can envision that more unstable material is constrained out of the
biomass and in this way the measures of biochar diminishes. Then again the level of
carbon in the biochar shows increments. The temperature in the reactor influences the
heat exchange rate and the gas stream rate.

Pressure

High pressure expands the gas stream rate in and on the particle surface, which give an
optional carbonization. The impact is most present with pressure under 0.5 MPa. The
pyrolysis forms which have been pressurized can deliver more burn resulting in biochar.
The generation of bio-oil profits by vacuum in the process diminishing the measure of
biochar. The response is exothermic, under high pressure and low mass streams.

Humidity

The humidity content in the material can effectively affect the creation of biochar and
pyrolysis gas based upon nature in the reactor. Under pressure the procedure gives more
biochar if the humidity content is low. In quick pyrolysis dryer material is required with a
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greatest of 10 % dampness substance to spare the measure of energy expected to dry the
material before the pyrolysis begins. Moderate pyrolysis is more unbiased to humidity
content yet again the proficiency of the reactor diminishes for high moisture content
because of the requirement for drying the material. The humidity content influences the
biochar's feature. By adjusting the humidity content activated carbon is synthesized with
unique structural features.

4.3  Biomass gasification

Biomass gasification has a high potential for application in waste treating contrasted with
other existing methods like land fill, burning, and so on, in light of the fact that it can
acknowledge a wide assortment of sources of inputs and numerous valuable items can be
created. Biomass gasification is a many-sided process including drying the feedstock took
after by pyrolysis, fractional burning of intermediates, lastly gasification of the
subsequent items (Figure 3 and 4). It is performed within the sight of a gasifying media
which can be air, oxygen (O,), steam (H,0) or carbon dioxide (CO,) present within a
reactor called a gasifier. The gasifying medium additionally assumes an essential part of
changing over strong char and substantial hydrocarbons (HC) to low-sub-atomic weight
gasses like carbon monoxide (CO) and H2. The quality and properties of the item are
reliant on the feedstock material, gasifying operator, feedstock measurements,
temperature and weight inside the reactor, plan of reactor and the nearness of impetus and
sorbent. There are numerous valuable items from the gasification of biomass like syngas,
warm, control, bio-energizes, compost and bio-char. Syngas can be additionally handled
by methods for the Fischer—Tropsch procedure into methanol, dimethyl ether and other
compound feedstocks. Biomass feedstocks are characterized into four principle
gatherings: woody biomass, herbaceous biomass, marine biomass and manures [12]. The
gasifier is normally intended to create a desired end product; in any case, the feedstock
material is an essential parameter to determine and improve where ever important. The
gasification technique can be classified into following steps.

Oxidation/
Reduction/

Combusion

Gasification

Figure 3: Steps in Gasification.
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Working operation

Gasification is a procedure used to moderately combust biomass in a high temperature
usually 700-1000 °C, oxygen inadequate condition to create a top standard fuel gases like
hydrogen, carbon monoxide, etc. and biochar. This fuel gas might be utilized to
immediately fuel a standard inside ignition motor. There are a wide range of gasifier
outlines. The main gasifier that has demonstrated to deliver low tar content gas is the
monetarily accessible High Temperature Downdraft Gasifier (HTDG). The HTDG is a
constant operation gasifier that can achieve temperatures of 1500 °C. The biomass moves
gradually downwards in the HTDG and is changed over into biochar as it experiences
three primary response stages [13].

E,‘Tﬂ Ivsis ZOHE_-] Carbonisation of Biomass
= s __J & Release of fuel gas
b
E}Iidﬂﬁﬂn ZD]]E_-} Injection of air & Combusion of
- biochar to CO: & H:0
b
Eiﬁﬂl]ttiﬂ]] ZDHD Insufficient Oxygen &
_J Formation of CO & H:

Figure 4 Gasification Process Stages.

Factors influencing the gasification process

The process of gasification depends on certain parameters which influences the whole
process. The biochar yield and quality depends on those factors to a greater extent. The
parameters affecting gasification process are quality and nature of feedstock, humidity,
catalyst, steam to biomass ratio, sorbent to biomass ratio, etc. [14]. Few factors are
discussed below.

Working conditions

The incomplete weight of the gasifying agent, temperature and thermal rate inside the
gasifier are other indispensable parameters which can possibly impact the leave gas yield
and general biomass change. Fractional weight of the gasifying operator has an
immediate association with the reactivity of biomass burn while an expansion in
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temperature by and large expands the thermal rate of the feedstock particles by giving a
more temperature differentiation. Besides, a slow thermal rate can really prompt lower
gas yields and higher char yields. These two thermal rate operations to a great extent
impact the plan of the gasifier and the expected outcome. The slower thermal rate
prompts a higher char generation rate due to recombination of unpredictable
hydrocarbons on the surface of the biochar particles. A higher temperature can prompt an
expansion in the decomposition of the chars by changing them to the desired gasses.

Moisture capacity

Two sorts of humidity are contemplated in a biomass feedstock, in particular the inborn
humidity, which is the water substance of the material without considering the effect of
climate; and the extraneous dampness, which consolidates the impact of climate
conditions. The qualities of the exit gasses and ideal operation of the gasifier rely upon
the moisture substance to a huge degree. Woody and low-humid biomasses contain less
than 15 wgt% humidity. This makes them more appropriate for heat change, since most
gasifiers are intended to suit biomass feedstock with a moisture substance of 15-30 dry
wgt%. The issue with high humid content is the power retribution related with drying the
biomass before gasification. The low humid content is good since it has lower power
retribution in the drying procedure preceding gasification.

Size of particle and steam to biomass ratio

It is noticed that leftover char yield is higher because of defective pyrolysis due of higher
thermal exchange resistance offered by bigger particles. Upgrade in carbon change and
measure of H2 was accounted for the molecule measurement was reduced. Furthermore,
a reduction in molecule estimate enhances syngas effectiveness and reductions in biochar
yields. In any case, it is considered that particle size should meet the requirement and not
be less than needed, as molecule measure decrease requires exceptional power. The
proportion of steam to biomass is a dominant parameter that influences the incoming
power necessities, outlet gas quality and desired product yield. Low steam to biomass
proportions result in higher measures of biochar and methane while expanding this
proportion emphatically improves the changing responses by giving an oxidative
situation, in this way raising the oxidized outcome gas yield. Power contained in the
overabundance steam alongside enthalpy depletion in creating this steam, bring about
diminishing procedure efficiencies. It likewise adversely impacts the temperature inside
the gasifier which thus brings about low char breaking.
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4.3  Hydrothermal carbonisation

Dry procedures including pyrolysis and gasification can accomplish high item yields with
minimized power loss when the humid substance of the biomass is low. Then again, most
biomass materials have high humid substance and in this way a different drying step is
required to get high outcome yields and diminish the procedure energy. Aqueous
procedures are expected to have the capacity to cure this inadequacy of dry procedures.
The char delivered from an aqueous procedure is regularly called hydrochar likewise
called biochar. In an aqueous procedure, biomass blended with water is put in a closed
reactor and the temperature is raised after a specific time for stability. The pressure is
likewise raised for water to keep up a fluid state over 100 °C. Based upon the temperature
under immersed weight, biochar, bio-oil, and vaporous items, for example, CO, CO,,
CH,4, and H, are the fundamental outcomes of an aqueous procedure under 250 °C, at
250-400 °C, or more 400 °C, separately. In this manner, the aqueous procedure at every
temperature extend is called hydrothermal carbonization (HTC), hydrothermal
liquefaction (HTL), and hydrothermal gasification (HTG), individually. The biochar
delivered from the HTC procedure has higher carbon content than the char created from
dry procedures and response temperature, weight and water-biomass proportion are the
main principle factors influencing the qualities of the desired products [15].

5. Biochar characterization

The possible parts of biochar in carbon sequestration, depletion of ozone harming
substance discharge, water maintenance, and sorption of contaminants are altogether
generally subject to the surface properties of the biochar. Therefore, there have been
different researches on surface physical and compound properties of biochar to explain
potential components. The biochar physicochemical properties can cause changes in the
soil supplement and carbon accessibility, and give physical preservation to
microorganisms against predators and drying up; this may modify the microbial
population and scientific categorization of the soil [16].

5.1 Physical characterization

Morphology

Morphology is a mass measure of the size, shape, and structure of the biochar. This
trademark is normally got as a picture of the biochar surface and varies as a component of
pyrolysis temperature and feedstock sort. Pictures of biochar surfaces of various
feedstocks demonstrate various miniaturized scale and macropores. Increase in
temperature shows huge variations in pore size when images using scanning electron
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microscopy. These pores are shaped from gas vesicles delivered amid pyrolysis. This
leads to expanded porosity and surface region on the biochar surface. The wood-
determined biochars for the most part have expansive level elements got from the ligno-
cellulose plant tissue of the first feedstock that results in large sized pores. Nonwood-
inferred biochars, as the almond shell biochar, commonly have smaller pores, not so
much macrostructure.

Surface area

Various researches have demonstrated that biochar consists of high surface region and
there is a positive relationship between particular surface area and pyrolysis temperature.
In any case, for a few feedstocks, this relationship is not valid at higher temperatures,
most likely because of loss of microporous structure from plastic disfigurement,
sintering, or combination. This deviation is a component of the creation conditions that
incorporate thermal rate, weight, and maintenance time. The capacity to give microbial
living spaces, give soil amassing cores, preserving water and included supplements, and
expel contaminants is reliant on surface area. Various factors are used in determining the
surface area of biochar like temperature, time, sorption gas, etc.

Porosity

Porosity includes the surface area of the biochar molecule that is not filled by solids.
Biochar porosity is obtained from two fundamental sources: macropores and micropores.
The macropores emerge from the vascular structure of some biomass feedstock, and the
abundance micropores emerge from gas vesicles that shape in the creation procedure
because of gas discharge because of thermal rates and times and the pyrolysis
temperature. Micropores are in charge of the high sorption limit of most biochars. They
have additionally been appeared to give microhabitats to microorganisms, all the while
giving security from predation and empowering biodiversity through the arrangement of
various specialty conditions.

Cation exchange capacity

The cation exchange capacity (CEC) of biochars is generally high, to some extent
because of their negative surface charge and affinity for soil cations, including most
substantial metals. For this reason, several researches have been directed examining the
adsorption of cations onto biochar which is the essential system by which biochar can be
utilized for remediation of substantial metal pollution. CEC fluctuates between
earthbound biomass from various feedstocks. Contrasted with numerous earthly biomass
biochar, the CEC of biochar from green algal growth is moderately high with extractable
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metals like Ca, Mg, and K. The CEC of biochar-altered soil is emphatically subject to the
age and surface useful properties and charge of the connected biochar.

5.2 Chemical characterization

Particular information with respect to the science and functional groups of biochar is
essential in understanding in a better way how biochar reacts with the soil. The expansion
of biochar to soil has been appeared to expand sorption of heavy metals. Since basic
investigation is critical, it doesn't give coordinate data relating to the course of action of
the components inside the specimen. To acquire data on the sub-atomic bonds inside
biochar, a suite of spectroscopic analytical tools are normally utilized. These logical
methodologies most usually incorporated are Fourier change infrared (FTIR), Nuclear
Magnetic Resonance (NMR) and Raman spectroscopies. FTIR and Raman spectroscopies
are both vibrational regularly used to investigate soil and biochar tests, and they give
complimentary spectra peaks. NMR spectroscopy is a broadly utilized method that
exploits the attractive properties of components to give data on the synthetic conditions
of natural particles. Biochar possess high affinity for low solubility molecules with high
hydrophobic and aromatic properties. The functional groups determine how biochars will
communicate with soil, and influence its pH. Despite the fact that biochars commonly
cause an expansion in soil pH, biochars that have various oxygen functional groups does
not cause increase in pH.

6. Biochar composites

Biochars fertilizers and composites can be created from an assortment of natural dissipate
through appropriate preparing and plans. In the event that more natural squanders could
be minimized to biochar fertilizers and composites indicating great business esteem, at
that point both the issues of inaccessibility of compost contributions to rural creation and
natural contamination can be mitigated. Biochar fertilizers and composites, when
legitimately arranged and utilized, can help advance low information agricultural
framework to wind up noticeably more supportable and gainful. Developed biochar
manures and composites, even without microbial involvement, are as of now applicable.
Studies show that formulation of fertilizers and composites with microbes tends to
increase soil fertility and also crop productivity [17]. A composite is defined as basic
material which comprises of at least two joined constituents that are consolidated at a
perceptible level. One constituent is known as the building stage and the one in which it
is implanted is known as the lattice. The building stage material for this situation is the
biochar.
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Biochar Terra-preta

Treating the soil with fertilizers is the natural deterioration and adjustment of natural
issue determined from plants, creatures or people through the activity of differing
microorganisms in presence of oxygen. The end result of this natural procedure is a
humus-like, stable form, being free of pathogens which can be helpfully connected to
arrive as an operator for soil improvement or as natural compost. Numerous soil
fertilizing strategies and frameworks have been generated, shifting from little, home-
made reactors utilized by singular family units, on-site reactors worked by agriculturists,
to huge, high-innovation reactors utilized by proficient manure makers. Regardless of
various process procedures, the principal organic, compound, physical parts of treating
the soil continue as before. All legitimate treating the soil forms experience four phases:
(1) mesophilic, (2) thermophilic, (3) cooling, at long last completion with (4) compost
development. The length of each stage relies upon the underlying piece of the blend, its
water substance, air circulation and amount and creation of microbial community. Its
application to the land impacts a few organic, substance and physical soil properties in a
successful and manageable way. Feedstock, compost development and fertilizer quality
can impact the power and level of consequences for soil physical, compound and natural
properties. Application may trigger here and now upgrades, for example, expanding
microbial activity. Terra preta was in all probability shaped by blending of biochar with
biogenic dissipate from human settlements (fertilizers and nourishment waste including
bones and fiery debris) which were microbially changed over to a biochar-compost-like
substrate. Hence, co-composting of biochar and new natural material is probably going to
have various advantages contrasted with the minor blending of biochar or fertilizer with
soil. Besides the significance of biochar consolidation, extra revisions like clay minerals
can increase the value of the end composite item, e.g. by advancing an improved CEC or
water holding limit because of their high adsorption or swelling limit. Besides, their
joining into natural substrates advances the development of organo—mineral combination
started by the organic action of soil fauna after consequent soil application [18].

Biochar hydrogel

Biochar polymer hydrogels are freely cross-connected, three-dimensional systems of
adaptable polymer chains that convey separated, ionic utilitarian functional groups either
created by the joining of polymer substrate with biochar or by physical blending. They
are fundamentally the materials that can retain liquids of more than 15 times their own
dried weight, either under load or without stack, for example, water, electrolyte
arrangement, saline solutions, and natural liquids, for example, sweat and blood. They are
polymer composites which are described by hydrophilicity containing carboxylic
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corrosive, carboxamide, hydroxyl, amine, and so forth, insoluble in water, and are cross-
connected polyelectrolytes. As a result of their ionic nature and structure, they assimilate
vast amounts of water and different watery arrangements without dissolving by solvation
of water atoms by means of hydrogen bonds. Despite the fact that the established
utilization of progressive alkalinity-creating frameworks is the prolongation of plant
survival submerged anxiety, new information demonstrate that they likewise have an
impact in soils which have water substance near field limit [19]. The benefits of the soil
alteration with biochar hydrogels can be compressed as:

(i) Increment the plant accessible water in soils;

(i) Generate quick growth and development of plants, even under ideal watering
conditions;

(i11) Draw out the survival of plants submerged anxiety.

Therefore, the environmental scope of the plants has been enlarged significantly. In this
way, with the guide of biochar hydrogels it is conceivable to change over contaminated
land into a fruitful field.

Biochar mokusaku-eki

Mokusaku-eki is a Japanese expression which implies pyroligneous corrosive, which is as
of now utilized generally by Japanese individuals as compost, as insect repellent and
other numerous different applications. Biochar mokusaku-eki is in this way is called a
biochar composite material. The impact of pyroligneous corrosive on seed germination is
generally known and utilized as a part of different ways. Biochar has been considered as
a key contribution for rising and managing generation and all the while minimizing
contamination and reliance on composts. In Japan, biochar has been utilized since 1697,
it was connected in agribusiness and cultivation, including for enhancing the force of old
pine trees close places of worship. As a rule, bokashi mokusaku-eki and biochar have
been found to effectively affect soil richness and yield generation. In any case, explore on
the examination of impacts of biochar mokusaku-eki on soil properties and qualities of
crop have made attention towards this composite by the researchers [20].

Biochar bokashi

Bokashi is a Japanese word, interpreted signifies "matured natural substance",
consequently biochar bokashi is a composite material of biochar and matured natural
substance, and is made by treating plant-related end-products with effective
microorganisms (EM) and after that dried (for longer timeframe of realistic usability)
before blending with biochar. Biochar bokashi can be effectively used to treat spoiling
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waste, which brings about a higher disintegration of natural substance and essentially no
smell amid process. This delivers excellent composite, which adds to maintainable
advancement over various segments of agriculture [21].

Biochar glomalin

Glomalin is a type of balanced out carbon present in soil. It is a glyco protein and acts
like a paste, restricting carbon, nitrogen and other organic segments of soil to the mineral
parts, mud and sand. It is yielded by mycorrhizal organisms (AMF). It is trusted that
these parasites deliver glomalin keeping in mind the end goal to help the hyphae in the
soil. Biochar glomalin guarantee that enough supplements will be put away in the soil to
confirm that no additional application of fertilizers will be mandatory in the field.
Biochar glomalin augments soil carbon recovery by utilizing biochar with suitable
arbuscular mycorrhizal growths (AMF). The thought is that the adsorptive properties of
biochar and also its interior surface territory will additionally support AMF action by
giving appropriate environment for its growth and development [22].

7. Environmental impacts of biochar

Feedstocks used for biochar creation like woody biomass, grasses, and excrements) has
impacts on biochar qualities, including convergences of basic constituents, thickness,
porosity, and hardness. Optimization of biochar for a particular application may require
choice of a feedstock and pyrolysis generation system and conditions to deliver biochars
with particular qualities. Studies focus on the connections between biochar generation
conditions, biochar attributes, and potential end-applications of biochar. Biochars and
Hydrochars can be adverse to edit yields. What is missing is an entire unthinking
comprehension of how biochars cause yield diminishments or increments. Additionally
information is to determine the impacts of connection between biochar qualities,
environmental conditions and soil properties on supplement filtering, maintenance, and
immobilization [23]. No data is at present accessible on how biochar attributes influence
microbial-interceded supplement cycling and soil microbial groups. Longer-term field
examine concentrating on supplement and water utilize effectiveness is expected to
evaluate the heritage of biochar applications and survey their actual esteem. Biochar
might be of an incentive for sequestering bioavailable metals and anti-infection agents in
polluted soils, and also to capture and reusing supplements in water bodies. More
research focusing on an expansive range of soils influenced by natural debasement is
required. Particularly planned biochars could sorb less effectively stable metals, for
example, Cd and Ni or sequester portable natural stages. Contaminant sorption
techniques and energy should be recognized, stacking limits of biochars should be

EBSCChost - printed on 2/14/2023 2:15 PMvia . Al use subject to https://ww.ebsco.coniterns-of-use



Carbonaceous Composite Materials Materials Research Forum LLC

Materials Research Foundations 42 (2018) 309-334 doi: http://dx.doi.org/10.21741/9781945291975-11

evaluated, and a definitive destiny of contaminants in biochar-corrected soils should be
archived before substantial scale biochar field applications in polluted soils start. Cost
and potency correlations for biochars with respect to other contaminant moderation
innovations would likewise be useful [24].

8.  Applications

The high surface zone and cation exchange capacity of biochar resolved to a huge degree
by source materials, temperature during pyrolysis and any after generation preparing. A
high surface region is vital for the removal of both natural and inorganic contaminants on
biochar the essential component by which contamination versatility is decreased in
polluted soils. Investigations about on bigger scales and longer time of biochar
represented that the expanded sorption of contaminants in biochar corrected soils could
be significant regarding diminishing soil contaminants in crops along with lakes,
wetlands, and polluted soils and residue. Additional advantages of biochar contrasted
with activated charcoal as a therapeutic technique are its ease, negligible site unsettling
influence as a latent, in situ treatment, and potential cost reserve funds if clearing of
polluted residue can be accomplished without digging or creating hollow and transfer
[25, 26].

8.1 Biochar as sorbents

Carbonaceous materials have been utilized for quite a while as sorbents for natural and
inorganic contaminants in soil and water. Presently, the activated carbon, which is
charcoal that has been dealt with oxygen for increasing microporosity and surface area is
the most generally utilized carbonaceous sorbent. Biochar is very like activated carbon as
for production through pyrolysis, with medium to high surface areas. Activation or
treatment is not possible with biochar. Moreover, the biochar contains a non-carbonized
part that may connect with soil contaminants. In particular, the degree of oxygen
containing carboxyl, hydroxyl, and phenolic surface groups in biochar could successfully
tie with soil contaminants. These multi-utilitarian qualities of biochar demonstrate the
potential as an exceptionally successful natural sorbent for natural and inorganic
contaminants in soil and water [27].

Removal of water contaminants

Heavy metals are essential poisonous water contaminations with antagonistic impacts on
the digestion of people, creatures and plants. Scopes of biochars have been connected to
the evacuation of heavy metals. Biochars delivered from rice husk and excrement can be
utilized to expel lead, copper, zinc and cadmium from contaminated fluid environment.
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Defecation char had higher metal expulsion efficiencies than rice husk-char for all the
heavy metals. At the point when excrement char was utilized, heavy metals were not just
adsorbed on the ionized hydroxyl-oxygen functional groups while the adsorption on
ionized phenolic oxygen groups is the main heavy metal expulsion system of rice husk-
char. The investigation demonstrated that oxygen containing functional groups assume
imperative parts in the sorption of heavy metals on biochar. Sorption of natural
contaminants from water onto biochar happens because of its high surface zone and
microporosity. Biochars delivered at temperature >400°C are more powerful for natural
contaminant sorption as a result of their high surface territory and micropore
improvement. The biochar has also been used as support for synthesis of photocatalysts
used for photodegradation of persistent organic pollutants [28-30].

Removal of air pollutants

Contaminants in air have unfavourable intense or perpetual effects on human wellbeing
relying upon their nature, fixation, and time of exposure. CO, is the most critical an
unnatural weather change gas, despite the fact that its immediate wellbeing effect is not
huge. Adsorption is a standout amongst the most broadly utilized techniques for storing
and capturing of CO,. The adsorbents utilized broadly to catch CO, incorporate carbon
materials such as activated carbon, carbon nanotube, zeolites, etc. Broad investigations
have been led to grow new carbon adsorbents from biochar. The biochar delivered at high
temperatures demonstrated a vast CO, adsorption limit which was assigned to the
physisorption of CO,. The removal effciency is directly proportional to the surface area
of biochar. At the point when the biochar particular surface region was adequately huge,
the amount of nitrogenous functional groups assumed a more critical part in the
adsorption of CO, on the biochar surface. Pyrolyzed rice straw utilizing microwaves were
used to deliver biochar and can be utilized it to adsorb CO,. The CO, adsorption limit
expanded with expanding pyrolysis temperature. Contrasted with the biochar created
utilizing an ordinary pyrolysis process at the same temperature, the biochar delivered
utilizing microwave pyrolysis demonstrated a higher CO, adsorption limit when the
pyrolysis temperature was 400°C exhibiting the benefits of microwave pyrolysis as far as
cost and time [31].

Mechanism of pollutants removal using biochar
Studies related in understanding the mechanism of removal of pollutants using biochar
demonstrated four major mechanisms as follows:

e Electrostatic attraction/repulsion between charges of surface of biochar and
pollutants
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e Sorption of pollutants by biochar
e Precipitation/Co-precipitation of metals
e Surface complexation of metals

Adsorption

The techniques for metal removal by biochar incorporates adsorption, oxidation,
reduction and in particular, immobilization of heavy metals. The physical structure of
biochar may likewise impact the conduct of metals. Large scale, smaller scale and
nanoporous structures all through biochar's surface could make conditions that guide the
lessening of metals into less portable ones. The tiny graphene moieties in biochar may fill
in as both adsorption and redox response sides because of their high bonding for
contaminants and their capacity to exchange electrons. The reducible and oxidizable
segments of heavy metals rises especially in treatment with biochar however the
immobilization impacts reduced at higher rate of heavy metals. In conditions with
negative redox potential gave by biochar, it would be adsorbed less promptly to soils, and
would be more versatile. Likewise, under reducing rate, Fe and Mn oxides are solubilized
so their fixations would both be required to rise in pore water under negative redox
potential. It is believed that oxidation of biochar happens most quickly on its external
surfaces, accompanied by inside pores. This contrast between the pores explains the
different removal capacity of biochar to heavy metals.

Electrostatic attraction

Electrostatic attraction/repulsion between natural contaminants and biochar is another
convenient adsorption technique. Biochar surfaces are mostly negatively charged, which
could encourage the electrostatic attraction of positively charged cationic natural
substances. Both electron rich and poor functional groups are available in high
temperature determined biochars; subsequently, they are hypothetically equipped for
associating with both electron donors and electron acceptors. An electrostatic repulsion
between negatively charged anionic natural groups and biochars could advance hydrogen
holding and enhance adsorption of heavy metals [32].

8.2  Biochar in agriculture

Biochar, a soil alteration, has potential as a profitable device for the agricultural sector
with its interesting capacity to enable form to soil, save water, create sustainable power
source and sequester carbon. Biochar can be made from a wide assortment of feedstocks,
including wood and plant matter, in addition to excrement. Biochar immediately changes
the physical and compound properties of soil and thus the microorganism movement.
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Thus, the change in microorganism movement can impact the physical and compound
properties of the soil. The enormous and entangled pores of biochar are held after its
application. A mass of small scale pores is framed, giving spaces to organism
development and spread and securing microorganisms from an adverse outer condition,
in this way decreasing the survival rate among organisms. There are supplements
required by different organisms for their development and advancement in the smaller
scale pores of biochar [33].

Improving soil fertility and productivity

As a soil modifier, biochar enhances the earth's natural soil resource by expanding
efficiency and product yields, lessening soil acidity, minimizing the requirement for some
chemical fertilizer and manure inputs and giving other soil benefits. Biochar can enhance
soil strength, prompting higher harvest yields. When applied in the soil in a finely ground
shape, biochar's huge surface zone and pore structure is cordial to the microbes and other
growths that plants need to retain supplements from the soil. In this way, biochar gives a
safe environment to useful microbial movement that is significant for crop generation to
thrive. Biochar has appeared to lessen the soil discharges of nitrous oxide and enhance
the take-up of methane. Biochar has additionally been appeared to decrease soil pH. Soils
in extensive parts of the world experience the ill effects of low pH. The negative charges
on the surface area of biochar are produced during nutrients binding and are used for
maintaining soil pH. Biochar can possibly expand the world's farming profitability by
enhancing contaminated soils [34].

Bioenergy production

The technique produces bioenergy, for example, syngas and bio-oils. The bonds that hold
the molecules in biomass together should be broken. The energy that is discharged is a
blend of particles together called syngas. Syngas is made essentially out of carbon
monoxide and hydrogen, and now carbon dioxide and other minor particles. It is
flammable and has a large portion of the energy thickness of gaseous petrol. Syngas can
be utilized specifically as an energy source or for generation of manufactured flammable
gas, ammonia, etc. The other bioenergy outcome is bio-oil. Bio-oil can be utilized as a
substitute for fuel oil or thermal oil. It additionally can possibly be utilized as a part of a
bio-refinery where important chemicals are removed [35].

8.3  Carbon sequestration

Late green developments have brought natural eco-friendly activities and minimizing
carbon emanations to the cutting edge of political, financial, and social movement. This
gives a need to modest methods for catching or expelling carbon from the air. Biochar,
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derived from biomass which is in wealth, fills this void while being a type of waste
transfer and reusing. By an adjustment of the current natural carbon cycle, the biochar is
delivered from biomass and half comes back to the soil as charcoal and the other half
comes back to commercialization for a natural fuel. All yields retain CO, amid
development and discharge. The objective of agrarian carbon expulsion is to utilize the
product and its connection to the carbon cycle to for all time sequester carbon inside the
soil. This is finished by choosing cultivating techniques that arrival biomass to the soil
and upgrades the conditions in which the carbon inside the plants will be decreased to its
basic nature and put away in a steady state. The impacts of soil sequestration can be
switched. Soil will remain as source of greenhouse gas emission if soil disruption or
rejection of tillage practices occurs. After few years of sequestration, soil winds up
plainly soaked and stops to retain carbon. This infers there is a worldwide point of
confinement to the measure of carbon that soil can hold. Many variables influence the
expenses of carbon sequestration including soil quality, exchange costs and different
externalities, for example, spillage and unanticipated natural harm. Since decrease of
climatic CO; is a long period concern, farmers can be hesitant to receive more costly
agricultural systems when there is not a reasonable product, soil, or monetary advantage
[36].

Conclusion

Biochar has been used in an assortment of applications, for example, adsorbents, as
catalysts, and soil modifications, based upon their attributes. Biochars are being utilized
as a part of an expanding number of fields. The foundation of a nonstop supply
framework will be expected to advance the utilization of biochar to higher esteem
included areas. Specifically, an expansion in the temperature enhanced the adsorption
properties, for example, surface zone, porosity, etc. in woody biochars. With expanding
CO, levels, expanding consideration is being given to environmental change at a
worldwide level. Ozone harming substance like greenhouse gas release from farmland
biological communities assume an imperative part and should be comprehended to
illustrate their commitment to worldwide environmental change. To decrease CO,
outflows, the usage of biochar from farmland biological systems is winding up more
essential. Biochar enhances soil compaction, porosity, soil thickness, water substance,
and mass thickness. Biochar advances mineralization, obsession and change of natural
nitrogen in soils to give a nitrogen source to soil microorganisms and improve the soil
nitrogen content. Biochar can likewise enhance the pH and cation exchange capacity of
soil. The soil natural substance rises with biochar application. Inexhaustible and complex
pores in biochar are held in soils and give space for microorganism development and
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proliferation, shielding organisms from a negative outside condition and lessening
survival rate among organisms. Biochar can be added to contaminated soil to retain toxic
and malicious substances in the soil. Biochar can minimize the harmful impact of natural
contaminants on plants and decrease the gathering of natural contaminations in plants.
Biochar can likewise enhance the action of soil organisms, initiating expanded
decomposition of toxins.
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