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Foreword

The pleasure and comfort of living in a technologically advanced world is owed to
the research behind it. In an era of sustainable technology, carbon nanomaterials hold
a key position under the umbrella of electronics and applications. Carbon nanoma-
terials with unique properties and in various forms offer some of the best solutions
for applications in electronic devices. Right from sensors to possible alternatives to
silicon, carbon nanomaterials have come a long way into modernity, getting matured
as a research form as it moved through every step of the chronological clock.

I believe that an area of research forms a trinity with two other footprints—
knowledge network and commercialization. The interdependence among the troika
has the perfect potential to steer the research zone into efficient implementation and
extension into other allied areas. Hence, the throughput of expertise into the literature
is important from time to time in order to cause a progress in the area. Compilation
of a monograph on carbon nanomaterials is to be applauded because apart from
bringing researchers working on similar areas together to showcase their expertise,
it can serve as a motivational reference as well for young scholars.

This monograph has been propelled by a Symposium on Carbon Nanomaterial
Electronics held in 2019, at Birla Institute of Technology and Science, Pilani (BITS
Pilani), India, and I am immensely pleased with how an event of like-minded intel-
lectuals has given rise to a delightful outcome like this. In the contemporary era of
carbon nanomaterials and their applications in electronics, I believe that this erudite
volume shall go a long way in inspiring and enriching young minds in this area of
study and work.

Souvik Bhattacharyya
Vice Chancellor

Birla Institute of Technology and Science
Pilani, India
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Preface

Carbon nanomaterials have aligned themselves as one of the most demanding areas
of interest in nanoscience and nanotechnology since the beginning of the twenty-
first century. In the past twenty years, there have been tectonic shifts in synthesis,
characterization, and applications of this class of nanomaterials. Excellent properties
coupled with their ability to get modified or conjugated have enriched their scope of
applications ranging from sensors,wastemanagement, optoelectronics, drug science,
energy, and transistors. Graphene, fullerenes, carbon nanotubes, and other various
nanostructures of carbon have been popularly explored to commercialize them in
diverse domains in electronics and increase the benchmarks of their utility in this era
of sustainable development and intelligent materials.

This book aims to bring together a thematic collection of technical treatise on
carbon nanomaterial electronics, with emphasis on synthesis, characterization, and
applications. The chapters of the book have, therefore, been divided into three major
thematic areas, i.e., (i) synthesis and characterizations of carbon nanomaterials and
nanocomposites, (ii) theoretical and computational study of carbon nanomaterials,
and (iii) devices and applications of carbon nanomaterials with the aim of providing
the overview and advancement in the domain of carbon nanomaterial electronics.
Categorically divided into three sections, a total of sixteen chapters is expected to
orient the reader towards getting an overall idea of the scope and contemporary
ideas on the subject. On the other hand, from the perspectives of a thematic commu-
nity of researchers, this compilation attempts to offer the developments to carry the
motivation forward to contribute on a larger scale.

The motivation behind the idea of a thematic concept of the book, however,
stems from the successful outcome resulting out of a gathering of researchers and
scholars at the Symposium on Carbon Nanomaterial Electronics which was held
during November 8–9, 2019, at Birla Institute of Technology and Science Pilani,
Rajasthan, India. The event, one of the first of its kind in India on carbon nanoma-
terials, saw the exchange of ideas and innovation among the participants belonging
to similar areas of interest. The event was hosted under the Scheme for Promo-
tion of Academic and Research Collaboration (SPARC), an initiative of Ministry of
Higher Education, Government of India, in collaboration with Tel Aviv University,

vii



viii Preface

Israel. The success of the event showed the need for initiatives to build a knowledge
network on carbon nanomaterials, which can serve to strengthen the development of
the ‘carbon’ community.

Pilani, India
Napaam, India

Arnab Hazra
Rupam Goswami
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Introduction

Arnab Hazra , Yossi Rosenwaks, and Rupam Goswami

Carbon is one of the most exciting elements with the ability to show a wide range of
chemical and physical properties. Depending on the structural geometry of the atoms,
carbon has been traditionally divided into three popular categories, i.e., amorphous
carbon, “hard” diamond, and “soft” graphite. These carbon allotropes have been used
in the production of a wide range of consumer goods in numerous spheres of human
activities [1–3].

Carbon has the electron configuration of 1s22s22p2, where four outer shell valence
electrons may hybridize into sp, sp2, and sp3, corresponding to a carbon atom bound
to 2, 3, and 4 neighboring atoms, respectively. Diamond is configured entirely with
sp3 bonded carbon exhibiting ultra-hardness, wide bandgap, thermal conductivity,
and chemical inertness. On the other hand, graphite is configured entirely with sp2

bonded carbon exhibiting softness, electrical conductivity, thermal conductivity, and
high chemical reactivity [4, 5].

The number of carbon allotropes has extensively increased during the last
two decades of the twentieth century after the successful invention of new low-
dimensional carbon forms. The era of nanoscale carbon began with the discovery
of zero-dimensional fullerenes in 1985, one-dimensional carbon nanotubes (CNTs)
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in 1991, and two-dimensional graphene in 2004 [1, 2]. Nanocarbons are mostly
composed of sp2 bonded graphitic carbon where fullerenes exhibit some sp3 char-
acter. Rolling up a single-layer graphene sheet into the lowest possible tube forms
a single-walled carbon nanotube, and bending it up into the lowest possible sphere
makes a fullerene. However, the fullerene and CNT are not actually synthesized from
graphene. All these nanocarbons have no bulk equivalents, whereas graphite is made
up of large stacks of graphene [3–6].

All the carbon allotropes with reduced-dimensionality are engineered or synthe-
sized artificially. Therefore, the availability of these carbon nanoforms does not
depend on natural reserves (like diamonds). Despite this, large scale adoption of
these nanocarbons has been hindered by expensive techniques of synthesis, which is
principally dominated by a few fundamental issues like the scale of the production,
infrastructure, purity of the materials, etc. [1, 2, 7].

Zero-dimensional fullerenes are often called a molecular form of carbon that
shows various forms and sizes by clustering 30–3000 carbon atoms on a spherical
surface. Buckminsterfullerene or C60 is the most commonly investigated fullerene,
which is highly symmetric and contains 60 carbon atoms, situated at the vertices
forming twelve pentagons and twenty hexagons [5, 8]. The diameter of C60 is 0.7 nm.
Except for C60, other fullerene equivalents such as C70 and C80 have been formed
and investigated widely. Fullerenes have been synthesized by using a variety of
techniques, which include arc discharge, sputtering, and electron beam ablation. In
most of these processes, graphite target is used as the source of carbon [2, 9].

One-dimensional carbon nanotubes (CNTs), due to their exceptional properties,
are widely accepted for a variety of technical applications. The properties of carbon
nanotubes may vary by their diameter, length, chirality, and the number of layers.
Structurally, CNTs may be classified as single-walled nanotubes (SWCNTs) and
multi-walled nanotubes (MWCNTs). SWCNTs show a diameter of around 1–3 nm
and a length of a few micrometers, whereas MWCNTs show a diameter of 5–40 nm
and a length of around 10μm. CNTs exhibit extraordinary mechanical and electrical
properties in the form of rigidity, elasticity, strength, and extremely high thermal
and electrical conductivity. CNTs also offer a very high aspect ratio (i.e., length to
diameter ratio) within the range of 102–107. SWCNTs are classified as armchair
CNTs (electrical conductivity higher than copper), zig-zag CNTs (semiconducting
in nature), and chiral CNTs (also having semiconducting properties). Three basic
methods are used for the production of carbon nanotubes, i.e., arc discharge (i.e.,
vaporizing graphitic electrodes), laser ablation, and chemical vapor (CVD). In recent
days, CVD has emerged as the most commonly used technique for CNT synthesis as
it requires simpler process steps as compared to the other two methods [1–4, 10–12].

In graphene, carbon atoms show sp2-hybridization along with σ- andπ-bonds in a
two-dimensional hexagonal lattice having a distance of 0.142 nm between two neigh-
boring atoms. Though graphenewas investigated theoretically long back, thematerial
was obtained only recently. So, comprehensive studies on graphene are still contin-
uing. Graphene exhibited several unique physical properties like high mechanical
rigidity, high thermal stability, extremely high electrical mobility as well as conduc-
tivity. Also, graphene is highly prevalent in its oxide forms like graphene oxide (GO)
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and reduced graphene oxide (rGO), which are considered for a variety of applica-
tions. Two-dimensional graphene, although often mentioned as the mother of all
graphitic carbon, was discovered as the final nanoform of carbon by the mechanical
exfoliation of graphite using the “scotch tape” method. Meanwhile, various methods
were explored for the production of graphene, including chemical, electrochemical,
laser ablation, and CVD methods. High-quality graphene for electronic applica-
tions is produced mostly by CVD synthesis, which is potential and cost-effective
[1–3, 13–15].

Low-dimensional materials having length scales of a few nanometers exhibit
completely different properties as compared to bulk materials. The size-related
quantum confinement effect in the nanoscale materials regulates their electrical,
optical, and magnetic properties. In this nanoscale research domain, carbon plays a
significant role as it offers nanoforms of all three-dimensionalities, i.e., zero, one, and
two in the forms of fullerenes, carbon nanotubes, and graphene, respectively. Also,
these carbon nanomaterials exhibit high crystallinity, superior electronic, optical,
mechanical, and thermal properties along with low densities and high effective
surface areas [4, 5]. Owing to all these superlative properties, all the carbon nanos-
tructures became a part of the diverse family of applications, including multifunc-
tional composites, catalysts, nanoelectronics, sensors, energy storage devices, drug
delivery, biomedical, environmental, and agricultural applications [1, 2, 4]. Besides
the above list, carbon-based nanomaterials also have numerous potential applications
in different domains. Therefore, the huge acceptability and popularity of carbon
nanomaterials in multipurpose applications was the main motivation behind this
monograph. Three major thematic areas, i.e., (i) synthesis and characterizations of
carbon nanomaterials and nanocomposites, (ii) theoretical and computational study
of carbon nanomaterials, and (iii) versatile applications of carbon nanomaterials,
were considered for the current monograph.

In the first chapter of theme one, numerous properties of carbon allotropes and
the various methodology adopted by the researchers to synthesize those allotropes
are discussed in detail. Beyond the popular low-dimensional carbon allotropes like
fullerene, CNT, and graphene, the discussion is also extended for comparatively
less popular nanoforms of carbon like graphene quantum dot, carbon nanofibers,
carbon nanohorns, graphene nanoribbons, etc. Furthermore, allotropes of carbon
are explored for the possible functionalization with metal-based nanoparticles,
biomolecules, etc., to generate smart materials in order to obtain high-performance
devices. For a better understanding of the formation mechanism along with their
direct visualization down to nanometer scale structural analysis of those carbon
nanotropes, scanning tunneling microscopy (STM) would be a useful tool with
extremely high spatial resolution. The second chapter is mainly focused on STM
imaging of some of the recent carbon nanotropes such as C60, CNTs, and graphene
to bring together the atomic scale structure and their relatedmaterial properties. In the
third and fourth chapters of the current theme, a brief overview of the state-of-the-art
research, along with detailed discussions on some recently developed conventional
carbon-based nanocomposites (mostly oxides and nitrides) are discussed to portray
their structures, properties, and synthesis techniques. In the fifth chapter, advanced
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research is also added to the area of metal-fullerene nanocomposite to study its
tunable optical and structural properties. Emphasis is given on the applicability of
that carbon-based nanocomposite for fundamental and industrial applications and
related significant challenges.

In the second theme, theoretical and computational modeling of various carbon
nanostructures such as fullerene, carbon nanotubes, graphene, carbon quantum dots,
etc., is reviewed critically. The impact of theoretical and computational approaches
in understanding the physics of these carbon nanostructures is also highlighted in
the first chapter of the current theme. Therefore, the ability of computational and
theoretical techniques to predict and provide insights into the structure and proper-
ties of systems play a crucial part in substantiating experimental findings. After a
widespread discussion on computational modeling of carbon nanoforms, a relatively
focused area, i.e., theoretical aspects of nanoscale edge effects on the electronic,
magnetic, and transport properties of nano-graphene systems, is reviewed in the
second study under this theme. The fundamental aspects of the impact of carrier
doping and the mechanism of electric-field and chemical modification induced half-
metallicity in graphene nanoribbons and their essence in spintronic device applica-
tions are deliberated. The motivation behind the study was to explore the role of edge
states, which enable graphene nanoribbons to acquire such diverse and exciting phys-
ical and chemical properties and thus can be utilized in future carbon-based nano-
material device applications. Carbon nanotube field-effect transistors (CNTFET),
another highly emerging area in carbon nanomaterial electronics, is covered in the
third study under the same theme. Almost all the aspect of CNFET, including the
device structures, fabrication steps, various conduction models, different parameters
that affects the performance of CNFET, and the possible applications of CNFET are
described in this part.

In the last theme, versatile applications of carbon nanomaterials in multipur-
pose sensors, flexible electronics, optoelectronic devices, energy storage, medicine,
etc., are considered. Even though tremendous advancement in carbon nanomaterials-
based electronic devices and sensors has alreadybeen achieved, a fewchallenges need
to be addressed before the commercialization of carbon nanomaterials-based devices.
Strategies such as chemically tuning and enhancing the properties of carbon nanoma-
terials are important for further improvement of carbon nanomaterial-based device
performance. The first chapter under the current theme focuses on understanding the
basic electronic properties of graphene, CNT, and carbon quantum dots/fullerenes
and their applications in electronic devices (field-effect transistors, diodes, etc.), opto-
electronics, and various chemical and physical sensors. The second chapter of this
theme focuses on three critical and distinct applications of carbon nanomaterials,
especially fullerenes, CNTs, and graphene for biosensing, medicine, and wastew-
ater treatment. The enormous demand for advanced touchscreen gadgets has drawn
significant scientific attention in the last few years due to the substantial develop-
ments in the field of flexible and portable electronics. Graphene is an emerging
material in this aspect due to good electrical conductivity, high optical transparency,
and mechanical stretchability that makes graphene a better choice for flexible elec-
tronics and display devices. Also, graphene possesses sufficient robustness to be
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used in a harsh environment. Therefore, in the third chapter of this theme, a brief
review of the basic understanding of touchscreen technology and the importance
of graphene in flexible touchscreens, as well as challenges for the commercializa-
tion of graphene-based touchscreens, are discussed. Recent progress shows that the
synthesis and scalable manufacturing of carbon nanotubes (CNTs) remain critical
to exploit various commercial applications. In this context, the fourth chapter of the
current theme focuses on the growth of CNTs either by in-situ or ex-situ synthesis
techniques followed by its alignment during growth or post-growth processing. This
chapter deals with the various mechanism of CNTs alignment, its process parame-
ters, and the critical challenges associated with the individual technique. Numerous
novel applications utilizing the characteristics of aligned CNTs are also discussed in
this study. Infra-red (IR) radiation is the thermal radiation that is characterized by
the temperature of the emitting source. Hence, IR photodetectors can be used for a
number of applications such as surveillance in defense, non-contact thermometry,
and non-contact human access control, bolometers and terahertz, etc. Graphene and
its derivatives, such as graphene oxide, graphene nanoribbons, graphene quantum
dots, etc., have revealed a wide range of novel physical properties and led to a spec-
trum of functional devices. Due to its small yet tunable bandgap, through controlled
reduction, graphene oxide is a potential choice for IR detection devices. Under this
framework, the fifth chapter of the current theme focuses on the physical attributes
of graphene and its derivatives for potential Infra-red detection applications. The
gas sensing behavior of metal loaded reduced graphene oxide (rGO) is discussed in
the sixth chapter of the current theme. Synthesis and characterizations of palladium
nanoparticle doped rGO and its utility towards low concentration hydrogen detection
are described in this chapter. Solar energy holds the best potential for meeting the
planet’s long-term energy needs; however, as of now, more than 70% of the global
energy demand is being fulfilled by non-renewable sources. Recently, perovskite
solar cells (PSCs) have attracted enormous interest because they can combine the
benefits of low-cost and high-efficiency with the ease of processing. However, there
are still some hurdles to commercialize the perovskite solar cells. Among potential
candidates, carbon-based materials provide a good alternative because of their suit-
able work function, high-carrier mobility, electrical conductivity, stability, and flexi-
bility. Under this context, the seventh chapter of the current theme discusses detailed
information about different carbon-based materials and their properties, which make
them a front-runner in future generation perovskite solar cells. The study also covers
the different advantages like flexibility, photostability, thermal stability, and scala-
bility, which will lead to a pathway towards the commercialization of PSCs using
carbon-based electrodes. The eighth chapter of this theme addresses the emerging
carbon nanomaterials for organic and perovskite-based optoelectronic device appli-
cations. In the first phase of this chapter, the role of multidimensional carbon nano-
materials in organic optoelectronic devices such as organic solar cells (OSCs) and
organic light-emitting diodes (OLEDs) is discussed. In the second phase, the role
of different carbon nanomaterials in perovskite-based optoelectronic devices like a
solar cell, photodetector, light-emitting diode, etc., is covered in detail.
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The current monograph covers almost all aspects of carbon nanomaterials-
based electronic devices for versatile applications, which is highly relevant in the
contemporary research context.
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Abstract Since the last 30 years, incredible amount of research has been performed
toward finding novel, smart, and cost-effective materials for device applications.
Carbon among other materials is one of the most versatile elements present in
nature that can produce different allotropes due to the existence of its variable
hybridizations.Moreover, graphene is being considered as themother of other carbon
allotropes as they are the structurally derived allotropes of different dimensionali-
ties such as fullerene, graphene quantum dots (0-D), carbon nanotubes, nanohorns,
nanofibers, graphene nanoribbon (1-D), graphene (2-D), graphite and diamond (3-D)
and are being implemented for various device applications. The synthesismethodolo-
gies of these allotropes including arc discharge, laser ablation, and chemical vapor
deposition (CVD) techniques are discussed in this chapter to produce 0-D, 1-D,
and 2-D carbon allotropes. CVD is considered as the most reliable technique for
bulk production of highly crystalline graphene and its derivatives, single-crystalline
diamonds, CNTs, and alignedCNTs on certain pre-treated substrates which are bene-
ficial for device applications. Further, solid-state synthesis approaches such as ball
milling and annealing have been adopted to generate CNTs, while graphene and
offshoots have been synthesized by employing wet milling, top-down, and bottom-
up processes. Also, it is noteworthy to mention that the bottom-up processes have
been proven to be more effective compared to the top-down approaches for device
fabrications. Furthermore, allotropes of carbon are known to be functionalized with
metal-based nanoparticles, biomolecules, etc. to generate smart materials in order to
obtain high-performance devices.
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1 Introduction

Carbon is the sixth element of the periodic table with many allotropes having nanodi-
mensionalities. Several carbon-based allotropes with reduced dimensionalities have
been reported till date. Many of them have paved the path for numerous device appli-
cations such as sensors, supercapacitors, transistors, memory devices, photovoltaic
devices, etc. [1]. In order to match the demand for technological developments in
recent years, large-scale production of cost-effective and high-performance devices
is essential. This can be achieved by the applications of different carbon allotropes
due to their extraordinary electrical conductivity, thermal and mechanical properties,
and significant conformation making it reliable for wide range of functionalities. The
allotropes of carbon that are classified by their dimensionalities and each possessing
a significant characteristic can be synthesized using numerous methodologies such
as top-down, bottom-up, wet chemical methods, solid-state methods, vaporization,
etc. These synthesis techniques are evident to assist in large-scale production with
high crystallinity which is very essential for device applications.

Initially, 3-D materials such as diamond and graphite were used for device appli-
cations. The research on carbon-based nanomaterial has caught the attention of scien-
tists and technologists after the discovery of fullerene, a 0-D carbon allotrope, by
Smalley and co-workers in 1985 [2]. Furthermore, the discovery of carbon nanotubes
(CNT), a 1-Dcarbon allotrope, by Iijima [3] in 1991provided amajor boost in thefield
of carbon-based nanomaterials for device applications. Several forms of CNTs have
been studied extensively and their synthesis methodologies were also standardized.
Scientists over the last decade have done immense research on other 1-D allotrope
such as nanohorns, nanofibers, nanoribbons, etc. to explore their possibilities for
device applications. Finally, the discovery of graphene, a 2-D carbon allotrope, by
Andrew Geim and co-workers in 2004 has revolutionized the application of carbon
nanomaterials in devices [4]. Graphene is a single layer of sp2 hybridized carbon
nanostructure comprising of honeycomb lattice. It demonstrates extraordinary elec-
tronic, thermal, andmechanical propertieswhich are essential for device applications.
Derivatives of graphene have captured the attention of material scientists leading to
the development of quantum dots, a 0-D derivative of graphene having remarkable
photoelectronic properties alongwith graphenenanoribbonswhich is a 1-Dderivative
known to enhance the performance of many devices.

Surface functionalization implies the modification of the chemistry of material
surfaceswith certain chemical species tomodify or generate specific properties of the
allotropes for a precise application. Functionalization of carbon-based nanomaterials
is mainly carried out by two methods, namely, covalent and non-covalent functional-
izations. Covalent functionalization deals with the attachment of hydrogen and halo-
gens thereby protecting electrical properties of the material whereas non-covalent
functionalization is favored as it does not disrupt the extendedπ-delocalization in the
allotrope [5]. Furthermodification on functionalized carbon-based nanomaterials can
be obtained on forming nanocomposites with polymers which has shown to improve
device performance when compared to undoped materials in terms of mechanical,
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electrical, and opto-electrical properties. Nanocomposites are regarded as solid struc-
tures with dimensions in nanometer range with repeating lengths among different
phases comprising the structure. Such materials conventionally are made of an inor-
ganic (host) solid along with an organic constituent or vice versa. Otherwise, they are
found to comprise two or more inorganic/organic phases in some blended form with
the limitation that at least one of the phases or features is at nanoscale in size [6].
Moreover, apart from the features of the constituents, interfaces are highly responsible
for enhancing or restricting the overall functionality of the system. Due to the large
surface area of nanostructures, nanocomposites exhibit numerous interfaces between
the amalgamated phases of components. Enhanced performance in devices having
nanocomposite materials usually result from the interaction of different phases at the
interfaces.

This chapter discusses certain properties of carbon allotropes with elucidation
on various synthesis methodologies taken up by researchers for the generation
of different allotropes in bulk amounts and having appreciable quality, which on
functionalization have shown to be fabricated on to devices, thereby enhancing its
performance and functionality.

2 Structure and Properties of Carbon Allotropes Related
to Devices

Carbon-based nanomaterials are a subject of interest for several researchers and
industrialist for its remarkably unprecedented and versatile functionalities. This class
of materials is extremely reliable in several applications owing to its spectacular
electronic, optoelectronic, mechanical, and chemical properties. These materials are
particularly targeted for its properties, structure, shape, bonding, charge transport in
confinement, and so on which have been widely explored and discussed for device
applications. Moreover, demonstration of graphene as the basal structure for all the
allotropes [7] can be understood from Fig. 1.

2.1 Zero-Dimensional Allotropes

2.1.1 Fullerene

Buckyball or Fullerene is named after the American architect Richard Buckminster
Fuller for his inspiring design of geodesic domes, which is a closed caged structure
made by the periodic arrangement of graphene layers having the chemical formula
C60. It is made up of truncated icosahedral symmetry with 32 faces, 60 corners,
and 90 edges composed of 20 hexagons and 12 pentagons where the 6:6 ring bonds
(between two hexagons) are regarded to be double bonds with shorter bond lengths
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Fig. 1 Graphene represented as the origin of all carbon allotropes. Materials when enveloped,
rolled, and stacked form 0-D buckyball, 1-D nanotube, and 3-D graphite respectively (Redrawn)

than the 6:5 bonds (between a hexagon and a pentagon) with an average bond length
of 1.4 Å [8]. It was first discovered in 1985 by Kroto et al. at Rice University
[2] who were awarded with Nobel Prize in Chemistry in 1996. Fullerenes are also
known to have other isomers, C70, C76, C78, and C84 [9]. The electronic structure of
C60 is represented by a fivefold degenerate HOMO (hu) and a threefold degenerate
LUMO (t1u), having a band gap of 1.8 eV (or 2 eV in certain literature) [10] thus
showing semiconductor behavior. Although, C60 and C70 are observed to be active at
different wavelengths, in the sense that C60 is photochemically reactive in UV region,
whereas C70 is reactive at visible spectrum of light, making the latter a visible light
photocatalytic material. Open-shell structures of fullerenes are energetically less
favorable. Structures with isolated pentagons are favored over those composed of
neighboring five-membered rings causing resonance destabilization. The size of the
cage further determines thermodynamic properties such as melting point and bond
energy per carbon atom [10]. Additionally, the non-homogeneous distribution of
the components that cause the arch over the whole surface increases the strain of
the cage. The unnatural bond edges of the carbon atoms impressively destabilize the
atomwhich is established by the isolated pentagon rule (IPR). An additional outcome
of the IPR is that the structures best resembling a circular shape are generally stable.
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The quantity of twofold bonds arranged in five-membered rings is limited. Thus, five-
membered rings associated through a six-membered having one placed in “Meta”
position are chosen over the “Para” variation as it avoids adjacent pentagons and
double bonds with five-membered rings. “Ortho”-arranged pentagons are as of now
disfavored by the IPR [10].

2.1.2 Graphene Quantum Dots (GQDs)

Carbon quantum dots (CQDs), widely regarded as carbon dots (CDs), are a 0-D
allotrope composed of carbon having size <10 nm [11]. Its attractive photolumines-
cent and photophysical properties such as exceptional photostability and photocat-
alytic activity, along with appreciable conductivity and extensive optical absorption
[12], make it an appropriate material for viable photoelectrical device. However,
most of the luminescent CQDs exhibit fluorescence only on excitation arising from
surface defects by trapping excitons, thus posing a hindrance in the performance of
carrier injection for optoelectronic applications [13, 14]. This can be overcome with
graphene quantum dots (GQDs) owing to its non-zero bandgap property [15]. GQDs
have significance inherited from both graphene and CDs, which could be idealized
as smithereens of graphene. The dimensions and heights of graphene sheets range
from 1.5–100 nm to 0.5–5 nm, respectively [16]. Overall, GQDs are believed to be
in the range from 3 to 20 nm constituting of about five layers of graphene sheets
(ca. 2.5 nm) [17]. Frequently, GQDs are found to be circular and elliptical shapes,
nevertheless triangular, quadrate, and hexagonal dots also known to be possible [18,
19]. The modification of 2-D graphene sheets into 0-D GQDs with a radius smaller
than exciton Bohr’s radius [20] generates modification in electron distribution thus
demonstrating new phenomena by means of quantum confinement and edge effects,
as observed in CDs [21] leading to fluorescent properties along with different chem-
ical and physical functionalities in contrast to other allotropes. Furthermore, GQDs
are superior against to organic dyes and semiconductive QDs, in terms of their excel-
lent photostability, low toxicity, and biocompatibility [22–24], along with suitable
surface grafting.

2.2 One-Dimensional Allotropes

2.2.1 Carbon Nanotubes (CNTs)

In 1991, a Japanese physicist Iijima [3] revolutionized the field of carbon-based
nanomaterials with his discovery of the carbon nanotubes (CNTs). It received great
recognition by researchers all over the world for its unique set of characteristics. The
CNTs are further classified into single-walled carbon nanotubes (SWCNTs) by Iijima
and Ichihashi [25] and Bethune et al. [26] which is just a layer of graphene rolled
up into hollow cylindrical product and multi-walled carbon nanotubes (MWCNTs)
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can be thought of several layers of graphene rolled up forming a similar structure.
These elongated tubes comprise of carbon hexagons orchestrated in a concentric
fashion with the two closures typically topped by fullerene-like structures containing
pentagons [20]. Further, CNTs can be structurally classified as zig-zag, armchair, and
chiral.

• Zig-Zag: The graphene layer(s) is/are rolled up in a manner to make the perfect
parts of the open tube be a zig-zagged edge [10].

• Armchair: In contrast with the zig-zag hollow cylinders, the graphene sheet is
turned by 30° previously rolling up [10].

• Chiral: In the event that the angle of turning the graphene layer before rolling up
is 0° ≤ θ ≥ 30°, chiral nanotubes are gotten [10].

Furthermore, branchings such as T-junction and Y-junctions are multi-terminal
(3, 4 T) structure with evidences showing to have promising electronic potential
[27, 28].

CNTs are quite popular for certain characteristic features, for instance, large
thermal and electrical conductivities along with remarkable tensile strength and
flexibility as a result of its low coefficient of thermal expansion, at times showing
ballistic transports, but are also known for its thermal insulation properties. CNTs
are muchmore rigid compared to steel but are exceptionally flexible. Scanning probe
microscopy studies elucidate its remarkable elasticity as it regains its original shape
on removing stress. Furthermore, ellipsometry experiments of aligned MWCNTs
show that the dielectric function of CNTs to be analogous to that of graphite to illus-
trate the dielectric function aligned parallel to CNTs is similar to that of graphite’s
parallel alignment. A similar fashion is observed even for perpendicular alignments
[29].Moreover, SWCNTshave shown to be dominant overMWCNTs in device appli-
cation owing to its better conduction properties and their ability to behave as metallic
or semiconducting materials based on their diameter and chirality. The existence of
the degenerate point between the valence band (VB) and conduction band (CB)
where the two bands meet under normal energy dispersion spectrum of a SWCNT
[30, 31] implies that the distance between the two bands is approximately zero, thus
expressing high conductivity. Therefore, an electron can easily be excited form VB
to CB using an extremely low excitation energy. Thus, all armchair SWCNTs are
theoretically expected to exhibit metallic character.

2.2.2 Carbon Nanofibers (CNFs)

Carbon nanofibers are cylindrical fibrous structures with various stacking conforma-
tions of graphene sheets, like stacked platelet, ribbon, or herringbone [32]. CNFs have
lengths measured up to few micrometers, while its diameter ranging from a couple
tens of nanometres to several hundreds of nanometres. Although CNFs have control-
lable size and graphite arrangement, the mechanical strength and electric properties
are analogous to that of CNTs [33]. Moreover, CNFs are distinguished according to
the conformation of graphene sheets with different shapes, giving rise to more edge
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sites on the exterior wall of CNFs than CNTs [34]. Furthermore, CNFs are known to
possess larger functionalized surface area in contrast to CNTs, which implies that the
surface-active groups to volume ratio of these materials is far greater than that of the
glassy-like surface of CNTs [35]. Additionally, CNFs exhibit unique set of physical
and chemical properties for instance, excellent electrical conductivity, large surface
area, biocompatibility, characteristic chemical functionalities, and convenience in
fabrication [35] thus making it an ideal candidate for device applications.

2.2.3 Carbon Nanohorns (CNHs)

Carbon nanohorns (otherwise called nanocones) are conical carbon nanostructures
developed from a sp2 carbon sheet. They give a practical and valuable option in
contrast to CNTs, in a wide scope of utilizations. They additionally have their own
exceptional characteristics due to their explicit cone-shapedmorphology [36]. CNHs
are known to comprise of a funnel-shaped upper area and subsequently a short round
and hollow nanotube area. It is understood from literature that tips of CNHs usually
consist of five pentagons, and a sixth pentagon away from the tip which is a necessity
for the nanohorn walls to proceed equidistant to the nanohorn “axis” in the exact
way as a CNT [37]. The property of inversion is attributable to elastic energy per
carbon which occurs only if the number of pentagons is less enough to bring the
conical section from the tip to the base [38, 39]. Nevertheless, during synthesis
CNH tends to aggregate into spherical clusters having diameter of ∼100 nm, thus
restricting further functionalization [36]. Recently, it is observed that creating dahlia-
like clusters enables CNH to overcome such limitations [36]. CNH is alsowell known
for its porosity enabling it reliable for adsorption and storage activities. In contrast
to SWCNTs, CNH has one-of-a-kind symmetries that employ chemical reactions
to take place in the cavity of CNHs influenced via free molecular movement and
clubbing of captured charge carriers, leading to various energy applicative prospects
[36]. Pristine CNHs exhibit semiconducting features,majorly induced by oxygen and
carbon dioxide adsorption [40]. Further investigation shows the porosity of CNH can
be classified into two types, namely, interstitial pores with size varying according
to temperature and internal pores [41, 42]; moreover, the micro-porosity of CNHs
increases on compression at elevated pressure [43]. Further, these nanohorn dahlias
displayed sequestration of supercritical CH4 [44].

2.2.4 Graphene Nanoribbons (GNRs)

Graphene nanoribbons, a quasi-1-D derivative of graphene, are shown to have
two possible edge geometries, namely, armchair and zig-zag having nomenclatures
AGNRs and ZGNRs, respectively, with absolutely contrasting electronic properties
as a result to their dissimilar boundary conditions [45]. AGNRs can be determined
into three categories, in the order of Na = {3p}, {3p + 1}, and {3p + 2} where
“p” is a positive integer with widely varying electronic properties and Na is the



16 A. Selvam et al.

number of dimer lines along the ribbon. The periodic AGNRs with Na = {3p +
2} show metallic behavior, whereas the other two show semiconducting behavior
within the tight binding (TB) formalism [46]. Relating to its novel edge symmetry,
ZGNRs express a wide variety of electronic properties by means of its width and
edge shape, tunability in terms of electronic configuration and bandgap through
structural or chemical adjustments as well as doping and external perturbations [47].
The periodic ZGNRs with AFM ground state are believed to show significant prop-
erty, i.e., half-metallicity, unlike conventional metals or semiconductors, it has zero
bandgap for electrons with one spin orientation; however, the other spin channel
remains semiconducting or insulating, leading to anti-ferromagnetism [48, 49]. The
magnetism in ZGNRs is known to rise fromπ-orbitals of carbon confined at the edge
[47]. These properties, along with the ballistic electronic transport and quantum Hall
effect [50, 51], make GNRs to be regarded to be a versatile material for forthcoming
nanoelectronic and spintronic devices [52, 53].

2.3 Two-Dimensional Carbon Allotrope

2.3.1 Graphene (GR)

In 2004, Geim and Novoselov extracted single-atom-thick crystallites having a
honeycomb conformation [4]. Although its late discovery, GR is widely regarded as
the mother of all carbon allotropes. It is considered as the base structure of graphite,
large fullerenes, nanotubes, and others. It has a phenomenal intrinsic carrier mobility
of 200,000 cm2/V−1 s−1 [54] and exhibits excellent thermal as well as electrical
conductivity. GR has a wide surface area of 2630 m2g−1 [55] which is greater than
SWCNTs, while possessing remarkable mechanical, elastic properties, and so on.
From the four valence states of GR (s, px, py, pz), three atomic orbitals (s, px, py) form
strong covalent bondswith three neighboring carbon atoms forming sp2 hybridization
thus conforming into chicken-wire-like structure, while one “pz” orbital is found to
overlap with three neighboring atoms of its own to relate p and p* orbitals resulting in
HOMO and LUMO states, respectively. The three valence electrons form the single
σ bonds, whereas the fourth electron forms 1/3rd of a π bond with each surrounding
atom [56]. Furthermore, the pure GR resorts to a semi-metallic property as p and p*
bands of GR come in contact at the Fermi level (Ef) at the corners of the Brillouin
zone (BZ) [57]. GR is found to exhibit rapid electronic transfer, owing to its high
specific surface area and remarkable chemical stability, and has thus become a viable
material for energy storage devices along with its robust conductivity, and GR layers
display enhanced electrical properties, such as room temperature Hall effect [58],
ballistic transport [59], large electron–hole density, and tunable bandgap [60]. More-
over, monolayer GR is found to express massless Dirac fermions [61] and Landau
level of quantization [62], which could open doors to wide range of applicative possi-
bilities. Conventionally, defects in GR are classified into two categories of, viz. point



Synthesis of Carbon Allotropes in Nanoscale Regime 17

defects and 1-D line of defects. Point defects are further sub-categorized as Stone–
Wales defect, single vacancies (SV), and multiple vacancies. In Stone–Wales defect,
the four hexagons are modified into two pentagons and two heptagons by tilting
one of the C–C bonds by an angle of 90° [63]. SV defects in GR have a missing
atom, which involves a Jahn–Teller distortion to reduce the overall energy. Two of
the three dangling bonds are bonded with each other and directed toward the vacant
atom thus forming a five-membered and a nine-membered ring [63]. In the case of
multiple vacancies, GR is composed of double vacancies (DV) created through the
alliance of two SV or the removal two neighboring atoms [64], hence appearing as
two pentagons and one octagon instead of four hexagons in perfect GR. Although
the formation energy of DV is similar to that of SV (ca. 8 eV), but since there is
vacancy of two atoms, the energy permission atom (4 eV/atom) of the former is
lesser than the latter which makes DV more thermodynamically stable as compared
to SV [65, 66]. 1-D line of defects and edge defects are other kinds of defects one
can come across. Line defects can be thought of as irregular attachment of two crys-
tals of GR by a chain of pentagons, heptagons, and hexagons such that the grain
boundary is not uniform, and the defects along the boundary are not uniform [67].
Edge defects involve the formation of zig-zag and armchair arrangements [68]. Such
point defects and SV defects affect the GR’s electrical conductivity which is why
the actual conductivity varies from the ideal value. Nevertheless, these defects are
inevitable in current experimental conditions, but lowering the defects does improve
its conductivity [69]. Furthermore, in contrast to such intrinsic defects, integration of
foreign atoms to create an extrinsic defect by means of nitrogen or boron has shown
to improve the conductivity of GR by causing resonance scattering [70]. Addition-
ally, extrinsic defects decrease thermal conductivity by 40% [71], while point defects
and SV are the cause for the decrease in Young’s modulus [72]. Apart from surface
defects, surface corrugation of GR also impacts its properties elucidated in Slater–
Koster tight binding model [73]. These corrugations include wrinkles, ripples, and
crumples which are categorized according to their aspect ratio, physical dimensions,
topology, and order [74]. Wrinkles have large aspect ratio of > 10, while ripples are
isotropic with an aspect ratio of ∼1, although both occur in 2-D plane [75]. Crum-
ples are composed of folds and wrinkles occurring isotropically in either 2-D or 3-D
plane which may or may not be ordered [76]. These corrugations cause suppressed
electron transport [75], mobility, weak localization (on fluctuating the position of
Dirac point) [77], extensive corrosion, and oxidation as well as quantum corrections
[78] which occurs due to the quantum interference of electrons moving in undefined
trajectories [79]. Thus, it is imperative to acquire wrinkle-free GR to utilize its abso-
lute potential in devices. GR synthesized via CVD and transferred over a substrate
can reduce wrinkles by (1) increasing the thickness of Ni substrate during its growth,
(2) immersing PMMA/GR film in DI water [80] before transfer, and (3) transferring
GR to hydrophobic substrates [81].
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2.4 Three-Dimensional Carbon Allotropes

2.4.1 Graphite

Graphite is a 3-D carbon allotrope of sp2 hybridization having each carbon atom
bonded with three other atoms, thus forming a planar array of fused hexagons. It is
further pigeonholed as a progression of GR layers along the XY-plane, stacked in
Z-direction [82]. Within a layer of GR, the carbon atoms are located at the corners
of hexagons. Further each atom of carbon display three σ bonds along its edges.
Graphite with only three out of four valence electrons contributing implies pz orbital
does not have a role in the hybridization. Hence, they create a π-cloud which is
delocalized across the layer of GR [82]. Graphite, owing to its layered structure and
van der Waals force acting between the layers hence allows the layers to glide past
each other [82] which can be exploited for its appreciable thermal as well as electrical
conductivity besides its well-known lubricative property. Klett et al. [83] reported
graphitic foam having thermal conductivity of ca. 182 W/(m • K), and low density
between 0.2 and 0.6 g/cm3. Graphitic form has been implemented as lucrative heat
exchangers and heat sinks [84]. However, it shows highest thermal conductivity only
in the Z-direction as a result of the rigid nature of covalent bonding which is its
limitation [85]. Moreover, there are two forms of graphites, viz., alpha (hexagonal)
and beta (rhombohedral), showing comparable physical properties, apart from the
circumstance that the stacking of GR layers is in contrast with each other [83]. The
electrical desirability of graphite is due to the vast electron delocalization within the
carbon layers enabling valence electrons to move without hinderance [82], while
exhibiting resistance to high temperatures and thermal shock, along with its high
melting point giving rise to graphite crucibles [86]. Also, electrodes using graphite
powder have shown to be potential in many experimental techniques due to its high
conductivity and resistance to corrosion [87].

2.4.2 Diamond

Diamond is another 3-D allotrope of carbon in which the atoms are organized in a
detailed type of cubic lattice called diamond cubic. Diamond is the hardest natural
material as a result of its conformation, in which individual carbon atoms have four
neighboring atoms joined to it by covalent bonds, exhibiting sp3 hybridization state
[10]. Diamond as a semiconductor has a wide bandgap of 5.45 eV which is a factor
for its larger breakdown field strength in contrast to narrow bandgap semiconductors
[88]. Further, it influences luminescent activities owing to its various luminescent
centers such as donor–acceptor pairs and structural defects, which can be verified
through cathodoluminescence, pre-breakdown, injection, and double injection lumi-
nescence along with X-ray luminescence [89]. Moreover, in electronics, diamonds
possess high mobility of charge carriers, making remarkable delta-doped FETs and
Schottky diodes [90, 91]. Diamonds are regarded to be an appreciable device at high
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temperatures as it tends to get oxidized at higher temperatures, i.e., 500–700 °C in
air and 1400–1700 °C in inert environment [92] as a result of the robust covalent
bonding and low phonon scattering. Nanodiamonds are an artificial arrangement of
carbon atoms having structure and properties analogous to that of a natural diamond
[93]. They are found to remain stable due to surface terminations with oxygen-
containing functional group [94] and nitrogen-containing functional groups hence
showing a complex behavior, which can be exploited for various device applications.
A serendipitous creation is the diamond-like carbon (DLC), consisting of a combi-
nation of sp2 and sp3 hybridization energy states [95, 96]. DLC exhibits remarkable
properties such as great hardness, low coefficient of friction, excellent wear and
corrosion resistance, good chemical stability and biocompatibility, large electrical
resistivity, infrared transparency, high refractive index, and excellent smoothness
[96, 97].

3 Synthesis Routes

Synthesis routes can be classified into top-down and bottom-up approacheswhich are
further categorized as physical, chemical, and biological methods for the synthesis
of nanomaterials. Zero-dimensional allotrope, i.e., fullerene is known to be synthe-
sized via partial combustion of hydrocarbons, whereas GQDs are prepared via
hydrothermal, solvothermal, andmicrowave-assisted techniques. In addition to these,
few more techniques produce fullerenes such as chemical vapor deposition (CVD),
which can also be seen to produce 1-D allotropes, for example, CNTs, CNFs, CNHs,
andGNRs. Furthermore, the 2-D allotropes such asGR and its derivatives are synthe-
sized through techniques like epitaxial growth, liquid phase exfoliation, and soni-
cation. Finally, 3-D allotropes such as nanodiamonds are produced by microwave-
assisted CVD and ultrasonication methods, whereas pyrolysis of carbon compounds
results in artificial graphite and pyrolytic graphite that are analogous to the natural
material in terms of thermal and electrical conductivities.

3.1 Partial Combustion of Hydrocarbons

Although conventional combustion methods are apparently continuous and scalable
process, nevertheless when hydrocarbons are incompletely burnt, carbon black is
obtained [98].Hence, under appropriate conditions this technique gives rise to a large-
scale production of fullerenes. The most essential component necessary to improve
the efficiency of production is the use of porous refractory plate burner [98]. Nominal
amount of fullerene has been detected in lamp black using mass spectrometry [99].
On further fine-tuning of the experimental conditions, the yield of fullerene was
increased substantially in smoking flames. Benzene is traditionally used as carbon
precursor used to produce fullerenes. It is being blended inwith oxygen and argon and
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consumed in a laminar flame [100]. The subsequent blend contains soot, polycyclic
aromatic compounds, and a specific division of fullerenes which make up 0.003–
9.0% of the soot’s complete mass [100]. Further, the combustion was carried out
in an atomic C/O ratio of 0.99/1.28, a combustion chamber pressure of 5.33 kPa
(40 Torr), and cold gas velocity at the burner surface of 0.7–1.67 m/s was maintained
at a temperature of 298K [98]. The laminar flamewas sustained stable for aminimum
of 6 h before collecting the fullerene from the soot-collecting tank after each hour
of experiment [98]. Moreover, hydrocarbons like toluene or methane also provided
wonderful result. The selection of appropriate experimental parameters leads to an
increased C70 concentration in the obtained soot [100]. Additionally, the effect of gas
pressure is pertinent to control the C70 /C60 ratio, as the amount of C70 is found to
improve on raising the pressure [98, 100]. Temperature and concentration of oxygen
in the experimental settings also have a pivotal role in the effectiveness of fullerene
production.

3.2 Chemical Vapor Deposition (CVD)

This method is most commonly exploited in synthesizing low-dimensional carbon-
based nanomaterials which is also known to assist in bulk synthesis of desired
compounds. A conventional CVD strategy includes heating of catalysts to suit-
able temperatures ranging from 750 to 1200 °C in a quartz tube furnace under the
constant flow of gaseous carbon sources such as hydrocarbon gases. These gases are
mixed with process gases such as, H2, Ar, or He with varied ratios. The presence
of catalysts inside the quartz tube specifically produces CNTs. Catalytic nanoparti-
cles of Fe, Co, or Ni or their oxides are regularly utilized in CVD method to grow
CNTs [101]. Usually, the synthetic route of CNTs in a CVD technique includes
the breakdown of hydrocarbons, dilution and immersion of carbon particles over
the catalysts. Similarly, CNFs are also produced on decomposing hydrocarbon on a
metal catalyst between 500 and 1000 °C [102, 103]. Moreover, GNRs are also being
produced using the same method where solid monomers are heated at 200–300 °C to
form prepolymers initially followed by the dehydrogenation of these polymers at an
elevated temperature between 400 and 450 °C giving rise to the formation of GNRs
[104]. The yield can be improved on cleaning the quartz tube with conc. HNO3 at
1000 °C initially [105]. CVD approach is also known to produce polycrystalline
diamonds. This method assisted via microwave irradiation (MWCVD) has shown to
give rise to nanocrystalline diamonds or nanodiamonds. The reaction is carried out at
800 °C under the exposure of H2 and CH4 with the gas flow controlled using throttle
valves while maintaining the entire system at a pressure of 20–30 torr along with a
microwave generator operated at a frequency of 2.45 GHz [106]. Another technique
with the same principles of CVD is hot filament CVD (HFCVD) which have been
employed to deposit the microcrystalline diamonds grown from 1:99% mixture of
CH4 and H2 and the temperature ranging between 500 and 1000 °C at a pressure of
2–20 mbar [107, 108].



Synthesis of Carbon Allotropes in Nanoscale Regime 21

3.3 Hydrothermal/Solvothermal

Hydrothermal synthesis is an approach that involves chemical reactions to be carried
out in an aqueous solution at temperatures greater than the boiling point of water
while solvothermal synthesis occurs in a non-aqueous solution at temperatures higher
than that boiling point of that particular solvent [109, 110]. Both hydrothermal and
solvothermal reactions are carried out in a specially sealed container or high-pressure
autoclave at subcritical or supercritical conditions of solvent.Hydrothermal process is
used to produceGQDs under autogenous pressure. The hydrothermal treatment of the
oxidized GR sheets at 200 °C results in deoxidization, and the strength of vibrational
absorption band of C–O/COOH tends to decline. This leads to the vibration band of
epoxy groups to disappear, such that eventually the size of GR sheets declines rapidly
obtaining ultrafine GQDs on dialysis [111]. Similarly, through solvothermal process
GQDs are synthesized by blending hydrogen peroxide with graphite which is stirred
for 5 min to form homogeneous mixture. This solution is taken in an autoclave for
further thermal treatment at 170 °C for 5 h. The resultant product under vacuum
filtration forms raw GQDs. Further, on evaporation the residual solvent is dissolved
in DI water thus producing pure GQDs [112].

3.4 Microwave Irradiation

Microwave irradiation technique is usually employed inone-pot synthesis approaches
as well as in the assistance of other techniques. It is an electromagnetic irradiation
process which introduces mobile electric charges having high-frequency waves to
rise the temperature in a short time thus improving the rate of crystallization [113].
Microwave irradiation has explicitly proven beneficial as it enables spontaneous
fabrication of robust GQDs into porous networks [114, 115] to further exploit it for
its diverse applications. For the preparation of GQDs, a solution of graphene oxide
(GO) is taken as the precursor. A homogeneous solution of GO, concentrated HNO3,
and H2SO4 is heated and refluxed in a microwave oven for 1–5 h operated at a power
of 240 W. The resultant transparent brown suspension with black precipitate was
brought to room temperature and exposed to mild ultrasonication for few minutes.
The obtained product is found to be marginally basic [116]. The suspension was
filtered to remove the large tracts of GO and further dialyzed in a dialysis bag to
achieve pure GQDs.

3.5 Epitaxial Growth

Epitaxy or epitaxial growth is defined as the oriented overgrowth of film mate-
rial and is known for its growth of single crystal films. Conventionally, GR sheets
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(GS) are epitaxially grown on silicon carbide (SiC). Epitaxial growth is a well-
established method for the large-scale production of GR as it enables large-size and
single-domain GR production in a systematic manner [117]. In this process, GS
are grown on SiC wafers, via the sublimation of silicon atoms from the surface,
followed by graphitization of the residual carbon atoms at an elevated temperature
(>1000 °C) under ultrahigh vacuum [118]. Further, the resultant GS demonstrate
crystalline domains having an extensive diameter of several hundred millimeters.
Moreover, the surface of the substrate used to grow GS complements the mobility of
charge carriers, for instance, GS prepared at the silicon end shows a range of 500–
2000 cm2V−1 s−1, whereas the GS grown on the carbon side displays an improved
mobility range of 10,000–30,000 cm2 V−1 s−1 [118]. This method uninterruptedly
yields single-crystalline monolayer GR (MLG) or bilayer GR (BLG) films with
thickness based on the size of the substrate(s). Nevertheless, this method has certain
drawbacks, such as limited film sizes and heavy production cost which allows this
technique to be employed only for studying at research scale and niche applications.
Moreover, this approach can be implemented in the synthesis of other allotropes
such as GNRs, CNTs, and CNFs. Teeter et al. [119], Vo et al. [120] epitaxially grew
chevron GNRs on Cu (111) and Au (111) substrates using 6,11-Dibromo-1,2,3,4-
tetraphenyltriphenylene, (C42Br2H26) as the precursor. This precursor molecule is
deposited on the substrates by subliming it at 160 °C with the help of Knudsen
cell evaporator. On Cu(111) substrate, the allotrope forms at room temperature,
whereas on Au(111) substrate, polymerization occurs only on raising the temper-
ature. CNTs are also prepared through this approach using fullerendione as the
precursor to initially prepare hemispherical fullerenes, which is further engineered to
produce SWCNTs. Thermal oxidation of fullerendione is carried out by varying the
temperature to rupture the carbon cage. Additional amorphous carbon is etched away
alongwith oxygen-containing functional group via an open-end growth process, with
EtOH as the carbon source [121]. Incidentally, SWCNTs grown from fullerene caps
display a step-like diameter distribution. Further engineering of the fullerene caps by
altering the thermal oxidation temperatures shows that the temperature is indirectly
proportional to the diameter of SWCNTs [121]. However, this approach of synthesis
makes it difficult to obtain uniformly sized carbon caps to prepare SWCNTs, and
thus the growth efficiency is found to be extremely less. Interestingly, Lin’s team
[122] presented an uninterrupted epitaxial fabrication of CNFs by spinning CNT
films carried out through gas phase pyrolytic carbon deposition. Super aligned CNT
(SACNT) arrays are taken as CNT source and the entire process is effectuated in a
quartz tube. Further, the obtained CNFs undergo graphitization in a furnace filled
with argon for an hour maintained at a temperature of ~2900 °C, resulting in G-CNF.

3.6 Sonochemical

Sonochemical approach refers to the process of using sound energy to agitate particles
or discrete fibers in a liquid through a frequency >20 kHz, which is also referred to
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as ultrasonication techniques [123]. Furthermore, sonication can be conducted using
either an ultrasonic bath or an ultrasonic probe sonicator. This approach has been
widely used in the production of GR nanoribbons (GNR) where graphite powder is
dispersed in a solution of 1,2-dichloroethane (DCE) and poly (m-phenylenevinylene-
co 2,5-dioctoxy-p-phenylenevinylene) (PmPV) and the reaction is carried out in a
bath sonication for an hour after which a homogeneous suspension of GS and a
plethora of macroscopic aggregates is obtained. The dispersion is then centrifuged
for 5 min at 15,000 rpm to remove the aggregates and larger GS, and eventually a
supernatant containing thin GS and GNRs are obtained [124]. Furthermore, GQDs
are also synthesized sonochemically via oxidative cutting of GO in the presence
of KMnO4 as the oxidizing agent [125]. This technique is further assisted with
intermittent microwave heating for 30 min at a fixed temperature of 90 °C while
varying the power usage by 100, 200, 300, and 400 W giving rise to a range of yield
from 75 to 81%. Similarly, SWCNTbundles are prepared on dispersing silica powder
in ferrocene-dissolved p-xylene solution which is treated under sonication at room
temperature for 20 min [126]. The change in color of the powder to gray indicates
the deposition of carbon on its surface. On ultrasound irradiation, silica powder
fragmented to sizes less than several hundreds ofmicrometers,which is attributable to
inter-particle collisions of silica [126]. Subsequent filtration using HF solution gives
rise to fibrous structures, which on purification displays morphological resemblance
to SWCNT bundles produced via laser ablation. Moreover, ultrasonication of PAH
such as benzene leads to the cavitation of benzene which further produces organic
polymers and other solid carbon particles consisting of nanodiamonds which can be
retrieved through filtration [127].

3.7 Liquid Phase Exfoliation (LPE)

Liquid phase exfoliation involves the assistance of sonication to exfoliate GR from
graphite in the presence of ideal solvents. This strategy of GR synthesis can be
summarized in three approaches: (1) dispersal of graphite into solvent, (2) exfolia-
tion, and (3) purification [128].GRflakes produced fromLPE involves surfactant-free
exfoliation of graphite via wet chemical dispersion, followed by ultrasonication in
organic solvents. During ultrasonication, the growth and collapse of the micrometer-
sized bubbles are as a result of pressure fluctuations impacting the bulk material
thus inducing exfoliation. After exfoliation, the solvent–GR interaction balances the
inter-sheet attractive forces. The ideal solvents used to disperse GR are those which
have minimized the interfacial tension [128]. It is eventually purified using EtOH.
This approach further gives rise on GQDs and GNRs. Sarkar et al. [129] synthe-
sized GQDs via sonochemical-assisted LPE technique wherein a solution of ethyl
acetoacetate and NaOH is kept under constant stirring for 30 min followed by filtra-
tion. Further, a mixture consisting of the filtrate and graphite powder is sonicated
using a probe sonicator for 2 h. On cooling, the dark brown mixture is centrifuged to
further eradicate unexfoliated graphite and heavier GQDs, which is then filtered once
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again using a 0.22 μm syringe filter. The subsequent filtrate on dialysis after 24 h
results in a yellow solution of GQDs which is further dried using a rotary evaporator
system forming powdered GQD. In another report, Xiaolin Li’s group of researchers
[52] developed a simple method based on LPE to synthesize GNRs. They demon-
strated the exfoliation of commercially available graphite by heating to 1000 °C for
a short duration in the presence of argon. The exfoliated graphite along with 1,2-
dichloroethane (DCE) solution of PmPV undergoes sonication for 30 min to make
a homogenous suspension. Further centrifuging eliminates large chunks of mate-
rials, leaving behind GNRs of varying topographies which were mostly composed
of smooth edges.

3.8 Pyrolysis

This method involves pyrolysis of carbon compounds such as petrol coke and hydro-
carbons for the production of artificial graphite and pyrolytic graphite, respectively.
In order to synthesize artificial graphite, the petrol coke is initially heated at 1400 °C
to eliminate impure volatile components associated with petrol coke, which is further
consumed between 800 and 1300 °C [10]. This undergoes further graphitization via
resistive heating. It is noteworthy to mention that the entire process is enclosed
by sand since silicon exhibits useful catalytic action as it develops into SiC which
gives rise to artificial graphite on subsequent decomposition of silicon carbide [10].
Similarly, pyrolytic graphite is prepared through the thermolysis of hydrocarbons at
2000 °C, followed by graphitization at 3000 °C [10].

4 Functionalization and Composites

Adjustments of parameter in the synthesis techniques of carbon materials although
improve the quality and quantity of resultant yield; nonetheless, further modifi-
cation is necessary to improve the functionalities of the materials to achieve the
highest possible performance on fabrication of devices. This can be obtained on
functionalizing these allotropes with several organic compounds such as polymers
and biomolecules as well as many inorganic materials, viz., metal, metal oxides,
chalcogenides, perovskite, and so on thereby impartingmodifications in its structural
configurations. Functionalization is the post-synthesis modifications which alters the
structural conformation of the material through the addition or elimination of atoms
in the pristine material which in turn brings about novel characteristics to the desired
allotrope. Such modifications can be further exploited by creating heterostructure
and nanocomposites resulting in devices with impressive efficiencies. The creation
of heterostructure imparts functional enhancement as the resulting improvement rises
from the development of interfacial sites in the compound.
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4.1 Fullerene

Fullerene functionalized with conjugated oligomers leads to rapid photo-induced
electron transfer thereby giving rise to efficient photovoltaic devices. With the help
of azomethine ylide, several linear blends of naphthalene/thiophene-conjugated
polymers [130], linear and branched oligophenylenevinylene (OPPV), and linear
oligophenyleneethynylene (OPE) form heterostructures with C60 [131, 132]. More-
over, several other structures have been prepared by adopting quadrupole hydrogen
bond strategy. Fullerenes conjugated with oligo(p-phenylenevinylene)s (OPVs),
thereby results in functionalized materials with enhanced photochemical as well as
electrochemical properties [133]. These materials are well known for plastic solar
cell applications. Recently, mono- and dimetallofullerenes (for instance, La@C82

and LaR2R@C80) have been magnificently synthesized, along with other complexes
of fullerenes such as metal nitrides (e.g., Sc3N@C2n). Furthermore, fullerene-based
complex species with trapped metal carbides (MnC2, n = 2 ± 4), hydrogenated
metal carbides (Sc3CH), metal nitrogen carbides (MxNC, x = 1, 3), metal oxides
(ScyOz, y = 2, 4; z = 1 ± 3), and metal sulfides (M2S) [134] have also been
reported by several other groups. Additionally, fullerenes having methano bridges
between two six-membered rings forming methanofullerenes, specifically 6,6-
phenyl-C61-butyric acid methyl ester (PCBM), 6,6-phenylC71-butyric acid methyl
ester (PC70BM), and 6,6-thienyl-C61-butyric acid methyl ester (ThCBM) [135], are
largely employed as electron acceptors in applications like photovoltaic devices
and solar cells. Furthermore, polymer/fullerene nanocomposites are decorated
from functionalized fullerene as well as its derivatives to bring about remarkable
modification in its properties which can be further exploited to improve the efficacy
of devices. Since the performance of conventional bilayer fullerene-based devices
is hindered due to the reduced surface area of heterojunctions, it is overcome by
employing fullerene derivatives [136]. Functionalized fullerenes such as PCBM
allow for the development of bulk heterojunction (BHJ) solar cells, in which the
polymer acts as donor layer while the fullerene derivative as the acceptor layer.
The creation of nanocomposites develops an improved interfacial area in contrast to
the original structure. Several such polymers have been investigated demonstrating
great BHJ efficiencies. For instance, a solar cell based on the polymer composite
MEH-PPV/PCBM displayed an increase in PCE by 5.5% from 2.9% [137]. Another
report demonstrated an enhancement in performance of P3HT/PCBM solar cells by
up to 4.5 ± 5%. The semi-crystalline nature of P3HT in contrast to other amorphous
polymers is significant in terms of providing fitting morphology for BHJ organic
photovoltaic devices, along with its satisfactory charge transport functionality. A
precise control over the growth and morphology of the composite’s active layer
was achieved, which in turn ameliorated the interfaces in contact with electrodes
[138, 139]. Furthermore, Li et al. [140] developed fullerenated polycarbonate (PC)
through facile process involving C60 derivative and PC in the presence of AlCl3
as the catalyst. It was reported to improve the electron accepting ability of the
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nanocomposite, thereby enhancing the optical hinderance of the heterostructure.
Moreover, it demonstrated an appreciable thermal stability; however, its glass
transition temperature (Tg) is nearly 30 °C, which is lower than PC (148.5 °C).

4.2 GQDs

GQDs are functionalized using wet chemical methods in combination with 1,2-
ethylenediamine as well as SOCl2, thus exhibiting visible photoluminescence prop-
erty [141]. Furthermore, GQDs functionalized with valine are utilized for the detec-
tion of mercury ions owing to its powerful fluorescence and appreciable photo-
stability. Moreover, it is observed to be sensitive as well as selective in terms of
fluorescent response to Hg2+ ions [142]. Fluorescence wavelengths of GQDs can be
conveniently tuned (blue to orange) on controlling the quantity of the primary-amine
functionalization. Similarly, GQDs on interaction with acetic acid enables effec-
tive electrochemical detection of cardiac Troponin I (cTnI) as a result of hydrogen
bonding interactions employed by the carboxylic group of GQDs [143]. Further
modifications include engineering GQD nanocomposites using polymers, such as
PANI, PPy, PTh, MIP, etc. The most commonly used polymer for applications
involving charge-transfer doping, electrical properties is PANI. Integration of GQD
with PANI effectively improves the electrical, mechanical, and optical properties.
Dinari and co-workers [144] have reported PANI-GQD to be Pt-free electrode for
dye-sensitized solar cell (DSSC) application producing an energy conversion compe-
tence of 1.6%. Similarly, Liu et al. [145] showed GQD/PANI to be a viable micro-
supercapacitor with a rate capability of up to 1000 V/s and maintaining stability even
after 1500 cycles. Moreover, a GQD/PANI composite sensor was employed for the
detection of NH3 byGavgani et al. [146]. Further modifications were implemented to
this sensor by co-doping it with S and N for a remarkable response toward 300 ppm
of NH3 with 15 k� resistance. This material has also been adjusted to sense volatile
organic compounds (VOCs) like toluene,methanol, acetone, ethanol, chlorobenzene,
and propanol with responses 42.3%, 0.5%, 0.45%, 0.5%, 0.48%, 0.51%, and 0.48%,
respectively. QDs are generally toxic, which was then replaced with GQDs; however,
GQDs were further improved with a conjugated polymer, polypyrrole (PPy) owing
to its outstanding electronic, optical, and thermal properties [147, 148]. PPy/GQD
composites are reliable materials in applications such as supercapacitors, electrodes,
and sensors. For instance, Zhou et al. [149] designed a fluorescent-based sensor for
the detection of DA with splendid sensitivity and selectivity toward the target. The
nanocomposite is made with PPy microsphere, thereby creating a core/shell configu-
ration, displaying a stronger fluorescence emission compared to pristine GQD. This
sensor exhibits a linearity in range of 5–8000 nM, having a 10 pM detection limit.
Moreover, the composite possessed a fluorescence emission peak at 465 nm with
an excitation peak at 365 nm. Another class of conjugated polymer investigated at
large is polythiophene (PTh) for its redox states, optoelectronic, and charge trans-
port abilities, as well as environmental stability. Incidentally, PTh has been widely
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blended with GQDs to develop high-performance photovoltaic, light-emitting diode,
and field-effect transistors [150–152]. To illustrate, a dye-sensitized solar cell made
using ITO/modified PTh/graphite in the presence of N719 dye demonstrated a PCE
of 1.76%, whereas GQD/PPy displayed an improvement of 2.09% efficiency [153].
Interestingly, Zhou et al. [154] developed a molecularly imprinted polymer (MIP)
complex with GQD for the detection of paranitrophenol (4-NP), involving GOmodi-
fication with 3-aminopropyltriethoxysilane (APTS) as the precursor to form GQDs
via hydrothermal treatment. MIP is further obtained through sol–gel polymeriza-
tion with silica-coated GQD using 4-NP as the template, APTS monomer, and
tetraethoxysilane crosslinker. Subsequent removal of template creates MIP-coated
GQD with imprinted which is implemented for 4-NP sensing. Likewise, other poly-
mers have also been studied for device applications. For instance, Yang et al. [155]
reported a solution-processable inverted bulk heterojunction (BHJ) polymer solar cell
(PSC) through the creation of GQD/Cs2CO3. They displayed a 56% enhancement
in PCE and 200% improvement in the stability of PSC as well as external quantum
efficiency (EQE) of 60%.

4.3 CNTs

CNTs are functionalized non-covalently as it not only preserves the conjugation
of CNT sidewalls, but also does not affect the main structure. This type of func-
tionalization involves the use of aromatic compounds, surfactants, and polymers,
under the influence of π–π stacking or hydrophobic action. In case of aromatic
compounds, pyrene, porphyrin, and its derivatives are interacted on the sidewalls of
CNTs via π–π stacking [156]. Hecht et al. [157] have demonstrated the fabrication
of CNTs/FET via non-covalent functionalization by means of zinc porphyrin deriva-
tive resulting in direct photo-induced electron transfer within the system. Further-
more, the application of pyrene functionalized CdSe on CNT by Hu et al. [158]
via self-assembly was also investigated on light-induced charge transfer. Addition-
ally, Kymakis et al. [159] studied the hole transport layer (HTL) of SWCNT with
P3HT and PCBM in bulk heterojunction (BHT) photovoltaic devices by varying the
thickness of SWCNT showed an improvement in PCE of 3%. Similarly, Bergeret
et al. [160] recorded SWCNT/P3HT and PCBM having a PCE of 3.6% with partial
crystallization of RR-P3HT. June and co-workers [161] projected a PCE of nearly
4.4% with SWCNTs homogeneously blended with similar polymer as Kymakis
et al. Other reports showed SWCNTs introduced with copper-phthalocyanine deriva-
tive (TSCuPc). MWCNT was investigated to have a PCE of 3.8% with P3HT
and PCBM [162]. Recently, Reddy and Divya [163] reported small amounts
SWCNT inducedwith poly(9,9-di-n-octylfluorene-alt-benzothiadiazole) (F8BT) and
poly(9,9-dioctylfluorene) (F8) to improve electron–hole injection resulting in an
effective organic light-emitting diode (OLED). Reddy and Divya [163] implanted
a diketone ligand, i.e., 4,4,5,5,5-pentafluoro-3-hydroxy-1- (phenanthren-3-yl)pent-
2-en-1-one (Hpfppd) onto MWCNT recording an overall quantum yield of 27% in
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the wavelength range of roughly 330 nm to 460 nm bringing its activity from UV to
visible spectrum. Additionally, Fanchini et al. [164] showed improved conductivity
of SWCNT films on treating it with nitric acid and thionyl chloride while Kim and
Geng [165] attained a fourfold sheet conductance by spraying nitric acid onto the
SWCNT films.

4.4 CNFs

The chemical stability of CNFs enables its surface modification with ease and in a
controllable fashion. CNFs are functionalized in five ways: wet etch method, plasma
treatment, photochemical functionalization, thermal treatment, and through the addi-
tion of linkers and polymers. In wet etch technique, CNFs are exposed to harsh acidic
conditions in order to attach oxygen-containing groups to defect sites at the surface of
CNFs [166]. Similarly, accumulation of other groups, such as –COOH, is carried out
via plasma treatment of CNFs. This method is well known and is utilized frequently
for the alteration of hydrophobicity of anymaterials [167].Another approach involves
the illumination of UV to influence a chemical reaction, thus enabling functional-
ization of —H groups on CNF’s sidewalls. Baker et al. [168] functionalized CNFs
to have COO− as well as NH3

+ groups on treating CNFs with protected acid and
amine terminatingmolecules, i.e.,methyl ester protected undecylenic acid and tBOC-
10-aminodec-1-ene (tBOC-tertbutyloxycarbamate). Furthermore, exposing CNFs
to elevated temperatures is conventionally relied on for the removal of oxygen
complexes and defects, thus inducing graphitization of CNFs [169, 170]. Never-
theless, it has also been reported to eliminate amorphous material and further oxida-
tion of graphitic components [171]. Moreover, addition of linkers and polymeric
components to CNFs is another prominent method of functionalization giving rise to
enhanced functionalities. In addition, polymers can also form heterostructures with
pristine CNFs as well as functionalized CNFs for it to be utilized to its maximum
potential. Composites of CNFs are widely used for several device applications. The
conductivity of CNFs can further be enhanced on creating CNF/epoxy composites
with appropriately high CNF concentration [172]. On increasing CNF content from
1 to 2%, the resistance and reactance of the composite decrease, whereas on further
increase of CNF, the resistance and reactance increase. However, in the case of capac-
itance, composites with 2% CNFs exhibit least value [172]. Further engineering of
electrical properties can be done on altering the concentration of CNF content. For
instance, Lee et al. demonstrated the electrical properties of nonwoven [173] and
silk fabric [174] decorated with CNF/PVDF-HFP heterostructures. They reported
the composite to display an increase in electrical properties of silk fabric with 4%
increase in CNF.
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4.5 CNHs

Chemical functionalization of CNH undergoes via two pathways: (1) covalent
bonding of organic molecules and (2) non-covalent conglomeration of several
functional groups. CNHs are first exposed to temperatures higher than 550 °C
in oxygen environment that leads to the generation of holes on both tips and
sidewalls of CNHs. This process improves the specific surface area and elec-
trochemical capacitive property, showing suitable adsorption of large molecules
such as iodine [175, 176]. However, oxidation occurring at lower temperatures
affects those CNHs having lower thickness. Subsequent controlling of its porosity
converts it into an ideal substrate for adsorption of gases as well as water [177–
179]. The functionalization of oxidized CNHs with photoactive molecules achieved
great accolades, particularly as a proficient electron donor–acceptor hybrid mate-
rial for energy conversion-related applications. Furthermore, acyl chloride modified
CNHs treated with the α-5-(2-aminophenyl)-α-15-(2- nitrophenyl)-10,20-bis(2,4,6-
trimethyl-phenyl)-porphyrin (H2P) resulted in CNH–H2P hybrid material, thus
demonstrating amazing photophysical properties [180]. Similarly, photoelectro-
chemical electrodes constructed from CNH−H2P hybrid material exhibited an inci-
dent photon-to-photocurrent efficiency (IPCE) of 5.8% [181].Many researchers have
also focused CNHs in fuel cell applications arena, for instance, Kubo and teams [182]
loaded 60% wt Pt on oxidized SWCNH obtaining a powerful direct methanol fuel
cell (DMFC) at 40 °C having a power density of 76 mW · cm−2 at 0.4 V. Similarly,
unprotected Pt nanoclusters were introduced on N2-doped SWCNH thereby creating
an efficient cathode catalyst [183]. It was observed that no loss in catalysis after
15,000 cycles at 30 °C from 0.6 to 1.1 V versus RHE, thus maintaining its chem-
ical and structural stabilities. Furthermore, SWCNH loaded with PtRu nanoparticles
had a 60% greater catalytic activity than commercially available carbon black when
used as an electrocatalyst supported by H2-fed proton exchange membrane fuel cell
(PEMFC) and DMFC [184]. Additionally, Brandão et al. have reported a Pt-free
electrocatalysts such as RuSe deposited on SWCNHs along with carbon black as an
oxygen reduction reaction to support the electrocatalyst [185]. SWCNHhas also been
doped with heteroatom, for instance, on heating SWCNHwith urea at 800 °C results
in N-doped SWCNH [186] with an improved surface area of 1836 m2g−1, and later a
surface modification was studied on continuous doping of SWCNHwith Fe and N at
900 °C led to 30 mV, which in overall had a maximum power density of 35mW cm−1

enhancement along with the oxygen reduction reaction to increase even after 1000
cycles. Furthermore, photoelectrochemical studies were also conducted on thismate-
rial for which Hasobe and colleagues [181] studied the effect of dyes on porphyrin
functionalizedSWCNHsolar cellswhichwas applied to an optically transparent elec-
trode (OTE) cast with SnO2 (OTE/SnO2) nanofilms through electrophoretic deposi-
tion. The SWCNHs-H2P/SnO2/OTE cell showed an IPCE of 5.8% at 0.2 V versus
SCE. The same group had also investigated SWCNHs-Zn porphyrin supramolec-
ular assembly for photon-induced electron transfer applications [187]. Attaching
crown ether to functionalized ZnP along with ammonium cation on SWCNHs via
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spacer forming Crown-ZnP and SWCNH-sp-NH3+, respectively, and further fabri-
cation on OTE/SnO2 (OTE/SnO2/SWCNH-sp-NH3+ -Crown-ZnP) brought an IPCE
of 9% [190]. Moreover, on doping SWCNH with dimeric porphyrin {(H2P)2} gave
an IPCE value of 9.6% at 430 nm [188]. Lodermeyer et al. [189] recently introduced
solid-state dye-sensitized solar cells (DSSCs) with SWCNH and further optimized
it with guanidinium thiocyanate (GuSCN), 1-butyl-3-methylimidazolium tetrafluo-
roborate ([BMIM][BF4]), and 4-tert-butylpyridine (TBP) obtaining an efficiency of
7.84%.

4.6 GNRs

Although GNRs are known to possess exceptional characteristics on its own, it can
be further enhanced through functionalization enabling its role in larger domains
of devices. Reduced GR nanoribbons (RGNRs) undergo non-covalent modification
on immersing it into a solution of iron (III) meso-tetrakis(N-methylpyridinum4-
yl) porphyrin (FeTMPyP) exhibiting improved electrocatalytic behavior toward O2

reduction, as a result of the beneficial interaction between FeTMPyP and RGNRs
[190]. The functionalized nanoribbons saturate a specific edge with a molecule
or a functional molecule while leaving the supplementary edge to undergo satu-
ration by hydrogen thus notably affecting the electronic structure near to Fermi
level [191]. Similarly, modifying an edge of ZGNR with two hydrogen atoms
while the other remaining with one hydrogen atom converts the anti-ferromagnetic
nanoribbon into ferromagnetic [192]. Similarly, single-edge decoration of ZGNRs
creates half-semiconductors with varying band gaps for each spin further exhibiting
spin-polarized half-semiconductor or a semiconductor–metal transition [193].More-
over, functionalization of either or both the edges of ZGNRs with functional groups,
viz., –O, –F, –OH, –NH2, –CH, –BH, and –B was studied [191, 194–196]. Substi-
tution of carbon atoms in the nanoribbon by introducing impurities such as B or
N to the arrangement is a unique method to tune the electronic characteristics of
GNRs thus inducing semiconductive, half-metallic, or metallic functionalities [197].
Further, half-metallicity was attained on substituting the middle zig-zag chains of a
ZGNR by B-N chains [198].

4.7 Graphene

The functionalization of GR is done by two methods: covalent and non-covalent.
Nucleophilic substitution reaction is one such covalent method in which various
primary amines and amino acids are attached with surface of graphite oxide in
order to improve solubility [199]. Electrophilic substitution reaction is another such
method to functionalize GRwhich involves the elimination of a hydrogen atom under
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the influence of an electrophile [200–206]. Electrophilic substitution of aryl diazo-
nium salt on the surface of surfactant-wrapped GR causes the functionalization of
GR resulting into functionalized GR being highly dispersible in DMF [201, 202].
Furthermore, a non-covalent approach can be carried out through the wrapping of
polymers, adsorption of surfactants, or minor aromatic compounds, and functional-
izing GRwith porphyrins or biomolecules such as deoxyribonucleic acid (DNA) and
peptides [207]. Stable dispersal of reducedGO in several organic solvents can be done
via non-covalent functionalization with ammonia–hydrazine mixture [208]. Hence,
functionalized GR is appreciably been dispersed in many solvents and exhibits satis-
factory electrical conductivity. A novel non-covalent functionalization approach to
exfoliate and stabilize chemically converted GR along with low-temperature exfoli-
ated GR (LTEG) in aqueous solution is performed using thionine thereby improving
electrical conductivity [209]. Wang et al. [210] have reported 3-Hexylthiophene
(P3HT)/fullerene/GR ternary structure as an effective organic polymer for solar
cell applications. For the similar application, Hsu’s team [211] reported a sand-
wiched structure composed of GR/tetracyanoquinodimethane (TCNQ)/GR stacked
films and showed P3HT/PCBM on multi-layered GR/TCNQ as a bulk heterojunc-
tion polymer solar cell with remarkable conductivity and transparency. Similarly,
Wang and his co-workers [212] demonstrated the photovoltaic applications of a
solution-processable functionalized GR (SPF Graphene). This is achieved on intro-
ducing P3HT hybrid thin films onto the functionalization groups of SPFGraphene.
Also, Liu’ group [213] developed a flexible film from GO along with polyethylene
terephthalate (PET) for electronic applications. GR has also been investigated for
energy storage applications, and certain composites like GR/CNT have been applied
into lithium–ion batteries [214]. Another form of energy storage, i.e., supercapac-
itors or ultracapacitors involves the incorporation of highly conductive PANI with
GO or reduced GO (rGO); moreover, rGO sheets processed with polyethylemimine
(PEI) along with MWCNT are shown to give an average capacitance of 120 F/g at
a scan rate of 1 V/s [215]. Further, Xu et al. [216] studied hydroxypropyl-b-cyclo-
dextrin (HPCD) in composite with GR and tetra-phenyl-porphyrin (TPP) forming
HPCD/GO/TPP to exhibit great electrocatalytic performance in the reduction and
oxidation of hemoglobin (Hb) with high sensitivity having a detection limit of
5 × 109 M. In another report, Wua et al. [217] developed a nanocomposite film
composing of (GOD)/Pt/GR/chitosan being rapid and sensitive in glucose quantifi-
cation process. Several other composites of GR are being investigated for many such
device applications.

4.8 Graphite

Graphite is found to be functionalized via surface adsorption techniques: physisorp-
tion and chemisorption. Physisorption functionalization is derived from physical
interactions, viz., hydrogen bonding, hydrophobic, and π–π stacking interactions,
as well as Van derWaals and electrostatic forces. This approach of modification only
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negligibly affects the chemistry of pure graphite [218]. Graphite functionalized via
this method involves the interaction with 4-n-octyl-4′-cyanobiphenyl [219], trimesic
acid [220], pyridine [221, 222], pentafluoropyridine [221], 9-anthracene carboxylic
acid [223] deoxyribonucleic acid [224], quinolone [225], 1-pyrenesulfonic acid
sodium salt [226], 1,3,6,8-pyrenetetrasulfonic acid [227], pyrene [228], fluori-
nated benzene derivatives [221], and 1-pyrenecarboxylic acid [229]. Chemisorp-
tion method occurs via covalent bonding of functionalizing molecules on the
surface of graphite. However, it is impractical to only functionalize the base-plane
surface without concurrent modification of edge-plane surface [230]. For instance,
Hummers method was employed to develop a non-conductive insulating material
from graphite. This modification arises from the base-plane functionalization which
causes hybridization changes from sp2 to sp3 [231, 232].

4.9 Diamond and Nanodiamond

Diamonds are found to have three different terminating atoms, namely, hydrogen,
oxygen, and nitrogen which is caused during its synthesis. Functionalization of
H-terminating diamonds is done through photochemical approach and diazonium
grafting. Photochemical approach has been used to functionalize diamonds with
several short and long alkenes bearing amines [233], carboxylic acids [234, 235],
thiols [236, 237], ethers [238, 239], alcohols [240–242], perfluorinated alkanes [243],
pyridine [244], ferrocene [245], and phosphoric acids [246]. Grafting of diazonium
salts enables the creation of C–C bonds among diamond’s surface and aromatic
organic components. Grafting is done electrochemically by immersing a boron-
doped polycrystalline diamond (BDD) electrode in a solution of diazonium salt
[247]. Moreover, O-terminating diamonds are functionalized via silanization, ester-
ification, and thermal alkylation. Silanization was performed on OH- terminating
diamond surfaces by Notsu et al. [248] by submerging BDD in an EtOH solution
containing 2% APTES for 2 h. This approach of splicing improved water contact
angle enhanced the charge-transfer kineticswith [Fe(CN)6]3−/4− redox pair as a result
of substantial electrostatic interactionswith anion amine. Esterification inOH– termi-
nating BDDs is reported to bind pyrene alkyl carboxylic acid [249], biotin [250], and
benzophenone [251] covalently. It further demonstrated that biotin grafting utilizes
its strong biotin attraction to fluorescently detect FITC-labeledDNA,while pyrene on
BDD’s surface exhibits photoelectrochemical nature. Benzophenone demonstrates
attractive photochemical immobilization of DNA, proteins, and peptides owing to
its effective photoactive group which is stable under ambient conditions and protic
solvent. In the case of N– terminating diamonds, it is essentially analogous to OH–
terminating diamonds. The primary-amine atoms form amid bonds with molecules
consisting of activated RCOOHmoieties. Further, bifunctional linkers, viz., succinyl
chloride and activated esters of adipic, trimesic as well as terephthalic acid can
achieve a layer of COOH functional group on NH2 terminated surface [252, 253].
High energy ions are currently being used to implant defects in nanodiamond lattices
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Fig. 2 Flowchart categorizing different allotropes of carbon according to their respective
dimensionalities and their synthesis routes

[254]. Such defects incorporated into the sp3 structure create color centers, thus
introducing new atoms or vacancies into the lattice hence forming fluorescence
nanodiamonds. Nanodiamonds make up for a variety of color centers such as N-
vacancy centers, Ni–N complex centers, and Si vacancy centers [255], which upon
photo-excitation result in the emission of bright and non-bleaching fluorescence
with emission wavelengths extending from visible to NIR, henceforth making it
viable for fluorescence tracking and imaging [256]. Furthermore, Bollina et al. [257]
investigated the performance of diamond composites with Ag, Al, and Cu as heat
spreader. In addition, further blending with boron, silicon, and chromium improved
mechanical and thermal conductions of the composites. However, nanodiamonds in
contrast to diamonds are better explored to form composites with polymers such as
thermosetting, thermoplastic, and elastomers. These composites have wide applica-
tions in electronics, biomedical, packaging, membranes, and so on [258]. Moreover,
the synergistic activity of nanodiamonds with polymers and other fillers enhances
its mechanical properties, bioimaging, and drug deliver functionalities [259]. To
summarize, the flowchart in Fig. 2 highlights the contents covered in this chapter.

5 Conclusion

This chapter covers topics like structure and properties of several carbon allotropes,
elucidating its remarkable characteristics which enables its effective role in various
device applications. Furthermore, it reviews the recent updates in carbon materials
for various device applications by comparing different literatures to get a wide scope
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of understanding from scratch. Overall, carbon materials have shown to put the
field of nanotechnology on the map for researchers and scientists to easily access
its unprecedented functionalities and versatility. Carbon-based nanomaterials have
achieved a plethora of attention for applications like super or ultracapacitors, organic
photovoltaic devices, sensors, various FETs and diodes, memory devices, and so on.
Moreover, emphasis on graphene being the mother of all carbon-based materials
and the base for the development of different nanostructures of carbon has been put
forward. Additionally, structural descriptions also include sp2 and sp3 hybridization
states giving rise to several differences in electronic properties among the allotropes.
In order to achieve such extraordinary properties, it is imperative to understand its
method of production. Many synthesis techniques have been concisely discussed to
comprehend the bulk productions of allotropes with pristine qualities in accordance
to achieving high efficiency for large-scale device fabrication. Similarmethodologies
are being adopted to synthesize various carbon nanomaterials with minor modifica-
tion in the parameters during the experimental conditions. However, these materials
in its pure form are incapable of being obtained to its absolute potential in many
instances. In such cases, its performance is enhanced throughpost-synthesis function-
alization and composite creation with other organic and inorganic molecules. More-
over, through post-synthesis modifications, it has been observed to reduce defects
such as wrinkles, crumples, and ripples in graphene which hinders its brilliance in
devices. Eventually, the highly efficient carbon-based nanomaterial can be fabri-
cated to devices at a large scale, thereby conquering markets for its best possible
performance in conventional electronic components. Additionally, these materials
are cost-effective, easy to manufacture, and convenience in storage and transport
which make it extremely attractive in industrialization.
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Scanning Tunneling Microscopy (STM)
Imaging of Carbon Nanotropes: C60,
CNT and Graphene

Subhashis Gangopadhyay and Sushil

Abstract The discovery of fullerenes and other nanosized carbon allotropes has
opened a vast new field of possibilities in nanotechnology and has become one of the
most promising research areas. Carbon nanomaterials have a wide-scale scientific as
well as technological importance because of their distinctly different physical, chem-
ical and electronic properties. ‘Carbon Nanotropes’, the nanoscale carbon allotropes
such asBuckminsterfullerenes (C60),Carbon nanotubes (CNTs) andGraphene, show
a huge potential toward various devices, sensors and catalytic applications and there-
fore draw awide-scale industrial attentions. A better understanding of their formation
mechanism along with their direct visualization down to nanometer-scale structural
analysis is of high technological demand. Recent advancements in nanoscience and
nanotechnology make it possible to study the growth/synthesis along with structure
and bonding by analyzing the atomic-scale imaging of these carbon nanotropes.
In this aspect, scanning tunneling microscopy (STM) would be a useful tool with
extremely high spatial resolution. This chapter is mainly focused on STM imaging
of some of the recent carbon nanotropes such as C60, CNTs and graphene to bring
together the atomic-scale structure and their related material properties.

1 Introduction

Carbon is one of the most fascinating and useful materials with its single entity
and various forms for technology as well as mankind. It is an indispensable and
fourth most common element in our solar system [1]. At the same time, it is the
second most common element of the human body building up about 18% of our
body mass [2]. The cantenation property of carbon as well as its ability to form
bonds with other light elements makes it an essential material for nature which
eventually leads to the wonders of the formation of life. Since a very early stage
of civilization, charcoal and carbon black have been used as materials for drawing

S. Gangopadhyay (B) · Sushil
Birla Institute of Technology and Science (BITS), Pilani, Rajasthan, India
e-mail: subha@pilani.bits-pilani.ac.in

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2021
A. Hazra and R. Goswami (eds.), Carbon Nanomaterial Electronics: Devices
and Applications, Advances in Sustainability Science and Technology,
https://doi.org/10.1007/978-981-16-1052-3_3

47

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-1052-3_3&domain=pdf
mailto:subha@pilani.bits-pilani.ac.in
https://doi.org/10.1007/978-981-16-1052-3_3


48 S. Gangopadhyay and Sushil

and/orwritingwhereas in later stages, graphite does the same.However, in the last few
decades, carbon-based nanomaterials have attracted enormous scientific interest and
technological importance. Due to its exclusively new/superiormechanical, electrical,
chemical, thermal and othermaterialistic properties, carbon in nanoscale became one
of the most promising candidates for the field of nanoscience and nanotechnology.
Modern experimental techniques also make it possible to grow/form various forms
of carbon-based nanomaterials and their characterization down to atomic scale. All
these scientific and technological progresses resultantly manifold the applications
of carbon-based nanostructures in various aspects of electronics, sensors, energy
science and even in the field of medical science such as drug delivery.

Carbon: A Unique Material with Many Allotropes

In general, carbon possesses awide range of kinetically aswell as thermodynamically
stable phases toward the ambient condition which eventually results in the formation
of various allotropes of it. Among these, diamond and graphite are the only known
allotropes of carbon which appear naturally in the earth. Both show some distinctly
different material properties with respect to each other such as hardness, thermal
conductivity, lubrication behavior and electrical conductivity [3–9]. In the last few
decades, many more allotropes of carbon have been discovered which include ball,
tube, sheet, ribbon or even dot-shaped nanostructures and their combinations, such
as Bucky ball, Carbon nanotube, Graphene, Nano-ribbons and Carbon dots [10–13].
Depending on these definite shape and size effects, these C-based nanostructures
have various levels of quantum-mechanical confinement effect which can signifi-
cantly influence their electronic properties. According to Samara Carbon Allotrope
Database (SACADA), it possible to have more than 500 hypothetical allotropes of
carbon with three-dimensional periodicities. However, a few established allotropes
of carbon such as (i) Diamond, (ii) Graphite, (iii) Lonsdaleite, (iv) C60 (Bucky ball),
(v) C540, (vi) C70 (Fullerite), (vii) Carbon Nanotubes (CNTs) and (viii) Amorphous
Carbon are briefly introduced here [14, 15] along with the recent scientific sensation
of the two-dimensional (2D) nanomaterials (ix) ‘Graphene’ [16–18]. A schematic
representation of the structural bonding between the C atoms for different carbon
allotropes is depicted in Fig. 1 [15].

Diamond: Diamond is a solid form of elemental carbon with a crystal structure
called diamond cubic. It is a metastable allotrope of carbon which consists of
extended networks of sp3 hybridized carbon atoms with an interatomic spacing of
about 0.154 nm (Fig. 1a). These C atoms form a face-centered cubic (FCC) crystal
structure. Diamonds are widely used as jewelry because of their luster and dura-
bility. The color of a diamond is generally determined by the trace elements such as
nitrogen, sulphur and boron present within it [19]. Due to their extraordinary hard-
ness, diamonds are vastly used in the industry to cut, grind, or drill other materials.
It has been reported that synthetic (laboratory-made) diamonds are usually formed
at a relatively high pressure (5–6 Gpa) and temperature ranging 900–1400 °C [20].

Graphite: Another solid form of elemental carbon is known as graphite. It is chemi-
cally more stable than the diamond, however, the conversion of diamond to graphite
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Fig. 1 Schematic illustration of atomic bonds for some major carbon allotropes: a diamond,
b graphite, c lonsdaliete, d C60 (Bucky ball), e C540, f C70, g amorphous carbon and f CNT.
Reprinted with permission from Reprinted from Wikipedia [15]

in standard conditions is not observed. Graphite has a planar structure of densely
packed honeycomb lattice of carbon atoms stacked in layers. Here, C atoms appear
in an sp2 hybridized planer structure, with an interatomic separation of 0.142 nm,
which are finally stacked in layers (Fig. 1b). Each of these layers is held together
by a weakly unsaturated π-bond, whereas the inlayer C atoms have strong covalent
σ-bonds. Each of these single layers of carbon atoms in a two-dimensional honey-
comb lattice is known as ‘graphene’ which is expected to be the strongest material,
100 times harder than steel [21]. More details of graphene will be discussed later.

Lonsdaleite: Lonsdaleite, also called hexagonal diamond [22, 23], is another
allotrope of carbon which was found in meteorites containing graphite. It is reported
to be much harder than diamond (58%) on the (100) crystal face, and has more
resistance to indentation pressure (152 Gpa) as compared to diamond (97 Gpa)
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Fig. 2 Schematic illustration of a C60 molecule with different orthogonal projections along with
their structural symmetries (60 vertices, 90 edges and 32 faces)

[24]. Within the lonsdaleite crystal, the interlayer C-bonds formed an eclipse-like
conformation (Fig. 1c).

C60or Bucky Ball: It is another allotrope of carbon, formed as a molecule made
out of 60 carbon atoms in a shape of a hollow sphere that resembles a soccer
ball. It was first reported/discovered by Harry Kroto and Richard Smalley in 1985
[25]. This new form of carbon exhibits a truncated icosahedron structure formed
by 20 hexagons and 12 pentagons, where every carbon atom is bonded to three
other carbon atoms (Fig. 1d). This truncated icosahedron structure appears with 60
vertices (C atoms) forming a total of 90 edges among which 60 edges are between
pentagon-hexagon and 30 are between hexagon-hexagon. A schematic representa-
tion of various orthogonal projections of a C60 molecule and their related structural
symmetries are summarized in Fig. 2. Although each C atom of this molecule is
bonded with another 3 C atoms, due to its curved morphology the hybridization of
C60 falls under an intermediate stage between the graphite (sp2) and the diamond
(sp3), and finally appears to be about sp2.28 hybridizations. Two different types of
C–C bonds are found within a C60 molecule: (a) double bond between two hexag-
onal rings is slightly shorter as compared to (b) single bond between a hexagon and a
pentagon. The average bond length is found to be about 0.14 nm. In the laboratory,C60

molecule, which is also known as ‘buckminsterfullerene’, is formed by vaporizing
graphite under an electrical arc in low-pressure helium or argon ambient condition.
The cage structure of fullerene is predicted to be used for various encapsulation
processes down to nanometer scale. A very useful application of this would be the
controlled drug delivery. They can also act as hollow cages to trap other dangerous
molecules/substances within our body.

Fullerenes: After the discovery of C60 in 1985, the traditional concept of carbon-
based allotropes has changed quite rapidly. This unanticipated discovery of C60 can
also be considered as the starting of the new era of synthetic carbon allotropes. After-
wards, many new allotropes of carbon have been discovered [14]. Among them,
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different groups of Fullerene are found to be of high scientific as well as techno-
logical significance which attracted huge attention to researchers all over the world.
In principle, the fullerene group is made up of many carbon atoms connected by
single and double bonds to form a closed or partially closed mesh such as sphere,
ellipsoid, tube, and even a single atomic layer sheet, with fused rings of five to
seven atoms. Fullerenes with a closed mesh topology can informally be denoted
by the total number of carbon atoms (n) such as Cn (for example, C540 or C70 as
shown in Fig. 1e and f). Another form of closed mesh fullerene structure is carbon
nano-onions. Concentric fullerenes are enclosed one inside the other in an onion-
like layered structures. In addition, an open or partially closed mesh such as tubes,
sheet and other configurations is also available within the fullerene group. Some
of these special types are discussed in the following. Depending on their structural
geometries, fullerenes have very high potential usages in the field of drug delivery,
lubricants and catalyst applications.

Amorphous Carbon: Unlike all the above-mentioned crystalline allotropes of
carbon, it does not have any long-range crystalline symmetry (Fig. 1g). Similar
to any other glassy materials, some short-range symmetry can be observed within it.
During the large-scale production of amorphous carbon, however, some micro- or
nano-crystals of graphite or diamond can also be found. Although coal and carbon
black are informally known as amorphous carbon, however, they do not represent
true amorphous carbon in normal condition.

Carbon Nanotube (CNT): It is one of the most important members of the fullerene
family and has a very high impact on electrical conductivity. It was first discovered
by S. Iijima in the year 1991 [26]. The name is basically representative of its cylin-
drical shape. A CNT is a rolled-up graphene sheet forming a cylindrical shape. The
aspect ratio (length to diameter ratio) of CNTs could be extremely high (up to a
million), which is significantly higher than any other material. Depending on their
layered thickness, they can further be classified into different categories such as (a)
single-walled carbon nanotubes (SWCNTs), (b) double-walled carbon nanotubes
(DWCNTs) and (c) multi-walled carbon nanotubes (MWCNTs). SWCNTs are
formedwhen a single sheet of the graphene layer is rolled up to form a nanotube struc-
ture, whereas, in the case of DWCNTs, two graphene layers are rolled up concentri-
cally. However, MWCNTs have two different rolling possibilities with multiple layer
thickness. On the one hand, multiple SWCNTs of different diameters are arranged
coaxially, whereas on the other hand single graphene sheet is rolled up on itself like a
paper roll where the layer spacing between two consecutive layers is also maintained
to about 3.4 Å. In principle, the properties of DWCNTs are very similar to those of
SWCNTs, but have much better stability against any exposed chemicals [27].

Depending upon their rolling up directions, single-walled CNTs can further be
categorized into three different types such as (i) zig-zag, (ii) arm-chair and (iii) chiral.
These classifications can be described in terms of the chiral vector:

R = na + mb(n,m) (1)
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Fig. 3 Schematic illustration of a graphene sheet with different chiral vectors and corresponding
SWCNTs with different chirality: arm-chair, zig-zag and chiral

where n andm are integers, and a and b represent the unit vectors of graphene lattice.
A schematic representation of various chiral vectors is depicted in Fig. 3, where the
arrow represents the rolling directions of the graphene sheet which resultantly forms
SWCNTs of different chirality (Fig. 3) [28, 29]. Apart from these, there are many
more hybrid structures of nanotubes available which are known as graphenated (g-
CNTs) [30, 31], shortest (extreme CNT) [32], torus (doughnut-shaped) CNTs [33],
etc. (Fig. 4).

Graphene: The recently discovered new allotrope of carbon, Graphene, a single-
layer graphite, is considered to be the first 2D crystal, where all carbon atoms are
arranged within a plane in a densely packed honeycomb lattice. Each carbon atom
within a graphene layer is connected to three nearest C atoms by a σ-bond (sp2

hybridization) and contributes the fourth electron which extends over the sheet
to the conduction band. A similar kind of bonding is also (partially) observed
in other fullerenes. The conduction band electronics of graphene exhibit a very
unusual property where the charge carriers show a linear energy dependency on
momentum instead of the usual quadratic nature. As a result, field-effect transistors
with bipolar conduction or ballistic charge transport over a long distance can be
possible with graphene-based electronics. In addition to many exciting electronic
properties, graphene is a very good conductor of heat and electricity within its plane.

Since its discovery in 2004 by Andre Geim and Konstantin Novoselov, graphene
has drawn huge attraction to the scientific community as well as device industry,
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Fig. 4 Schematic diagram
of single-layer graphene; sp2

hybridized carbon atoms
within a planer structure

both because of its many superior physical, chemical and electronic properties [17,
18, 34–36] and vast possibilities of wide-range potential applications [37–39]. It is
predicted to be the high-tech material for the next generation. Its amazing electronic
properties, excellent mechanical stability and flexibility make graphene an ideal
material for future technologies. It is described as being much lighter than a feather,
far stronger than a diamond, much more conductive than copper and as flexible as
rubber. Therefore, it is now at the heart of a worldwide scientific contest to exploit its
properties and develop techniques to commercialize it. Due to its extraordinarymate-
rial properties, graphene could unlock a new era of super energy-efficient gadgets,
cheap, quick-charge batteries, wafer-thin flexible touch-screen computing, and a
sturdier light-weight automobile chassis. Graphene has the potential to completely
revolutionize entire semiconductor industries, creating bendable phones and touch
screens, tiny self-powered oil and gas sensors and even synthetic blood. Strategic
metal experts are already calling graphene the most important substance created
since synthetic plastic a century ago. However, plastics are simply a conservative
comparison whereas graphene has far more high-tech uses and potentials to be much
more lucrative.

Future Possibilities: Conceptually, many other ways to construct new carbon
allotropes are very much possible by controlled alteration of the hybridized carbon
atoms’ periodic network. A number of scientists are currently investigating various
possible structuralmodifications of these synthetic carbon-based allotropes. All these
efforts also indicate that this challenge is not yet over and many more are to come.
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2 Experimental Techniques

Fundamental building blocks of any material are the atoms/molecules and their
bonding configurations, which have dimensions in the order of nanometer length
scale. Visible bulk materials are simply the assembled of these atoms and molecules
into a very large entity. Therefore, nanoscale domains of any material may act as a
key element and have a very significant impact, which can finally determine its mate-
rial properties. Hence, a detailed understanding of the formation of these nanoscale
building blocks and their atomic-scale structural characterization would be of high
practical importance for both science and technology. Recent experimental advance-
ments in nanoscience and nanotechnology have made it possible to grow/synthesis
various nanoscale carbon allotropes (nanotropes) in a controlled manner and char-
acterize their surface structures down to atomic scale. In this section, the formation
mechanism of some selective synthetic carbon nanotropes is discussed. In addi-
tion, some basic features of scanning tunneling microscopy toward the atomic-scale
surface analysis are also explained.

2.1 Growth/Synthesis of Carbon Nanotropes

The recent additions to the carbon allotrope family are the caged fullerenes (C60 and
other),CNTs, graphene and its derivativeswith intermediate sp-sp2 hybridizations.At
the same time, many other synthetic nanoscale-sized allotropes are also in this queue.
Altogether, these nanometer-scale allotropes are called ‘Nanotropes’ [14]. Various
experimental methods have been reported for the successful growth/synthesis of
these different forms of synthetic carbon allotropes. Among these, chemical vapor
deposition (CVD), arc discharge process under a controlled ambient, use of plasma
discharge, laser ablation mechanism, flame synthesis, etc., are mostly used.

Bucky Ball (C60) Synthesis: In the laboratory, C60 molecules are usually made by
blasting together pure carbon sources, such as graphite. However, the presence of
hydrogen can drastically reduce the possibility of this fullerene formation. Direct
vaporization of carbon source also does not result in an effective formation of C60.
Irradiation of graphite source using a laser in a low-pressure helium ambient condi-
tion was found to be useful for C60 formation [40]. This method also results in a small
fraction of other fullerene derivatives such as C70 or C84. Therefore, it also requires
several follow-up techniques to purify the C60 molecules such as vacuum evaporation
at low temperature (400 °C) or stepped chemical filtration. In general, the production
of a single type of fullerene is always difficult as it requires a very harsh environ-
ment. For large-scale production of C60, the radio-frequency-plasma technique or
the arc discharge vaporization techniques are usually employed. The phase purity
of the fullerene is also found to be a real problem here, as these combustion-based
mechanisms result in about 98% pure fullerene or fullerene mixtures. However, the
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growth conditions for a specific target material can be modulated depending on its
requirements [41].

CNTGrowth: In general, arc discharge, laser ablation and CVDmethods are largely
used to grow high-quality CNTs on a solid support with the assistance of metal
catalysts. However, these methods are largely affected by the material purities of the
as grown CNTs. Residual metal (catalyst) or supports as well as amorphous carbon
may appear within the final products which also demands a post-growth purification
treatment. It has to be taken into account that an extensive purification treatment may
also cause a degradation of the as-grown CNTs [42]. Therefore, an optimization
between the growth methods and the purification process must be achieved. The
longest CNT ever produced was achieved using the CVD growth method and found
to be about 86 mm long. Some recent techniques for CNT synthesis using different
carbon sources are listed below.

Thermal decomposition (950 °C) of CH4 in Ar ambient using a bimetallic (Fe-
Mo) catalyst has found to be successful to grow high purity CNTs of 20–45 nm,
having 70% of SWCNTs and rest of DWCNT [43]. CNTs have also been synthesized
using pyrolysis of mustard oil (650 °C), which results in the formation of water-
soluble (ws)-CNTs of diameter about 9–30 nm [44]. DC arc discharge of coal was
performed in a He atmosphere using a graphite anode and a mixture of coal and
CuO micro-granule cathode, which produced CNTs with many branches (BCNTs)
[45]. Operating parameters for the arc discharge were 70–80 A and 25–30 V with
a pressure of 50 kPa. Arc vaporization of Chinese coal has also been reported to
successfully synthesize CNTs [46]. In this process, initially, coal was mixed with
binder (coal tar) and pressed at a pressure of 10–20 MPa before having any heat
treatment at 900 °C. Afterwards, this was used as anode whereas cathode was the
high purity graphite. The arc chamber was operated under He ambient, at a pressure
of about 30–70 kPa within a range of 30–40 V and 0–70 A. After arcing, CNTs were
formed and deposited onto the cathode. These CNTs were found to be 4–70μm long
and having a diameter of 2–15 nm.

Graphene Formation: The graphene layer was first experimentally produced by
the repeated splitting of a mechanically exfoliated graphite, using scotch tape [47].
Several attempts have been made using this but a major drawback of it is the lack of
reproducibility. However, CVD-based decomposition of hydrocarbons on transition
metal (TM) surfaces at elevated temperature is found to be a practical solution to
this challenge, with a controlled formation of a large-scale graphene layer [48–55].
Transition metals are well known for their catalytic activity which generally arises
due to their ability to adopt multiple oxidation states. For instance, they serve as vital
catalysts in C–C coupling reactions such as the Heck, Sonogashira, Suzuki, Stille
and Ullmann reactions [56, 57]. Controlled vacuum or reactive annealing of a TM
surface at low pressure, followed by slow cooling, would be a useful technique for
high-quality graphene growth. Exploiting these mechanisms, recent approaches of
epitaxial graphene growth using TM thin films as a substrate have become verymuch
popular.
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Thin metal films or foils are used as catalytic substrates for the decomposition
of hydrocarbon at an elevated temperature at relatively lower pressure. As soon
as graphene layers are formed, they strongly stick to the metal surface, protecting
from any further sticking/decomposition of newly arrived hydrocarbon molecules.
Formation of the graphene layer is also reported by sacrificial growth or segregated
carbon, using Ni, Cu or Co films. Depending on the TM property, two types of
segregation processes of C atoms toward the film surface are found: (a) surface
segregation (Cu) or bulk segregation (Ni). The solubility of carbon within a metal
is the driving force which strongly depends on the temperature. Single- or poly-
crystalline substrates of group 3d–5d metals have been reported as a catalytic surface
for graphene growth. Graphene layers prepared on such surfaces, i.e., Ru (0001) [58–
60], Rh (111) [61–63], Ir (111) [64–68] and Pt (111) [69, 70], usually appears with
so-called Moire´ structures in STM imaging. This is mainly due to the relatively
large lattice mismatch between the graphene layer and metal surface.

2.2 STM: A Powerful Microscopic Tool

Scanning tunneling microscopy (STM) is one of the most useful techniques which
offered a real-space visualization of the surface atomic structure for the first time. It
shows a direct visualization of the surface atomic structure down to a sub-nanometer
scale resolution [71, 72]. In addition, it can also provide very local information
about the surface electronic states. Moreover, it can also be used for surface nano-
lithography. Atomic or molecular level surface manipulations toward the fabrica-
tion of surface nano-patterns or modification of bond alignments have also been
performed using the STM tip. Investigations of surface reaction dynamics can also
be studied using this technique.

The working principle of STM is based on one-dimensional (1D) quantum
mechanical tunneling of electrons from the sample surface atom to the atom of the
tip apex (or vice versa) through the vacuum gap. As the tunneling probability of elec-
trons depends exponentially on the gap distance, the tunneling current is extremely
sensitive which provides a unique atomic-scale spatial resolution of STM. The first
atomic-resolution STM imaging showed resolutions between1 nm and 10 pm for the
lateral and the vertical scales, respectively.With technological advancement, modern
STMs are capable of vertical and lateral resolution down to the pico-meter length
scale. However, the spatial resolution limit of the STM and the image formation
mechanism are still an open question related to the overlapping of the electronic
orbitals of tip and surface atoms.

Since its invention in 1981 by G. Binnig and H. Rohrer at IBM Zurich, STM
has become one of the most useful techniques to investigate the surface atomic
reconstructions, surface diffusion kinetics, overlayer growth mechanism, as well as
local electronic density of states (DOS) down to the atomic scale. It has widely been
used in the field of physics, chemistry and biology to study the surface of organic
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and inorganic nano-objects, and even its limitation toward the insulating material
surface due to the charging effect.

3 Results: STM Imaging of Carbon-Based Nanotropes

Within this section, we will discuss the surface atomic structures of some selective
carbon allotropes with a special focus toward their atomic-scale surface structures,
bonding configuration and formation mechanism. More precisely, high-resolution
STM imaging of a few reported results of C60 nucleation, CNT growth and graphene
formation on various crystalline substrates and their related structural and electronic
properties will be discussed [73–81].

3.1 C60 Nucleation, Growth and Self-assembly: Atomic-Scale
Studies

The adsorption of a large organic molecule on a solid surface, its interface interac-
tion and bonding mechanism are of high practical importance in order to understand
the molecular functionality in electronic devices. There exists a significant amount
of literature reporting on the initial adsorption process of C60 molecules, its self-
assembled island formation and finally the closed-pack layered growth morphology
on various crystalline surfaces, using scanning tunneling microscopy (STM) as
the main characterizing tool [73 and references therein]. An overall observation
suggests that C60 molecules bond to the semiconducting surfaces in a different
manner as compared to that observed on metal surfaces. Among various semicon-
ducting substrates, in particular, silicon attractsmore attention due to its technological
compatibilities. Usually, bare Si surfaces appear with many dangling bonds whereas
metallic surface has free electrons. An electronic transfer from the semiconducting
(Si) surfaces into the lowest unoccupied molecular orbital (LUMO) of C60 molecules
is reported for the initial nucleation layer of C60. This finding eventually results in
strong covalent bond formation between C60 molecules, and Si surface atoms and
molecules are chemisorbed. On the other hand, weak Van der Walls interaction
between the metal surface and C60 molecules with a negligible LUMO occupation
results in a physisorption process. Hence, the initial nucleation of C60 molecules can
strongly depend on the choice of the substrate surface. However, for C60 coverage
above 1ML, only Van derWalls interaction between themselves are responsible, and
the impact of the substrate surface almost disappears. In the following,wewill discuss
some reported STM studies of initial absorption of C60 molecules on two different
types of crystalline surface, along with real-space imaging of their sub-molecular
orbitals and self-assembled layered growth mechanism.

(i) C60on Si (111): Adsorption Coverage and Bonding
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STM images of C60/Si (111)-7× 7 surfacewith an increasingC60 coverage are shown
in Fig. 5 [73]. Clean Si (111) surface appears in 7 × 7 reconstruction with a clear
contrast of faulted and unfaulted half unit cells (Fig. 5a). Initially, C60 molecules
start to nucleate on the Si surface at room temperature in a scattered way throughout
the surface. C60 molecules are randomly distributed without having any kind of
surface segregation toward the closed-pack island formation (Fig. 5b−d). In the case
of C60 coverage of about 0.9ML, the surface structure looks slightly different with
a little surface ordering as can be seen in (Fig. 5e). The surface appears with a

Fig. 5 STM images of C60 adsorbed Si (111)-7 × 7 surface with increasing coverages. Reprinted
with permission [73]
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Fig. 6 a Sub-molecular features of an isolated C60 molecules adsorbed on Si (111)-7 × 7 surface.
b−e Rapid rearrangements of closed-pack molecular islands at room temperature

few vacancies, but there is no sign of any C60 nucleation for the second layer. This
findingwas explained in terms of a strongmolecule–substrate interaction. As a result,
the nucleation of the second molecular layer of C60 only starts after the successful
completion of the first monolayer. Figure 5f shows the closed-pack layered islands
structure of C60 molecules formed at a coverage of 3 ML. For multilayer C60 films,
surface morphology also differs drastically and appears with the ordered structure
of hexagonal closed-pack islands, having two rotational domains (shown within the
inset). This is due to a weak Van der Waals interaction between the C60 molecules
themselves.

A closer look at STM imaging of C60 molecules covalently bonded with the
surface Si atoms usually appears with many inter-molecular superstructures, even
at room temperature (Fig. 6a). These superstructures basically represent the surface
electronic density of states of different molecular orbitals at a specific bias voltage
condition. It may also have a very strong influence from the tip apex physical geom-
etry or any kind of tip functionalization which can significantly modify the image
quality.However, for physisorbedC60 molecules (multilayerfilms), this typeof super-
structures is not observed for room temperature STM imaging. This is explained in
terms of thermally excited continuous and rapid rotation of the molecule at a partic-
ular adsorption site. Moreover, rapid rearrangements of the closed-pack molecular
islands are also observed during room temperature STM imaging (Fig. 6b−e). This
finding also confirms a veryweakVan derWaals bonding between the C60 molecules,
and during room temperature imaging this potential barrier can easily be overcome
by the thermal energy or tip-induced forces to the molecule.

C60on Si (111): Nucleation Sites and Adsorption Geometry

Large-scale statistical analysis of STMimages of covalently bondedC60 molecules on
Si (111)-7 × 7 surface also reveals some specific nucleation sites for C60 molecules.
Although no ordered structure of C60 is formed within the first nucleation layer, five
preferential adsorption sites on Si (111)-7 × 7 unit cell have been reported [74].
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These specific sites are marked as (i) corner hole (CH), (ii) middle of unfaulted half
(Mu), (iii) middle of faulted half (Mf ), (iv) top of the rest-atoms in unfaulted half
(Cu) and (v) above the rest-atoms in unfaulted half (Cf ). The top two rows of Fig. 7
represent the STM images (top row) and schematic representations (second row) of
various adsorption sites, respectively. Among these, Cf and Cu adsorption sites are
found to be most preferable for C60 nucleation, with an adsorption probability of
about 43% and 34%, respectively [74].

High-resolution STM imaging of these nucleation site-specific C60 molecules
along with density function theory studies have further suggested the orientation
geometry of differently adsorbed molecules [74]. The bottom three rows of Fig. 7
clearly depict the HR-STM images (middle row), simulated DFT images (fourth
row) and schematic orientation geometries (bottom row) of different C60 molecules.
Individual STM images of C60 molecules adsorbed at each nucleation site appear
with very distinct sub-molecular fine structures. By careful comparison between the
experimental STM images and the corresponding simulated images, orientations of

Fig. 7 HR-STM images of C60 molecules adsorbed at different nucleation sites on Si (111)-7 × 7
surface, with specific molecular orientation geometries. Reprinted with permission [74]
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C60 molecules on different adsorption sites have also been proposed. STM images
of C60 molecules adsorbed on the CH site have a hexagonal face attached to the Si
surface whereas molecules on the Mu site have a pentagon facing the Si surface.
Similarly, C60 molecules absorbed on the Mf site have a vertex (apex) atom facing
downward. However, C60 molecules on the Cu and on the Cf sites are found to have
one edge of the 6–6 and 6–5 bonds, respectively, facing the substrate surface.All these
findings clearly confirm that C60 adsorptions on five available nucleation sites offer
stable adsorption geometries due to strong covalent interactions between the adsorbed
molecules and the Si surface. As a result, distinctly different and very unique sub-
molecular fine structures of individual molecular orbitals are nicely observed during
the STM imaging at room temperature.

C60on Si(111):Rotational Symmetry of Molecule and Substrate

STM images of chemisorbed fullerene molecule on Si (111)-7 × 7 at room temper-
ature also support the rotational symmetry of C60. In this part, various possible rota-
tions of the molecule with respect to the substrate symmetry are discussed (Fig. 8)
[75]. C60 molecule marked within the yellow box is found to be adsorbed on the top
of the rest-atoms in the faulted part, i.e., Cf site facing 5–6 bonds edge toward the Si
surface (Fig. 8a). Inset shows the sub-molecular superstructures of the C60 molecule
with a mirror-symmetry axis (marked as a red arrow) of a regular pentagon. As
discussed earlier, depending on the projection plane, the C60 molecule can have
various rotational symmetries. In the case of 5–6 bond edges, the symmetry is found
to be twofold (Fig. 2). At the same time, if we ignore the effect of stacking fault of the
Si (111) substrate, the crystal plane also offers a sixfold rotational symmetry. There-
fore, for this particularCf adsorption site on Si (111)-7× 7 surface, the C60 molecule
may have 12 different rotational symmetries with respect to the Si (111) crystal axis.
Various possible rotational orderings of C60 molecules are nicely summarized here
with the help of high-resolution STM imaging (bottom two rows of Fig. 8) [75].
Altogether, 12 symmetry directions with respect to the [0 1–1] crystal direction of
Si (111) surface are recorded, having an offset of (15 ± 30n)° rotations where n is
an integer whose values range from 1 to 6. These results suggest that a 5–6 bond-
facedC60 molecules have 12 energy-equivalent states particularly labeled by in-plane
molecular orientations. These in-plane molecular orientations do not change spon-
taneously at room temperature due to the strong covalent bonding between the C60

molecule and the Si surface. However, tip-induced rotational and translational rear-
rangements of C60 molecules at room and low temperatures have also been performed
and reported for both Si (111) and Si (100) substrate surfaces. This type of molecular
manipulation may offer a new dimension to device physics in the field of quantum
information storage and molecular switching.

(ii) C60 on Cu (100) at Low Temperature

In general, high-resolution STM imaging of C60 molecules on metal or metal-
terminated silicon surfaces do not appear with intra-molecular superstructures at
room temperature. The basic reason behind this type of finding is mainly related to
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Fig. 8 High-resolutionSTMimages ofC60 molecules adsorbedonMusite of Si (111)-7×7 surface,
representedwith tenfold rotational symmetry of the pentagonal face. Reprintedwith permission [75]

theweak interaction between themolecule and substrate atoms.At room temperature,
the thermal energy of the molecule may easily overcome the interaction potential
which promotes rapid molecular rotation. Therefore, to observe any orientational
ordering of the C60 molecule on a metal surface, thermal energy has to be drasti-
cally reduced. In the following, we will discuss the reported low-temperature STM
imaging of C60 molecules adsorbed on an atomically clean Cu (100) surface (Fig. 9)
[76].

C60 molecules were deposited on a clean Cu (100) surface at room temperature
under an ultra-high vacuum (UHV) condition (10−9 Pa) followed by subsequent
annealing at 500 K for better ordering. STM imaging was performed at a cryogenic
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Fig. 9 Low-temperature STM imaging of C60 molecules adsorbed on Cu (100). High-resolution
images reveal various possible orientations of the C60 molecules on the surface. Reprinted with
permission [76]

temperature (8 K) which confirms the orientations of the absorbed C60 molecules
are frozen on the metal surface, as there is no sufficient thermal energy available for
rapid molecular rotations. C60 molecules appeared with a nearly hexagonal array,
having alternately arranged bright and dim stripes that originated from the single
and double missing row reconstructions of Cu (100) surface, respectively (Fig. 9a).
Similar to earlier studies of C60 adsorption on Si (111), high-resolution STM imaging
also suggests five distinct/specific orientational ordering of the molecule on the Cu
(100) surface. These molecular orientations are denoted here as (i) hexagon ring (h),
(ii) hexagon-pentagon bond (h:p), (iii) hexagon-hexagon bond (h:h), (iv) apex/vertex
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atom (a) and (v) pentagon ring (p). The middle row of Fig. 9 represents the high-
resolution STM images, whereas the bottom row depicts the schematic representa-
tions of correspondingmolecular orientations. Statistical analysis of the orientational
ordering suggests that the hexagon ring (h) and hexagon-pentagon edge (h:p) are the
most probable orientations with an occupancy of about 31% and 56%, respectively.
Cu (100) surface reconstructionwas also found to have a significant impact onmolec-
ular orientation. The hexagon and pentagon rings are mainly observed on the double
missing rows of the Cu (100) surface, whereas h:p and h:h edges as well as vertex
(a) orientations are mostly found on single missing rows of the Cu (100) surface.
Apart from the sub-molecular imaging, tip-induced manipulation of these molecular
orientations has also been reported. Below a certain threshold tip-surface separation,
orientational reordering may occur due to the electro-mechanical forces exerted by
the tip [76].

3.2 CNT Atomic-Scale Imaging: Structure and Electronics

Due to the recent trend of miniaturization of electronic devices, carbon nanotubes
(CNTs) are considered as one of the most prominent candidates to address this issue.
Its superior electronic properties may govern as an interplay between a molecule
and a bulk material. CNTs can possess ballistic electrical conductivity, a quantum
mechanical behavior, at a relatively high operating temperature. It is known that the
quantum confinement of electronic states is very much dependent on the real-space
size distribution of the material and its electronic wave functions. A real example
of this type of finding is the strange electronic behavior of CNTs. Depending upon
the chirality (atomic-scale wrapping, which is already discussed earlier), CNTs can
either be metallic or semiconducting. Such a drastic change in electrical conductivity
originated from its chirality making it is of high technological interest to determine.
However, it is not a simple task without having a clear idea about the atomistic struc-
ture of CNTs. In this aspect, STMcan play an important role as diffraction techniques
such as LEED or RHEED which are not useful due to the curved morphology of
CNTs. Apart from the atomic-scale visualization, STM can also provide very local
information about the surface electronic density of states (DOS).

CNT is nothing but a wrapped graphene sheet of hexagonal lattice forming a
hollow cylinder. Hence, basic knowledge of graphene imaging is necessary for a
proper understanding of the STM images of curved CNT morphology. A general
discussion on STM images of the graphene layer is provided later. In the following,
we will discuss some reported STM studies on CNTs with a special focus toward the
basic understanding of complex patterns observed during STM imaging and their
underlying physics for precisely determining the chirality [77, 78].

Direct Visualization of Chirality and Electronic States

Theoretically, to describe the properties of any CNT completely, tube diameter and
its chiral angle have to be specified. Usually, the chiral vectors are represented by a
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Fig. 10 (Left) STM images of atomically resolved carbon nanotubes, presentedwith apparent angle
(�1) between honeycomb lattice and the tube axis. (Right) STM and STS comparison between
semiconducting and metallic CNTs. Reprinted with permission [77]

pair of lattice indices (n, m), which eventually control the electronic and mechanical
properties of the nanotube. To determine the chirality of any CNT, the best way
is to directly visualize the atomic arrangements with the tube. In this aspect, STM
would be the most useful technique for real-space imaging down to atomic scale,
along with local electronic information (DOS) of the tube surface. It has already
experimentally confirmed that CNTs can either be metallic or semiconducting in
nature. Theoretically, a CNT is considered to be metallic when the chiral vector (n,
m) satisfies the condition that (n-m)/3 is an integer. In this part, we will discuss the
reported STM studies of the determination of chirality of CNTs using atomically
resolved STM images as well as its electronic properties using STS [77].

Figure 10 (left) represents atomically resolved STM images of various chiral
CNTs. In principle, STM images of CNTs should appear with a hexagonal atomic
structure similar to graphene. However, a distorted hexagon or even triangular
patterns of dark and bright dots can also be observed (Fig. 10c). Various param-
eters can significantly affect image distortion. Among them, the curved surface
morphology of CNTs and the tip apex geometry are considered to be most impor-
tant. Anyway, these distortions may have an impact on the lattice constant but do
not have any significant impact on chiral structure determination. A slight overes-
timation of the chiral angle is reported for the cylindrical shape of the CNTs. In
addition, a height scan line profile across the nanotube can provide the diameter of
the tube. Apparently, chiral angle �1 is measured as the offset angle between the
tube axis and the honeycomb lattice direction. For arm-chair CNTs, the chiral angle
� remains close to 0° and none of the C–C bonds are found to be parallel to the
tube axis. Hence, in STM imaging it appears with a hexagonal structure (Fig. 10
(left) a and b). In contrast, triangular patterns are generally observed for nanotubes
with a chiral angle � close to 30° (zig-zag), having bonds parallel to the tube axis
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(Fig. 10 (left) c and d). Figure 10 (right) shows a direct comparison between semi-
conducting and metallic nanotubes using STM, DFT (middle row) and STS analysis.
STM appearance (top row) of the metallic tube (Tube 2) is found more hexagonal as
compared to the semiconducting one (Tube 1). These findings are nicely reproduced
with DFT simulation studies (middle row). Normalized, dI/dV spectra (bottom row)
are also very much complementary with the microscopic findings and clearly depict
the position of HOMO and LUMO for Tube 1 (semiconducting) from where the
bandgap can easily be estimated [77].

Interference Pattern-Dependent Chirality: Interference patterns of the surface
electronic orbitals of near-end capSWCNTs of reported studies using high-resolution
STM imaging have been discussed [78]. Apart from the above-mentioned direct
imaging discussed above, by systematically studying these interference patterns,
with the help of tight-binding simulations (which reproduce the observed patterns),
it is also possible to understand the electronic properties of the CNTs. All STM
imaging was performed at liquid N2 temperature and images are presented in the
derivative mode for better visibility. A detailed comparison of STM images between
end cap arm-chair and zig-zag CNTs are depicted in Fig. 10. It has been found that
these interference patterns are highly sensitive to the chirality of the corresponding
nanotubes. Simulated interference patterns produced with the tight-binding model
of Bloch states (k and –k) can nicely reproduce the observed interference patterns.
These findings, in principle, can be categorized by the positions of conduction band
minima (kmin) within the Brillouin zone, which further provides information about
the chirality of the nanotubes.

For both CNTs, periodic patterns are observed in the STM image on the right-
hand side of nanotubes, which represent the continuous cylindrical nature of the
so-called ‘normal’ tube structure. Hexagonal rings around the dark areas represent
the honeycomb lattice of CNTs. From these periodic patterns, the chirality of both
CNTs can be measured as discussed in the earlier section. The arm-chair CNT was
found to have a chirality (28, −13) with a diameter of 1.9 nm (Fig. 10a), whereas
the zig-zag CNT showed to have a chiral vector (15, −1). However, the hexagonal
patterns presented here are slightly distorted due the curved surface morphology of
CNTs. However, a very different surface pattern is observed toward the left-hand
side of the STM images, near end-cap of the tube. In the case of arm-chair CNT, a
combination of bright spots and wavy lines are found, aligned with rotations of 60°
with the tube axis (Fig. 10a). The average separation between these bright dots along
the tube axis is found to be 0.72 nm (~3a, where a represents the lattice constant
of graphene). This finding clearly indicates the metallic nature of the CNT as the
energy level crosses the Fermi level at k = 2π/3a. However, in the case of zig-zag
CNT, bright spots are aligned perpendicular to the tube axis and appear with a larger
periodicity of 4a which indicates its semiconducting nature (Fig. 10a).
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3.3 Graphene Formation on TM Surface: Mechanism
and Surface Imaging

Epitaxial growth of single-layer graphene is of great technological importance
because of its wide range of potential applications, especially for future generation
electronic devices. Transitionmetals are well known for their catalytic activity which
can provide a suitable platform for the CVD of graphene growth via thermal decom-
position of the hydrocarbons on the TM surfaces. Sacrificial growth of graphene
layer on TM surface during vacuum annealing would also be a useful approach. In
this part, we will discuss some reported STM studies of the graphene formation on
the TM surface with a special focus toward its formation mechanisms [79–81].

CVD Growth Via Hydrocarbon Decomposition: Growth Mechanism

Real-time microscopic observation of graphene layer formation would be one of
the most exciting experiences for any material scientist as it can undoubtedly help
in many ways to understand the growth kinetic and thermodynamic stability of the
graphene films. In addition, it can also provide the gateway for better/improved
growth methodology. Due to its high CVD growth temperature and atomically small
dimensions (thickness), it is technologically very challenging to realize such tiny
happenings. In this aspect, elevated temperature STM imaging can be one of the
very few available technical methods.

Different transition metals have their unique catalytic properties which reflect
during the graphene formation at elevated temperatures. In addition, the quality of
the graphene can significantly depend on the ability of the transitionmetal to facilitate
the dissociation process of hydrocarbon and carbon diffusion toward the segregation
process. Two different groups of TMs have been reported to promote the CVD
growth of graphene via two separate growth mechanisms such as (i) bulk mediated
(Ni) or surface mediated (Cu) segregation of carbon atoms [79]. It can strongly be
determined by the solubility of C atoms at the elevated growth temperature. In the
case of bulk segregation, initially, C atoms dissolve into the bulk metals at a high
temperature to reach carbon saturation. Afterwards, they segregate to the top surface
to form the graphene layer which expands in a carpet growth mode. Ru, Ir, Ni, or
Co are found to have such bulk segregation. However, graphene growth on the Cu
surface is somehow different. The growth model for graphene formation shows a
surface diffusion here. Carbon aggregates at the surface of Cu without diffusing
much into the bulk, which further forms the graphene layer via surface diffusion.
Apart from this, orientations of crystalline facets can also have a significant impact
on the graphene growth mechanism. Moreover, the as-grown graphene layer may
have different interaction energies with the substrate atoms, as depicted in Fig. 11b
[80]. Yellow color represents the elements having weak interaction with the as-
grown graphene layer, whereas red and blue represent elements with strong graphene
interaction.
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Fig. 11 STM derivative images of end cap CNTs: (a) arm-chair and (b) zig-zag. Comparison of
STM images and simulation results: (c) and (d) arm-chair CNT, and (e) and (f) zig-zag CNT,
respectively. Reprinted with permission [78]

Surface Diffusion of C Atoms: Graphene Formation on Cu (111) Surface

The CVD growth of graphene layer on a single crystalline Cu (111) surface has been
widely achieved by thermal decomposition of hydrocarbons (ethylene, methane,
etc.) under a UHV ambient condition. Here, we discuss a reported STM study of
graphene formation on a Cu (111) surface at 1000 °C, with special attention to the
structural and electronic properties of the as-grown graphene layer [81]. As discussed
in the earlier CVD growth process, the graphene layer is generally formed by carbon
segregation to the surface.Thermal dissociationof ethylenemolecules on the catalytic
metal surface acts as a carbon source which finally results in multiple islands of
graphene formation, with a variable size distribution. As the carbon solubility of
Cu is extremely low, graphene growth is mainly dominated by surface diffusion.
Therefore, the initial surface morphology of the Cu substrate can also play a very
significant role to control the growth kinetics, as can be seen in Fig. 12. Graphene
islands of monolayer height scale initially nucleate with two predominant domain
orientations. With increasing coverages, these islands meet each other to form a
layered growth morphology. As a result, large numbers of domain boundaries are
formed within the graphene layer. This might be a real technological challenge for
high-quality graphene formation as these domain boundaries can act as a scattering
center for electrons and hence lower the carrier mobility.

For larger view analysis of graphene island formation on Cu (111) surface, STM
topography (Fig. 12a) alongwith differential conductance (dI/dV) imaging (Fig. 12b)
have been employed to differentiate between the as-grown graphene islands and the
bare Cu (111) metal surface. Differential conductance dI/dV image of graphene
layer recorded here (highlighted with dotted lines) appears with a darker contrast
as compared to the bare Cu (111) surface (Fig. 12c). Various graphene domains are
formed which eventually meet at the domain boundaries (Fig. 12c). A closer view of
the STM imaging of graphene domains shows that a honeycomb structure appears
withMoire´ patterns related to subsurface electronic information that originated from
the substrate–film lattice mismatch (Fig. 12d).
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Fig. 12 (Top) Bulk (left) and surface (right) diffusion mediated graphene growth mechanism
(bottom) Interaction energies of TMs with graphene layer. Reprinted with permission [79]

Bulk Diffusion of C Atoms: Graphene Formation on Ru (0001)

The formation of millimeter length-scale graphene of monolayer thickness has been
reported on aRu (0001) crystal using theCVDgrowthmethod [80]. Single-crystalline
graphene monolayer formation on a Ru (0001) surface by thermal annealing in the
presence of carbon precursors is shown in Fig. 13. In contrast to graphene growth
on Cu (111) (Fig. 12), here the formation mechanism is very different. Instead of
surface diffusion of the added carbon atoms, initially they diffuse into the bulk of the
Ru crystal. As the solubility reaches the saturation limit, surface segregation of C
atoms starts to occur which finally leads to the graphene formation. In addition to the
initial surface morphology of Ru (0001), the hexagonal crystal lattice of it may also
influence the growth process and hence finally the structural quality of the graphene
layer. Figure 13 represents the STM images of the graphene layer without having
any domain boundaries (Fig. 12b). High-resolution STM images confirm that the
as-grown graphene layer is highly ordered, continuous, having perfect crystallinity
[80] (Fig. 14).

4 Conclusion

In summary, we have briefly discussed various allotropes of carbon, their synthesis
and structures, and other properties with atomic-scale precision. STM analysis of
some of these selective allotropes of nanoscale size (nanotropes) has been discussed
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Fig. 13 STM imaging of epitaxial graphene formation Cu (111) surface at elevated temperature,
using ethylene as hydrocarbon source. Graphene coverage 0.35 ML. Reprinted with permission
[81]

in detail with a special focus toward their structure, bonding, formation mechanism
as well as correlated electronic properties. Overall, these can be concluded in three
parts. (i) The adsorption process of C60 molecules on Si (111)-7 × 7 surface at room
temperature has been found to be an interplay between the substrate surface lattice
structure and themolecular symmetry of theC60 itself. (ii) STM imaging of SWCNTs
has successfully determined the chirality of the nanotube which further reflects on
their electronic properties. (iii) Graphene growth on catalytic TM surface using CVD
has been found to occur in two ways such as bulk and surface diffusion process of
C atoms, which finally lead toward the surface segregation for successive graphene
layer formation.
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Fig. 14 STM imaging of epitaxial graphene formation on Ru (0001) surface. Reprinted with
permission [79]
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Abstract Clever combinations of elements store energy in chemical form like a
battery and then release energy pulses whenever and wherever it is needed. Every
chemical element in the periodic table is special, but some elements are more special
than others. An essential element of life has tomultitask. Carbon, the sixth element, is
unwonted in its impact on our lives. Carbon lies at the heart of progression intriguing
the emergence of planets, life, and us. And, more than any other entirety, carbon has
greased the rapid emergence of new technologies. If we discover to replenish our
rhapsodically beautiful carbon-richworld, thenwemayhope to leave a peerless, high-
end legacy for all the generations to come. Fullerenes, graphene, carbon nanotubes,
fluorescent carbon quantum dots, activated carbon, and carbon black belong to the
carbon familywith tremendous optical, physical,mechanical, and thermal properties.
Among them, carbon nanocomposites can be synthesized with the amalgamation of
different elements. Carbon nitridewith covalent network compound are unlinked into
beta carbon nitride and graphitic carbon nitride (g-C3N4) that are relatively new type
of carbon based material retaining high photoresponsiveness, high intrinsic photoab-
sorption, semiconductive properties, high stability under physiological conditions
and good biocompatibility. Use of sunlight as a sustainable source for energy gener-
ation, environmental medicament photocatalysts for heavy metal pollutant control,
and water splitting by use of polymeric materials with incorporation of carbon can
be achieved. An oxocarbon consists of a single carbon and single oxygen which has
the ability to polymerize at the atomic level, thus forming very long carbon chains.
The smart material can be obtained by homogenizing with carbon nanocompos-
ites synthesized in an inexpensive process like printing and roll to roll which are
ideal for flexible energy generation and storage. To overcome the extremely high
volume change by alloying reaction with lithium for commercialization, carbona-
ceous materials are induced to improve the structural stability of the electrodes.
Lithium-ion batteries (LIBs) are considered as efficacious and practical technology
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for electrochemical energy storage. Due to high theoretical capacities, electrochem-
ically active metal oxides materialize as promising candidate for the anodes in LIBs.
Carbon coating can productively improve the surface chemistry of active material
and electrode conductivity and protect the electrode from interactingwith electrolyte,
enhancing the shelf life of batteries, etc. The fascinating properties of these materials
are observed in the emerging strategies for tailoring carbon-based nanocomposites in
catalytic organic transformation properties, energy storage, absorbents, biomedical,
textile, sensor, molecular imaging, bioimaging, drug, and gene delivery.

Keywords Sixth element · Energy · Coating · Flexible · Nanocomposites ·
Nitrides · Oxides

1 Introduction

Carbon

Carbon known as the King of the elements forms a diverse range of nanomaterial
compounds with the utmost ten million compounds that belong to Group 14 of the
periodic table sitting at position 6 with the 15th most abundant nonmetallic as well
as tetravalent that makes four electrons free for all to form covalent chemical bonds.
Pure carbon has less toxicity. Carbon that comes from Latin was discovered in the
prehistoric period of mankind in the forms of charcoal and soot. Earth has around
4360 million gigatonnes of carbon, 2000 ppm in core and 120 ppm in the mantle
as well as crust. The non-identical allotropes such as graphite is a good electrical
conductor and soft, and diamond is a low electrical conductor and hard. Fullerene
includes buckyballs, carbon nanotubes, carbon nanobuds, and nanofibers shown in
Fig. 1.

Multiple exotic allotropes have been scrutinized, such as glassy carbon (GC),
nano-foam, lonsdaleite, and carbyne. Dubbed Q-carbon has been created in 2015
from North Carolina state university which exhibits fluorescence, hardness, and
ferromagnetism. Atomic carbon allotropes [1] are solids under normal conditions
with chemical resistivity which requires elevated temperatures to react even with
oxygen. Due to triple point 10.8 ± 0.2 MPa and 4,600 ± 300 K, it has the highest
sublimation point. Carbon is thermodynamically prone to repel oxidation non conjec-
turally compared to copper and iron with electronegativity -2.5. Hydrocarbons have
their primary use of carbon in the fossil fuel and crude oils. Plastics are artificially
produced from synthetic carbon polymers with regular intervals of nitrogen and
oxygen atoms and pyrolysis of fibers of synthetic polyester that forms the main
polymer chain. Carbon black can be used in carbon paper, printing ink, oil paint,
watercolors, laser printer toner, and fillers in tires. The nanocomposites can bemainly
synthesized by using sol–gel process, in-situ intercalative polymerization, and in-situ
polymerization.

Carbon and its derivatives carbon nanotubes (CNTs), carbon nanoparticles,
graphene, and graphene oxide have captivated attention due to electrical conductivity,
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Fig. 1 Allotropes of carbon

biocompatibility, high surface area, thermal and mechanical stability, regular struc-
ture, and chemical inertness. Their potential applications are found in energy storage,
catalysts, absorbents, biomedical, sensors, textiles, and many more. The characteris-
tics of carbon with electronic properties of semiconductors are mentioned in Table 1.
The incorporation of carbon nanocomposites into metals or metal oxides is found
to have a broad range of applications. A footloose atom-thick sheet, sp2 hybridized
carbon is graphene that can be stacked to form 1-dimensional CNTs. Transfiguration
of graphene and CNTs is explored due to the long-rangeπ-conjugation and luminous
physiochemical properties. The solid-state structures of carbon are shown in Fig. 2.

Preparation
Noncovalent functionalization is a physical absorption involvingweakπ-interactions
that improve hydrophobicity with outshine metal–carbon interaction. This process
can be done by wet and dry synthesis.

Metal nanoparticles are incorporated with carbon, Nobel and non-Nobel metal
supported carbon nanocomposites and bimetallic carbon nanocomposites.

Table 1 Characteristics of carbon allotropes

Isomer Graphene Nanotube Fullerene

Hybridization sp2 sp2 sp2

Bond length(Å) 1.40(CQC) 1.44(CQC) 1.42(CQC)

Dimension 2D 1D 0D

Density (g/cm3) 1.72 1.22 2.26

Electronic properties Zero-gap semiconductor Metal/semiconductor Semiconductor
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Fig. 2 Structural content for carbon solid-state structures: amelamine,bmelam, cmelem,dmelon,
e fully condensed triazine C3N4, f fully condensed polyheptazine C3N4

Table 2 Phase and bandgap
of seven graphitic carbon
nitrides

Phase Bandgap(eV)

a−C3N4 5.5

b−C3N4 4.85

cubic−C3N4 4.3

g−h−triazine 2.97

g−otriazine 0.93

g−h−heptazine 2.88

pseudocubic C3N4 4.13

2 Carbon Derivatives and Its Applications

The derivatives of carbon can be described as follows:
Graphite that arefound in India, Mexico, Russia, Greenland, and US exists in

amorphous, vein, and flakes which occurs in plates crystallized in the metamorphic
rock. At normal pressures, carbon takes forms: graphite trigonally bonded in plane
fused with hexagonal rings and delocalization in the outer electrons of the atom to
form aπ-cloud. Thismakes graphite conducting and also account for its vital stability
when compared to diamond at room temperature which is thermodynamically stable
and acts as a lubricant, electrical conductor and thermal insulation. Graphene, a 2-
dimensional magnitude sheet of carbon in which the atoms are choreographed in
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a hexagonal lattice. Graphite are fundamentally different from 3-dimensional ones
as they can be used as neutron moderators and annealing to 250 °C can release the
energy steadily.

Applications: pencil leads, sticks of compressed charcoal, textiles, carbide end-
mills.

Diamonds are applied in the semiconductor business for their heat conducting
property and in drill tips for grinding as well as polishing applications. The hardest
material is the synthetic nanodiamondwhich is abrasivewith good electrical insulator
crystallizes in the cubic system which is three times greater than the density of
graphite. Dust of diamond can be used as abrasive and it is harmful if inhaled. These
results descend in oodles of electrical conductivity for carbon than for most of the
metals. The delocalization also accounts for the energetic stability of graphite over
diamond at room temperature.

Fullerenes are fused by pentagons, hexagons, and heptagons of carbon atoms
that can be wrapped into cylinders, ellipses, and spheres. Carbon nanotubes are
structurally resemblant to buckyballs; singly atom is trigonally bonded into a curve
forming a hollow cylinder. Carbon nanotubes, a nanocarbon form, have tremendous
mechanical and chemical properties contributing from the last two decades and their
applications in diverse fields.

Carbon forms compounds that are of organic, inorganic, and organometallic.
Catenation is the property by which carbon forms very strong and stable long

chains which form a countless number of compounds. Carbon fixation causes photo-
synthesis that makes it possible to form organic compounds which are used by plants
and animals. The structural formula for methane and carbon cycles is referred to in
Fig. 3. The enormous amount of carbon can be used by plants by photosynthesis as
their intake is carbon dioxide.

Hydrocarbon in its simplest form of organic family and its backbone can be substi-
tuted by heteroatoms that include nitrogen, sulfur, oxygen, phosphorous, lithium, and
magnesium which form many groups in biological compounds. Categorization and
study of these can be termed by functional groups. Lubricants, plastics, refrigerators,
fossil fuels, and petrochemicals use different forms of hydrocarbon.

Fig. 3 Methane structural formula and carbon cycle
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Fig. 4 Figures of oxides of carbon

Prevailingly carbon-containing compounds when hooked up with minerals or
which do not contain bonds to the other carbon atoms, halogens, or hydrogen are
reckoned solely from classical organic compounds. The definition is not rigid as the
rubric of some compounds can vary from author to author. Simplest oxides which
are unstable form inorganic compounds such as carbon dioxide, carbon monoxide,
cyanide, cyaphide, carbon suboxide, dicarbon monoxide, and carbon trioxide.

Carbon metal covalently bonded forms organometallic compounds fencing alkyl
metals, metallocenes, and transition metal carbine. Grouping of hetero atoms occurs
in a large number of organic compounds.

2.1 Energy Storage

Energy generation techniques to store energy take a pivotal step in the present gener-
ation [2]. The anodes of battery constitute carbon allotropes such as graphitic carbon
palliating electronic conductivity which has a higher capacity of ~ 372 mA h g−1

intercalated with lithium insinuated compounds which may have flung up to
~ 524 mA h g−1 [3] residing with intralayer voids between them. As graphite shares
the same structure as that of graphitic carbon nitride, it shows good cyclability,
voltage range, and high conductivity. Many reports have been examined, and due
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to cycling, irreversible capacity losses were significant with the limiting factor of
electrical resistance. To trim buffer additives that are electronically conductive are
interposed as intermittently the additives does not boost theoretical capacity [4]. The
incorporation of carbon nitride may lead to practicable anodes for batteries. The
coulombic efficiency can further be increased by doping N with the open structure
for the anodes with high discharge capacities with histrionic electrochemical perfor-
mance furnishing extra sites for the lithium exchange and storage by replacing C
atoms with N atoms. Irreversible reactions can be reduced by pyridinic-N in the
graphitic carbon nitride [5] supporting the lithium storage by improving its capacity
with superior conductivity. This N type describes the electrodes based on carbon in
the lithium-ion batteries.

2.2 Photo Catalysis

Photocatalysis has been a distributary for thriving applications such aswater splitting,
energy conversion and storage, and solar technology and has its impact on conver-
sion of carbon dioxide into bearing fuels, light-driven water splitting, enervate waste
pollutants, selectivity regarding toxicity, ease in the synthesis, band structure, and
electronic nature. Enhanced photocatalytic property and water splitting have drawn
considerable interest during the decade and even until now [6]. Photocatalyst has to
felicitously capture as much as light transpiring from the sun in the visible range at
the surface of the earth to split into its elemental constituents at the molecular level.
By engineering these hybrids, tuning the already existing graphitic carbon nitride
is done by revamping the electron–hole pairs mobility and preventing its recom-
bination. This leads to the improved redox photocatalytic activity driving toward
energy generation producing hydrogen fuel [7]. The face-to-face interface explicates
the 2D heterojunction nano-architectured carbons. This exhibits various limitations;
complexities, queries, chemistry and physics involved, and environmental impact,
which has drawn significant response to photocatalysis [8]. Due to the wide semicon-
ducting nature of carbon nitrides, they have turned out to play a reminiscent role in
the modern interest in photocatalytic water splitting by doping a co-catalyst. Future
development is done by understanding the composition, structure, and different prop-
erties of the compounds. Graphitic carbon nitrides have 2.5−2.8 eV of bandgap and
its tuning plays a major role by overbearing the visible range that can be determined
by p−p* transitions. Coupling with metal oxides by hydrothermal and deposition
heating increases the photocatalytic performance of the composites [9]. In factuality,
this photocatalytic activity was amended by incorporating graphene nanostructures
reduced Graphene Oxide (rGO) which increases the efficiency of the reaction at a
low cost.
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2.3 Photoluminescence (PL)

Semiconducting materials having wide band gaps exhibit PL property; graphitic
carbon nitride with 2.7 eV emits blue PL when it is dissolved in solvents ranging
from400 to 650 nmwith tremendous stability comparedwith carbon dots. In addition
to ferreting metal ions and bio-molecules, g−C3N4 can also respond to temperature.
The g−C3N4 nanodots are accounted as nitrogen-rich carbon with the luminescent
property with sumptuous stability than carbon dots. Photoluminescence gives way
to g−C3N4 nanosheets for a potent counter response to the copper ions for chemical
sensors.

3 Introduction to Carbon Nitride and Carbon Oxide

Carbon exists in two main forms as oxocarbon or honest form of carbon monoxide
(CO) and carbon dioxide (CO2). In accession to suboxide (C3O2), a form of carbon
also forms. These forms are shown in Fig. 5. Carbon when reacts with oxygen
forms carbon monoxide and carbon dioxide which are parts of the carbon cycle.
Carbon monoxide is weighed as a senseless killer and poison. Since CO2 is natu-
rally produced through metabolism and consumed by photosynthesis. As of now to
help appraise environmental issues, Carbon Dioxide Information Analysis Center
(CADIAC) provides data regarding the gases and climate change.

Some of the oxides are stable at room temperature and decompose to oxocarbons
when they get warmed. Intermediate chemical reactions are observed momentarily
which exist in the gas phase or detected by matrix isolation. Oxocarbon’s molecular
orbital is similar to that of nitrogen (iso-electronic). The electronegativity of oxygen
is greater than carbon. They are highly stabilized with low energy with three filled
bonding orbitals and two nonbonding orbitals. One of them is closer to carbon atomic
orbitals and another is closer to the oxygen atomic orbitals.

Fig. 5 Reactions of carbon oxide with Nickel and hydroxyl compounds
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Fig. 6 Polymeric rings and Oligomers of Suboxide

Fig. 7 Nucleophiles, Reaction of CO2 with nucleophiles

3.1 Carbon Oxide and Its Applications

3.1.1 Carbon Oxide

Carbon oxide is a stable diamagnetic molecule. It is formed when graphite gets
combusted in presence of heat in the limited amount of oxygen. Having a molecular
weight 28.01 g/mol with a boiling point−191.6 °C, it is electron-rich as carbon being
odorless gets dissolved in water (0.0352vol/vol) yet flammable with dangerous toxic
gases which do not give any heads-up also reacts with electrophiles. It strongly binds
with the oxygen-carrying protein and prevents oxygen binding which does not break
down by processes of the body stopping the circulation of hemoglobin that leads to
suffocation.
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Structure ofCarbonOxide: Using valence electrons, CO can have a Lewis structure
and CO2 can have three resonance structures and signify the strong chemical bonding
between the two. By auditing the electronic configurations of oxygen: 1s22s22p4 and
carbon: 1s22s22p2. Carbon has four valence electrons and oxygen has six valence
electrons so the S and P orbital are employable for the bonding. This valence bonding
approachbondswith the over lappingof twoPorbitals andoneσbond in the formation
of C≡O.

Reactivity of CO: As an example, the reaction is followed, where nickel is tangled
in the center with CO and also reacts with hydroxyl radical which is very poor.

CO is evolved when steam reacts with red-hot coke with H2 as a byproduct which
can be used as industrial fuel also called as water gas. As for lab-scale purpose,
CO is prepared as sulfuric acid removes the substitutes of water because CO readily
gets oxidized to form carbon dioxide, heating formic acid (HCOOH) or oxalic acid
(H2C2O4) in presence of sulfuric acid (H2SO4). CO is useful as gaseous fuel and used
as a metallurgical reducing agent for metal oxides at higher temperatures (Eg: CuO
and Fe2O3).

3.1.2 Carbon Suboxide (C3O2)

Carbon suboxide (acid anhydrideofmalonic acid) is a linearmoleculewith a turbulent
smell; Dehydration of malonic acid produces C3O2 with phosphorous pentaoxide at
140−150 °C. In presence of light, it decomposes to ketene (C2O) and reacts with
water to produce the acid. The polymers and oligomers of carbon suboxide are shown
in Figs. 8 and 9. It polymerizes to a linear chain with lactone six-membered ring

Fig. 8 Tectonic structures of g−C3N4 (a) triazine, (b) tri-s-triazine heptazine structures can be
viewed as graphite whose lattice is partially substituted with nitrogen atoms [10]
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Fig. 9 Structure of Beta
carbon nitride

instinctively into carbon and oxygen polymer with 3:2 ratio with carbon backbone
having alternate single and double bonds.

3.1.3 Carbon Dioxide

The carbon dioxide used as a building block in organic synthesis having a molecular
weight 44.04 g/mol freezes to form dry ice at −78.5 °C. It is produced when any
geometry of carbon gets combusted in overage of oxygen with odor and colorless
as it is heavier than air. It is toxic if a large amount of concentration is inhaled.
The Earth’s atmosphere contains 0.04 percent volume of carbon dioxide and has
increased excessively by burning fossil fuels causing greenhouse effect allowing
UV to penetrate the earth’s surface and reradiated as infrared radiation. When it
is absorbed by water, it cannot abscond into space which is a reason to boost the
temperature day by day having its impact on agriculture, climate, and environment.
As the end product of fermentation, combustion, and metabolism, the human body
produces ~1.04 kg ofCO2 per day via cellular respiration through the energy obtained
by breaking down the fats, sugars, and amino acids. CO2 tends to fall during summer,
as plants consume most of it, and increase during winter. It is covalently bonded
centrosymmetric with no net dipole and has a triple bond charge. It serves as a
catalyst for the plants to carry out photosynthesis. Two sigma antibonding and two
sigma bonding are made by combining carbon’s 2 s and 2p orbitals. Carbon’s 2p(x)
combineswith oxygen’s group orbital (y) and carbon’s 2p(y) combineswith oxygen’s
group orbital (x) thus making 2 pi bonding and 2 pi antibonding orbitals.

CO2 which is electron-poor acts as an electrophile through the Lewis structure.
When carbonates get heated up, they produce CO2 as a byproduct, and when CO2

reacts with nucleophiles, they produce calcium oxide.
Calcium carbonate (CaCo3) when heated (burned in excess of oxygen) yields

carbon dioxide and calcium oxide (CaO).
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CaCo3 + HeatCo2 + Cao.

CO2 is useful in.

• Beverage industry
• Fertilizers
• Growth of plants in the green house
• Dry ice
• Fire extinguishers
• Inert environment for raw materials
• Solvent extraction.

3.2 Carbon Nitride and Its Applications

A makeshift for design and optimization to reach current applications in energy
harvesting, photocatalysts, fuel cell, and electrolyzer catalysts [11] is momentous
which reckon on the idiomatic set of chemical, optical, and electronic properties.
They are produced from substituting carbon atoms with nitrogen in the structure.
Like carbon derivatives, carbon nitrides gained a long history from 1834, Berzelius
coined it “melon”. Because of its uncataloged structure, insolubility, and chemical
inertness, basic solvents were not fully reputed. Another string of planar carbon
nitride layers formed by polytriazine imide linked units furnish scrum for Li+ Br, Cl,
and H+ ions. Carbon nitride has two covalent compounds: Graphitic carbon nitride
and Beta carbon nitride. It is an acute time to understand the structural, physical,
chemical, and mechanical properties of these materials in terms of their function.
Carbon nitride developedwith intralayer chemical reactivity led to the catalytic appli-
cations either intrinsically or incorporated with metal/metal oxides. There are three
different classes of carbon nitride: CxNy materials classified into triazine(TGCN)-
based and heptazine(HGCN)-based graphitic carbon nitride; CxNyHz compounds
divided into monomer/dimer and polytriazine imide; N-doped carbons that are
polymeric, cross-linked polymeric, and heptazine-based thermolysis products with
graphitic domains.

The instinct to capture light from the sun in the visible range and splitting
them into elemental components en route to energy harvesting through exothermic
recombination leading to the application in photocatalysts [12, 9].

In solid-state lithiation with the incorporation of carbon nitride with reduced
crystallinity triazine-based compound, the electrochemical storage capacity of the
battery in anode boosts the conductivity of electrons [13].

3.2.1 Graphitic Carbon Nitride

Graphitic carbon nitride (g−C3N4) with the general formula (C3N3H)n is a stable
allotrope with 2D conjugated polymer that belongs to the family of carbon nitride
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with substantial substructures currish on heptazine and poly(triazine imide) units
with different conditions of reaction, condensation, and reactivities. Notably, most
of thematerials synthesized to date boast not only C andN but also tectonic quantities
of H as an imperative component of their structures.

Carbon’s owed porosity property makes it ideal for the electrodes of batteries and
supercapacitors, carbon dioxide storage, solid-state hydrogen, and hydrogen storage
[14]. Surface area, active edges, and accessible channels can be increased by the
incarnation of porosity to g−C3N4 which promotes light-harvesting, reactions at the
surface, mass transfer, and charge separation with semimetals [15] 2-Dimensional
materials have perceived Herculean absorption in the past decade to have been cited
for over 40,000 times till now. Similar to graphene, g−C3N4 has weak van derWaals
forces between the layers which could be due to liquid exfoliation from bulk g−C3N4

inwaterwhich shows extreme density of states near to the conduction band by density
functional calculations with tunable surface area [16].

It can be synthesized from the polymerization of cyanamide, melamine, and
dicyandiamide using in-situ or ex-situ synthesis [16]. A recent report suggests that a
new chemical vapor deposition (CVD) [17] method favors the formation of graphitic
carbonnitride layers byheating the fusionof uric acid andmelaminewith alumina and
alsowith silver nanocomposites and titanium dioxide [18]. The principle calculations
prognosticated seven angles of graphitic carbon nitride as shown in the table.

Using triazine ring, this formation can be identified using characterization tools
such as Fourier transform infrared spectroscopy, photoluminescence spectroscopy,
and X-ray photoelectron spectroscopy.

g-C3N4 is electron-rich with high physiochemical stabilities and groovy elec-
tronic band structures, earth abundant, and can be used for energy storage [19],
sensing, imaging, catalytic applications, insulators, inert coatings, medical coatings,
and tribological coatings in its micron-sized graphitic carbon form. The main appli-
cation of this in the area of a fuel cell with the polymer electrolyte or with proton
exchangemembrane is owing to theirwide bandgap that reduces the agglomeration of
carbonaceous materials caused by etching. To improve the performance and selec-
tivity, chemical modifications, doping, and protonation make it amenable to have
metal-free heterogeneous catalysts [20]. The basic applications of g-C3N4 are works
as metal-free catalyst in photocatalysis and no decomposition, for differentiating
oxygen activation in oxidation reactions.

Applications: g−C3N4 finds its applications in wide bandgap semiconductors,
photocatalysts, heterogeneous catalysts, and energy storage materials.

3.2.2 Beta Carbon Nitride

Beta carbon nitride (β−C3N4) [10] is a 3D molecule in one layer with a carbon atom
having four separate bonds, each nitrogen atom having three. It has a strong bond
in the stable crystal lattice which is a super hard material and it can be synthesized
by mechanochemical processing such as ball milling. The milling process reduces
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the grain size to nano-size sub-grain forms. Dissociation of NH3 molecules into
monoatomic nitrogen that adhered to the surface of carbon results in the nanoscale
amorphous–flake structure of β−C3N4 that can be found purging under argon atmo-
sphere. Nano-sized carbon reacts with free nitrogen atoms sequel with high surface
area and particle dimension forming β−C3N4 [21]. Nanorods with no defects of
β−C3N4 can also be formed by thermal annealing which can change flakes into rod
or sphere-like structures of compound purging with NH3 gas. These have hemispher-
ical ends with faster growth along axis direction having prismatic morphology with
high yield and low-cost method for the synthesis.

Diode sputtering, solvothermal process, ion implantation pulsed laser ablation
shock wave compression have sequels in thin amorphous films of β−C3N4 other than
nanorods and powder [22]. β−C3N4 was confirmed by characterization techniques:
transmission electron microscopy (TEM), X-Ray Diffraction (XRD), Fourier trans-
form infrared spectroscopy (FTIR), and selected area electron diffraction (SAED)
with a lattice constant a = 6.36Ao and c = 4.64Ao. It exhibits hardness more or
less compared to a diamond and has a bulk modulus of 4.27Mbar; a diamond with
the bulk modulus 4.43Mbar even utilized modifying iodine in the visible light range
[23].

Applications: optical and electronic engineering, wear resistance, tribological
factors, substitute for the uses in place of a diamond, and carbon nitride with TiN as
seeding layers.

4 Characterization Techniques

Characterization of Carbon Materials: The study ofthe basic chemistry involved
and structure of the solid-state carbon compounds to till is under development. The
flash heating from 900 °C to 1000 °C CHN (O) analyzers in an inert atmosphere
following oxidation and reduction reactions related compounds are determined [24].
Characterization of carbon and its derivatives is one of the vital parts of carbon study
and research. It includes the investigation of carbon and its allotropes structure and its
properties: defects and the number of layers in the graphene based on spectroscopic
and microscopic studies. Under this section, the characterization techniques that are
used for carbon and its allotropes to explore include XRD, ultraviolet-visible spec-
troscopy, scanning tunneling microscopy (SEM), TEM, and Raman spectroscopy
which will be propounded specifically.

4.1 X-Ray Diffraction

X-Ray diffraction is used to arbitrate the structure of the crystalline compounds
and polymers. Most of the graphitic carbon nanomaterials exhibit peaks with broad
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features amorphous to crystalline nature. The main peak is observed with inter-
planar spacing. The phase validation of compounds is based on data from unit cell
magnitude. Example of graphitic carbon nitride performed on Phillips Xpert SUPER
powder X-ray diffractometer with Cu Ka radiation and a strong sharp peak at 27.5°
matched with the graphitic carbon nitride with (0 0 2) matched with the previous
record. Graphitic carbon nitride prepared by condensation of cyanamide thermally in
nitrogen environment gives two peaks of desorption at 145° and 297°. The temper-
ature difference of the two desorption peaks alludes to changing of surface basic
intensity.

4.2 Transmission Electron Microscopy (TEM)

TEM is used to study the quality of the structure and these images are formed when
the electron beam gets intersected and transmitted through the specimen [10]. This
is a direct stronger coulombic interaction method between the electrons, not a field-
to-field interaction as X-rays. Electrons are scattered better in thicker areas than in
thinner areas which results in a thickness contrast. Phase contrast arises from the
interference of the primary beam and the diffracted beams and this is responsible for
the appearance of fringes in TEM images [25].

4.3 X-Ray Photoelectron Spectroscopy (XPS)

X-Ray photoelectron spectroscopy [10] is used for surface and chemical analysis
of materials. Surface analytical technique delving 1–10 nm samples represents bulk
composition. Powder samples are accumulated at the top of carbon tape, when irra-
diation of X-rays spectrum with the known wavelength having binding energies
(BE) is passed through the sample, it delivers the local coordination, oxidation state,
bonding fitted with Gaussian–Lorentzian to referee the concentrations of relative
various species [25]. The contamination by fretting the surface of the sample can be
analyzed with the beam of argon atoms.

4.4 Raman Spectroscopy

A qualitative measure of CNT alignment and structure is done by comparing the
G-band parallel Vs perpendicularly aligned sample directions. The structure quality
can be accessed when the monochromatic laser interacts with the phonons which
leads to shifts in laser energy due to scattering. Three main peaks exhibits in carbon
nanostructures—D, G, and 2D. D at 1350 cm−1 depicts disorders in the bonding of
carbon due to backscattering of phonon to conservemomentum.G peak at 1580 cm−1
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attributed to vibrational modes. 2D at 2700 cm−1 refers to second-order Raman
scattering near Dirac point. Raman spectrum of mono, bi, three, and four layers of
graphene on Ni electrodes deposited on alumina substrate can be obtained.

4.5 Ultraviolet-Visible Spectroscopy (UV–Vis)

UV–Visible is an analytical technique that readily determines the concentration of
substances and rates of reaction that takes place. It is used to measure the absorbance
of ultraviolet or visible light spectrum of material, quantitatively. UV-Visible tech-
nique estimates the chemical compounds in a complex mixture, energy bandgap,
functional group detection, identifying the unknown compound and measuring the
purity of the substance.

The light source emits the ultraviolet and visible region radiated energy sources,
moved to monochromator having prism. Rotating slits are used for the dispersion to
increase thewavelength, and transfer to slit for selection of beamenergy ismonochro-
matic, further divided to double beamspectrometer. Thedouble beamsource is passed
through sample and reference cell which are made from quartz. The detector receives
the two photocells from the sample and reference beams. To get clear and record-
able signals, the alternate current generated in the detector amplified a number of
times to improve intensity signals. These recorded signals produce a spectrum of the
desired compound. The electron transition occurs at π bonds for pristine graphene
and single-layer graphene oxide around 250, 270, and 230 nm [26]. The 550 nm
wavelength shows transmittance of 97% for the single-layer graphene.

4.6 Fourier Transform Infrared Spectroscopy

Infrared spectra are obtained by powder transmission or attenuated total reflectance
(ATR) that belong to a powerful family for chemical analysis of polymers, solid-
state/molecular compounds, and structure demystification. The IR spectroscopy is
applied to CxNyHz compounds—melem, melam, melon—to understand the struc-
tures of these riveting materials. Crystalline melamine gives two sharp peaks of N–H
stretching at 3469 and 3419 cm−1 that are affected by H-bonding that consists of
broader peaks at 3334 and 3132 cm−1 within molecular solid. The IR spectrum for
melamine, melem, melon, and melam can be elucidated.

4.7 Scanning Electron Microscopy

SEM is a technique employed to study the morphology, topography, crystallography,
chemical composition, orientation of grain, and structure in the nano range with a
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clear image with <2 nm special resolution. Electrons emitted from the tip applied by
cathode fall on the material surface after surpassing all the lenses. Then the signal
captured by the detector gives the image of active material.

Using silica template the structure of carbon nitride can be etched. The small
black spots of about 60 nm that are the connections between spherical pores that
originated from the neighboring silica spheres can be seen.

5 Future Perspectives

Carbon plays its application in almost every industry either new or improved tech-
nologies for production and application in renewable energy. The family of carbon is
graphene, fullerene, nanotubes, and its derivatives; carbon quantum dots, nanohorn,
nanoribbons, capsules, and cages.With doping and surface functionalization of these
derivatives’ architecture, it has applications in energy storage, catalysis, hydrogen
storage, and many more. The oxides of carbon have their own applications in these
categories either organic or inorganic species. Issues need to be resolved taking envi-
ronmental pollution personally. The chemical production renders on fossil fuels. The
acceleration of oxides and nitrides of carbon to recyclable active material precede
growth in the development of chemical industry. So the harmless transformations
of carbon oxides and carbon nitrides would be highly reposed. The use of carbon
sources in energy storage, photocatalysis, and solar with the amalgamation of metal
oxides and chalcogenides with hybrid heterojunctions is to be increased and it will
be the “crown jewel” in further future applications.
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Carbon-Based Nanocomposites:
Processing, Electronic Properties
and Applications

Manab Mallik and Mainak Saha

Abstract The last two decades have witnessed a large volume of research revolving
around structure–property correlation in carbon-based nanocomposites, synthesized
by several methods. The electronic properties of carbon-based nanocomposites vary
mainly as a function of the kind of reinforcement, method of synthesis, and structure-
dependent parameter. The structure-dependent parameter is highly influenced by the
reinforcement and method of synthesis and plays a vital role in determining the
ionic and electronic transport phenomenon in these materials. In other words, the
interaction between electrons and the equilibrium 0-D (point) defects, along with
different types of 2-D interfaces, plays an imperative function in the understanding
of electronic properties, apart from the physical and chemical properties of these
materials. The present chapter offers a concise overview of the state of the art on
research and detailed discussions on some recent developments in understanding the
electronic properties of some conventional carbon-based nanocomposites (synthe-
sized by different techniques) based on the structure–property correlation in these
materials. Finally, some of the significant challenges in this field have been addressed
from industrial and fundamental viewpoints.

Keywords Carbon · Nanocomposites · Oxides · Nitrides · Electronics · Sensors

1 Introduction

Since the last two decades, the structure–property correlation of a “hybrid” material
with integrated properties has gained much more attention to the design of a number
of “complex” materials [1]. Nanocomposites are one such class of materials that
are considered as a potential candidate for various advanced applications ranging
from nanoelectronics to energy-storage industries due to their exceptional electronic,
mechanical, and chemical properties.
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Nanocomposites are defined as composite or multiphase materials in which, as
a minimum, one phase has at least one dimension in the nanoscale (10−9 m) range
[2]. Nanocomposites have extraordinary physical, mechanical, and chemical prop-
erties, which make these materials appropriate alternatives to conventional materials
and composites. Among different nanocomposites, carbon-based nanocomposites
have witnessed a large volume of attention in the last two decades due to their
structure-dependent electronic properties, low density, and large specific surface
area [1, 3]. Carbon-based nanocomposites contain different carbonaceous mate-
rials (graphite/nanotube/C60) as matrix with various reinforced phases such as metal
oxides/sulfides/nitrides, etc.

In recent times, carbon nanotube(CNT)-based nanostructured composites have
proven to be promising materials for application in electrochemical supercapacitors,
gas and biological sensors, electromagnetic absorbers, and photovoltaic cells due to
the high charge transfer capacity of adsorbates [3]. This has arisen due to limited
charge sensitive conductance in single-walled (SW) CNTs, like in graphite [4, 5].
Hence, the novel strategies of combining CNTs with transition metals like Ru, Pt,
etc. [6, 7] and metallic oxides or conducting polymers have been attempted [8],
and a higher specific value of capacitance than CNTs in supercapacitor applications
has been obtained. However, the exceptionally high price of these materials limits
their application in commercial supercapacitors [8]. Besides, the need to cope up
with the ever-increasing requirements for greater energy density and power output
of rechargeable Li-ion batteries (LIBs) [9] has necessitated the usage of CNT-based
nanocomposites both as cathode and anode materials for such application. Recent
workhas also highlighted the use of graphite (with a suitable binder) as anodematerial
for potassium-ion batteries (PIBs) to improve energy efficiency than that of LIBs and
sodium-ion batteries (SIBs) [10].

Moreover, in the recent decade, the “correlative microscopy” methodology [11–
16] has been used extensively for structural characterization. One of the main
reasons as to why the “correlative microscopy” methodology has not been used
widely to study the structure–property correlation in C-based nanocomposites may
be attributed to the challenges involved in sample preparation. In addition, other chal-
lenges include the characterization of a light element such as C and understanding
the complex atomic structures in nanocomposites. This has also been the reason
behind a limited understanding of the structure-dependent parameter. Thus, most of
the literature published in this field can address the structure–property correlation
as a function of only process parameters (and not structure-dependent parameter)
in C-based nanocomposites. The present chapter focuses on the structure-dependent
electronic properties of nanocomposites from the state of the art in order to create a
new paradigm in the field of research on functional materials.



Carbon-Based Nanocomposites: Processing … 99

2 Why Is Carbon so Interesting?

Among all the elements in the periodic table, carbon turns out to be extremely inter-
esting, not only due to its ability to form several versatile isotopes but also because
of the ability to give rise to several completely different properties, on account of
being bonded differently with other atoms and molecules. In addition to the costly
diamond and graphite, various other forms of carbon include nanotubes, fullerene
molecules, graphene, etc. (Fig. 1) [17–22]. Different forms of carbon allotropes are
shown in Fig. 1 [21–24]. Table 1 also lists a few of the common allotropes of carbon.

In thewell-known diamond cubic crystal structurewith every carbon atombonded
to four other carbon atoms by strong sp3 covalent bonds, the absence of free (mobile)
electrons makes a diamond a hard yet a highly electrically insulating material. On
the other hand, graphite is formed by the stacking of 2-D hexagonal flat sheets of sp2-
bonded carbon atoms with the sheets weakly bonded by Van der Waals forces. This

Fig. 1 Structures of different forms of carbon allotropes (Reproduced with permission from ACS
Publications [21])
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bond interestingly leads to the high mobility of C between the sheets and primarily
accounts for the high electronic conductivity of graphite. The narrow bandgap
between conduction and valence bands in graphite also accounts for excellent elec-
trical conductivity in graphite. Before the onset of carbon nanotubes (CNTs) [25, 26]
and then graphene, the most investigated artificially synthesized allotrope of C was
fullerene C60 molecule with an icosahedral structure (having twenty hexagons and
twelve pentagons) in a truncated manner. Charge doping may also be employed as a
method to induce superconductivity in the semiconductingC60 molecule [17, 18, 25].

For defining CNTs, a chiral vector (c = na1 + ma2, with a1 and a2 being the unit
vectors of the 2-D hexagonal lattice of graphene and n and m being integers) is used.
Based on the number of graphene layers present, CNTs may be broadly classified
into two types: single-walled CNTs (SWCNTs) and multi-walled CNTs (MWCNT)
developed from one or limited single layers of graphene, with an interlayer distance
of nearly 0.34 nm. Graphene, on the other hand, exhibits extraordinary electronic
properties with electrons behaving as Dirac fermions and showing extremely high
mobility together with holes [9, 20]. Besides, the band structure of graphene with
the fully occupied valence band with the empty conduction band (both touching at
six points) renders a zero-gap semiconductive nature to graphene [20].

2.1 Graphitic Carbon Nitride-Based Nanocomposites

Graphitic carbon nitride (designated as g-C3N4) are semiconductor photocatalysts
with a medium bandgap. Moreover, they have been reported to possess non-toxicity
and excellent thermal and chemical stability. In recent times, the photocatalytic nature
of these nanocomposites is being investigated for wastewater treatment applications.
Based on dopants (dopedwith g-C3N4), these nanocomposites have been classified as
(i) metal-free g-C3N4, (ii) noblemetals/g-C3N4 heterojunction, (iii) non-metal doped
g-C3N4, transition, and (iv) post-transition metal-based g-C3N4 nanocomposite [21,
25]. Moreover, these nanocomposites have unique electronic configuration enabling
them to be coupled with other functional materials for enhanced performance [25].
However, investigations in these materials are in the preliminary stage, and only
limited information (till date) is known about these nanocomposites.

2.2 Carbon Nanotube(CNT)-Based Nanocomposites

Apart from the wide usage of CNTs owing to their properties [22–25], certain excep-
tional features render CNTs a perfect supplement for a large group of materials,
comprising metals, ceramics and polymers. The present state of research in CNTs
is mainly aimed at synthesizing CNT-based composites as an alternative to conven-
tional materials [25]. However, compared to CNTs, graphene-basedmaterials exhibit
numerous advantages, which include: a unique combination of mass production
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coupled with a low cost of manufacturing [25] and excellent electronic conductivity
[26]. In the context of electronic properties, it is highly interesting to discuss the inten-
sively studied RuO2-reinforced CNT used to design supercapacitor devices, having a
much higher cost and possessing toxic characteristics among inorganic supercapac-
itor electrode materials [3]. The use of CNT-based metal oxides/conducting poly-
mers as electrochemical supercapacitor electrode materials has not only resulted in
an extremely high specific capacitance (~180 F/g [4, 5]) but has also led to higher
electronic conductivity when compared to that inactivated carbon [3–6]. CNTs may
be synthesized by several methods ranging from arc discharge to different chemical
vapor deposition (CVD) techniques, and even industrial waste (especially from coke
ovens in integrated steel plants) such as coal tar may also be used as the starting
material for the same [27]. The radius of a CNT (typically varying between 100 nm
to 20 cm) strongly depends on synthesis parameters [3], and it strongly influences
the electronic properties of the material. CNTs are reported to be covered by half of
a fullerene-like molecule [7].

The present state of research on CNT-based nanocomposites mostly revolves
around the detailed understanding of supercapacitor behavior and the stability of
CNT-based metal oxides and CNT-based polymers through the engineering of the
structure-based parameter which involves composition, grain size, etc. [27], in
addition to enhancing the electronic, mechanical, and thermal properties of these
materials [27–32]. Kavita et al. [28] have studied the influence of poly (vinyl
butyral) and structural modification (based on acid-functionalized MWCNT treat-
ment) on the thermomechanical properties of the novolac epoxy nanocompos-
ites and reported a rise of nearly ~15 °C at the peak degradation temperature
in comparison to the unmodified novolac epoxy. In recent times, a double-layer
capacitor with fullerene-activated carbon composite electrodes has been reported
by Okajima et al. [32] to possess an extremely high capacitance even on a 1 wt%
ultrasonically treated electrode (loaded with C60). The first attempt to synthesize a
novel Pt-modified [PW11NiO39]5−@reduced graphene oxide (rGO) and Pt-modified
[PW11NiO39]5−@multi-walled carbon nanotube (MWCNT) composites has been
reported by Ensafi et al. [31]. Pyrrole-treated functionalized SWCNT exhibits excel-
lent electrochemical performance, which includes a high capacitance and power
density [33]. The plasma surface treatment of MWCNTs with NH3, leading to an
enhancement of total surface area and wettability of MWCNTs and an enhance-
ment in capacitance, has been reported by Yoon et al. [34]. CNTs/conducting
polymer composites, on the other hand, have been synthesized by several techniques,
among which the most common are the in situ polymerization (both chemical and
electrochemical polymerization) of monomers [35, 36].

2.2.1 Polymer/CNT-Based Composites

Owing to an excellent combination of thermal, electrical, and optical properties
[25], as already discussed in the earlier section, CNTs turn out to be potential candi-
dates in various newly emerged fields, which commonly include nanotechnology and
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biosensors. Polymer-reinforced CNT nanocomposites possess an excellent combi-
nation of mechanical properties and electrical conductivity for biosensor applica-
tions [35]. In the context of supercapacitor devices, the performance is largely
determined by MWCNT content in the composite electrode [37]. Consequently,
polypyrrole (PPy)/MWCNT composites can be employed as potential candidates for
supercapacitors with high capacitance and a long life per cycle [8, 37].

The composite electrodes composed of conducting polymers reinforced with
CNTs result in an enhancement of mechanical strength along with thermal and elec-
tronic conductivities [38]. PANI/MWCNT composite has been reported to possess
a specific capacitance combined with large retention of capacitance even after a
cosiderable number of cycles [39]. Besides, several conducting polymers, mainly
polyaniline, polythiophenes, and polypyrrole, have also been reported to possess high
capacitance [40]. This has rendered CNT-based conducting polymer nanocomposites
to be promising materials for energy-storage application in supercapacitors [41–44]
and many amperometric biosensors [41, 42]. Raman spectra of i-PANI/MWCNTs
and r-PANI/MWCNTs (PANI—Polyaniline) composites are represented in Fig. 2a,
wherein theRamanpeaks (characteristic of PANI)were observed to undergo a signifi-
cant change with temperature. Figure 2b shows the XRD patterns of PANI/MWCNT
composites, and Fig. 2c illustrates PANI molecular conformations as a function
of temperature [43]. The electronic properties of PANI, poly (vinylidene fluoride)

Fig. 2 Representation of a Raman spectra and b XRD patterns of PANI-reinforced MWCNT
composites with variation in weight fraction of MWCNTs (* represents CNT peaks) c schematic
image of PANI molecular conformations at various temperatures of synthesis (Reproduced with
permission from Elsevier [43])
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(PVDF), and MWCNTs were studied by Blaszczyk-Lezak et al. [41] wherein, the
surface functionalization of MWCNT was performed at 90 °C using concentrated
mixture of sulfuric and nitric acid for 24 h.

2.2.2 Activated Carbon (AC)/CNT-Based Nanocomposites

As reported by Navarro-Flores et al. [45], activated carbon (AC)/CNTs nanocom-
posite electrodes on being examined in an organic electrolyte (1.5 M NEt4BF4 in
acetonitrile) render a number of interesting results, the most significant of which is a
reasonably suitable compromise between energy and power density even for a CNT
content of 15 wt% [45]. Besides, a high cell series resistance of ESR (~0.6 �cm−2)
and high capacitance (~88 F/g) have also been reported from this work [45]. The
probability of making AC/CNT nanocomposite-based electrodes for supercapacitor
devices using the electrophoretic deposition (EPD) technique has been extensively
explored by Huq et al. [46] wherein, it was observed that the as-prepared AC/CNT
nanocomposite electrode exhibits excellent capacitance retaining (of nearly 85%)
even after a cyclic stability test for a prolonged time (~11,000 cycles [46]). Besides,
AC has also been used extensively as an electrode material in electric double-layer
capacitors (EDLCs) for a prolonged period owing to a remarkable combination of
high capacitance, long cycle life, and most importantly, low cost of manufacturing
[47]. Qiu et al. [48] have reported that activated hollow carbon fibers (ACHFs)
containing CNTs and Ni nanoparticles (CNTs-Ni-ACHFs) may be synthesized using
various techniques such as thermal reduction and chemical vapor deposition (CVD).
However, activated carbon (AC) remains usually used absorbent, primarily due to its
high surface area [49–51].

2.2.3 Metal Oxide/CNT Nanocomposites

Most of the studies on electronic properties of CNT-based RuO2/TiO2 nanocom-
posites have considered the potential window (−0.4 to +0.4 V) [53]. Alam et al.
[54] have prepared BaMg0.5Co0.5TiFe10O19/MWCNT nanocomposites with varia-
tion in the amounts of MWCNTs (0, 4, 8, and 12 vol.%) and demonstrated that
~8% vol. of MWCNTs in the produced MXCNT-based nanocomposite possess the
best microwave absorption capacity. Besides, an innovative technique to improve
the interfacial bond strength by developing a coating of magnesium oxide (MgO)
nanoparticles on the CNT substrate has been reported by Yuan et al. [55]. Metal
oxides often find suitable candidates for pseudocapacitive electrode materials for
supercapacitor devices due to their high energy density [55], unlike carbonaceous
materials. Titanium dioxide (TiO2) is presently a vital anode material for recharge-
able Li-ion batteries due to an excellent combination of high cycle life coupled
with high safety and low cost. Yuan et al. [52] have reported the synthesis of
MoO2@TiO2@CNT nanocomposites (sandwich structured) from CNTs through a
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Fig. 3 Schematic of synthesis processes forMoO2@TiO2@CNT nanocomposites (with sandwich-
like structure) (Reproduced with permission from Elsevier [52])

two-stage process involving (i) Hydrolysis of CNT to form TiO2@CNT and finally,
(ii) Hydrolysis and heating (in an inert Ar/H2 atmosphere) of TiO2@CNT to form
MoO2@TiO2@CNT, as schematically illustrated in Fig. 3.

2.2.4 Carbon Fibers (CF)/CNT-Based Nanocomposites

Based on the study by Islam et al. [56], CNTs, covalently bonded with CF through
an ester linkage in the absence of catalysts or coupling agents, may be employed to
acquire the combined advantages of improved interfacial shear and impact strength
[8]. The intention lies in the necessity for a higher level of tensile stress to detach the
CNTs from CF [57]. There are two methods used to reinforce CF with CNTs using
physical adsorption technique (based on weak Van der Waals interaction) to limit
the reinforcing effect [58]. CF/CNT-based nanocomposites have found an extensive
application in the context of lightweight automotive and aerospace components with
high fuel efficiency—“The present need of the hour.”

Wang et al. [58] have reported an improvement in the interfacial shear strength of
CFs using graphene oxide (GO) as reinforcement with CNT. CNTs have numerous
advantages as conducting wires compared to copper wires because of their size and
quantum effects [59]. Tamrakar et al. [60] accumulated poly-ethylenimine (PEI)
functionalized MWCNT using the EPD technique onto the glass fiber surface and
reported that the EPD method provides the required thickness of CNT coating,
thereby enabling control of interfacial resistivity between fiber and matrix.

2.2.5 CNT/Metal Nitride-Based Nanocomposites

Jiang et al. [61] have reported the electronic properties of CNT/metal nitride-based
nanocompositeswith remarkable electrochemical stability in the presence of strongly
corrosive electrolytes. The presence of CNTs enhances the electronic conductivity
of the CNT/TiN composites through the percolation effect (of CNTs) [61–63]. Based
on the published literature in this field, the mobility of conduction electrons through
the lattice to numerous scattering sites, ranging from point defects to different kinds
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of 2-D interfaces and numerous 3-D volume defects such as pores, etc, play a vital
role in influencing the electronic properties of TiN [64]. CNTs, likewise, provide
an excellent conducting path [61, 65], especially if these are located (or more likely
segregated) at the grain boundaries (GBs) of the composite. The presence of CNTs
at the GBs aids carrier transportability and improves the electronic conductivity of
the composite [63]. This is one of the aspects of material science research where the
“less well-known” structure-dependent parameter starts influencing the electronic
properties of the C-Based nanocomposites. CNTs have also been reported to serve
as an electrically conducting bridge connecting the domains of TiN, owing to the
higher charge mobility of the CNT–TiN composite as compared to that of TiN [63].
The other reported reason is the presence of strong interfacial cohesion between
CNTs and the matrix [63] due to the presence of TiN nanoparticles along the CNT
wall, leading to a highly efficient transfer of electrons from the matrix to the CNT.
The presence of ~12 vol.% CNTs in CNT-TiN nanocomposite has been reported to
exhibit nearly ~45% increase in electrical conductivity compared to TiN [64, 65].

2.3 Vanadium Nitride (VN)/Graphene (G) Composite

Until 2017, the practical implementation of rechargeable lithium–sulfur batteries
had been impeded by several issues. Among these, the shuttle effect and low
Coulombic efficiencywere themost significant. Thefirst report on the development of
conductive porous vanadium nitride (VN) nanoribbon/graphene (G) composite came
from Sun et al. [66]. Based on both experimental and theoretical results, vanadium
nitride/graphene composite has been reported to provide a strong driving force for
rapid conversion to polysulfides [66]. Sun et al. [66] reported that VN exhibits lower
polarization coupled with faster kinetics of redox reaction as compared to that in a
reduced graphene oxide (rGO) due to its excellent electronic transport [Fig. 4]. Based
on this report [66], the starting capacity reaches 1,471mAhg−1, and the capacity after
100 cycles is 1,252 mAhg−1 at 0.2 C, with a loss of ~15%, thereby proposing the
probable use for high-energy lithium–sulfur batteries.

Based on Sun et al. [66], the VN/G nanocomposite, prepared using a two-
stage Hydrothermal and Freeze-drying technique, schematically illustrated in Fig. 4,
combines the benefits of both graphene and VN. Figure 5 shows the X-Ray diffrac-
tion (XRD) pattern and TG-DSC (TG: Thermogravimetry, DSC: Differential Scan-
ning Calorimetry) curve for VN/G nanocomposite. Electron and ion transportation,
along with electrolyte absorption, is facilitated by the 3-D free-standing structure of
the graphene (G) network. Besides, the VN/G electrode has also been reported to
possess excellent specific capacitance (with amuch highermagnitude as compared to
the rGO electrodes). This pathbreaking work [66] has also opened up a new avenue
of research wherein even metal nitrides other than VN may be used as potential
cathodes to explore energy-storage capacity for applications in Li-S batteries.
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Fig. 4 The schematic view illustrates the synthesis of a porous VN/G composite electrode and the
cell assemblage with consequent optical images of the fabricated material. A scale bar of 500 nm
has been used (Reproduced with permission from Nature [66])

3 Nanocrystalline and Amorphous Carbon Films (CNx)

Hydrogenated or non-hydrogenated C films, often termed as diamond-like carbon
(DLC) films [3], may be either amorphous or nanocrystalline with mixed states of
sp3 and sp2 bonding. Those with a predominantly sp2 state of bonding are known as
graphite-like amorphous carbon (GAC) films. To be extremely specific, the bonding
and antibonding electronic states due to the presence ofπ bonds (of sp2 carbon sites)
determine the electronic properties and many physical properties of these materials
[4]. In the context of electronic properties, they are highly attractive due to a wide
range of DC electrical conductivity values at ambient temperature (ranging from ~10
to 101S/m [4]). A thermally activated process dominates the temperature dependence
of electronic conductivity in these materials (with σ = σ0 exp(−�E/kT); σ: intrinsic
conductivity [4], σ0: pre-exponential factor [4], �E: energy barrier [4], and T: abso-
lute temperature [4]) based on hopping mechanism [4]. Among the existing theo-
retical models, the variable range hopping (VRH) model [8] is the most commonly
used for studying the temperature dependence of electronic conductivity in these
materials. For instance, the electronic conductivity of activated carbon (AC) has
been reported to change from 1-dimensional (1-D) to 3-dimensional (3-D) during the
graphitization process, depending on the thermal treatment temperature [4]. Besides,
at temperatures below 1000 °C under high-pressure conditions, VRH is the primary
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Fig. 5 Plots illustrating the electrochemical performances ofVN/Gand rGOcathodes.aCVprofiles
of the VN/G and rGO cathodes (scan rate of 0.1mVs−1) between 1.7 to 2.8 V. b Galvanostatic
charge–discharge profiles of the VN/G and rGO cathodes (at 0.2 C). c Cycling performance and
charge (Coulombic) efficiency of the VN/G and rGO cathodes (at 0.2 C for 100 cycles). d Rate
performance of the VN/G and rGO cathodes at different current densities. e Cycling stability of the
VN/G cathode (at 1 C for 200 cycles) (Reproduced with permission from Nature [66])

conduction mechanism, as reported by Zhao et al. [67]. In 1-D VRH, the elec-
trical resistivity ρ follows an exponential relationship with temperature T (ρ = ρ0
exp(T0/T)x; ρ: electrical resistivity at temperature T [4], ρ0: electrical resistivity at
an infinite temperature [4], and T0: characteristic temperature [4]) with x = 1/2 for
1-D VRH [5]) with T0 related to localization length ξ for the wave function [6].
Even for large 2-D (with x = 1/3) or 3-D (x = 1/4) nanoparticles, VRH conduc-
tion mechanisms have been reported, indicating the change in electronic conduction
mechanism from 1-D to 2-D or 3-D [4]. The insulator–metal transition has been
reported to occur between non-graphitized and the almost-graphitized regions with
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the material exhibiting semi-metallic behavior in the near-graphitized region and a
nearly linear electrical resistivity–temperature (ρ-T) relationship. At higher sintering
temperatures (1200–1600 °C), the electrical resistivity of the graphitized activated C
exhibits a power-law relation with temperature (ρ = A+BT3/2: A and B: coefficients
of temperature [4]) with C behaving as a non-Fermi liquid [67].

The concentration of localized states by hydrogen in hydrogenated DLC films has
been extensively reviewed by Staryga et al. [68], where the effects of nitrogen doping
on the electronic transport characteristics have also been studied in amorphous CNx

films. These films owing to the localization of sp2 hybridized state and interestingly,
significant changes in the electrical properties have been observed in amorphous CNx

(a-CNx) films as a function of Nitrogen concentration. It has been correlated to bond
strength between N atoms and sp2 and sp3 sites of C [69]. The dynamics of hopping
transport in a-CNx have also been studied in detail using AC electrical spectroscopy
measurements [70–72].

3.1 Diamond-Like Carbon (DLC) and Graphite-Like
Amorphous(GAC)-Based Nanocomposites

One of the most researched topics in the context of electronic applications in DLC
and GAC films is their capability to use in electron field emission devices [4] and as
cold-cathodes in field emission displays [73, 74]. Incorporating boron is an effective
method to enhance the oxidation resistance of various carbon-based nanocomposites,
thereby avoiding the major drawback of surface oxidation in these materials. The
electronic conduction of these materials is generally reported in terms of Mott VRH
for localized electronic states near the Fermi level [73, 74]. Porosity, coupledwith the
highly inert nature, render DLC and GAC as ideal candidates for application in the
form of neutral or electron donor nanoparticle species required for the preparation
of hybrid materials for catalytic applications [74]. In devices such as rechargeable
Li-ion batteries (LIBs) meant for energy storage with high energy density, V2O5/C
composites have also been observed to improve high-rate performances [75].

3.2 Hard Nanocomposite Coatings with Amorphous Carbon

In the context of amorphous C(a-C)-based nanocomposite thin films and hard
nanocrystalline C-based coatings, there is a lack of understanding of the influence
of C atoms on the electronic properties of these materials. For instance, C segre-
gation at GBs is generally expected to lead to the formation of localized phases at
GBs, as recently reported by Meiners et al. [76], which depending on the structure
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Fig. 6 a Plot illustrating DC electrical resistivity vs. temperature of a-C/WC nanocomposites. The
solid lines (in the figure) represent the best fit with the GB model. b Elastic scattering free path (le),
grain size (D), and electron transmission probability (G) deduced from the model as a function of
atomic concentration of C (Reproduced with permission from Elsevier [4])

of GB, maybe either conducting or insulating [4]. Although, DC electrical resis-
tivity measurements as a function of temperature may be extensively used as an
experimental tool to investigate the structural evolution (involving grain size of both
the matrix phase and also of the phase present at GBs) of the composite films.
However, the novel “Correlative Microscopy” methodology, discussed in the intro-
ductory section of the review, has not been widely employed in these materials, till
date, to understand the presence of GB phase in these materials, although an exten-
sive review on the influence of structured interfaces on the electronic performance
of composite materials has been published by Mishnaevsky [77]. Figure 6 shows the
variation in electrical resistivity due to structural modifications inWC/a-C nanocom-
posites. The electrical resistivity vs. temperature curves suggest that the scattering of
electrons against 2-D GBs and 0-D point defects turn out to be extremely significant.
In such nanocomposite materials, the experimental results have been reported to be
easily validated by the GB scattering model [78]. Based on calculations using this
particular model (Fig. 6), the deduced grain sizes have been reported to be highly
consistent with crystallite sizes estimated from different structural characterization
techniques such as XRD and TEM [4]. Secondly, the calculated elastic scattering free
path (le) values have been reported to be in line with a high density of point defects
in the films [4]. Thirdly, grain size has been reported to be the main parameter
controlling the electronic transport phenomenon of these films. Based on the present
understanding of the vanishing of GBs in quasi-amorphous materials, the scattering
of electrons is mostly dominated by the high density of 0-D (point) defects, mainly
vacancies as reported by Sanjinés et al. [4].
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4 Some of the Major Limitations and Future Challenges
in This Field

4.1 From an Industrial Viewpoint

In the context of supercapacitors, presently, power limitation is a significant issue.
That depends on the type of applied electrolyte, electrode, and constant current.
A significant investigation on the effect of electrodes and their charge-storage
mechanisms on supercapacitor applications is needed.

In the context of supercapacitors, presently, power limitation is a significant issue
that depends on the type of applied electrolyte, electrode type, and several other
parameters such as evaluated constant current, to name a few, and much further
investigation on the electrodes and their charge-storage mechanisms is needed.
However, the present state of research in the energy-storage capacity of superca-
pacitors is focused primarily on the understanding of charge-storage mechanisms
(in sub-micropores) based on material design [80, 81]. Electrical energy is stored in
the bulk structure of electrodes, whereas the surface area of the electrodes opposes
this particular phenomenon of “charge storage inside the battery electrodes” [8]. At
present, both SWCNTs and MWCNTs have been extensively used in supercapaci-
tors owing to their high specific surface area, low electrical resistance, high cyclic
stability, and low mass density [8, 79, 80]. Besides, several investigations have been
carried out on exploring the charge-storage capacities of C-based materials such as
activated carbon, porous carbon, CNTs, graphene, etc. [79, 80].

Davies et al. [81] reported that oxides and nitrides of transition metals, as well as
conducting polymers, have the potential to improve the electrochemical performance
of supercapacitors. These materials are considered as pseudocapacitive materials.
Also, as reported by Ates et al. [8], EDLCs exhibit remarkably good cycling stability
but lower specific capacitance, whereas, on the contrary, pseudocapacitive materials
have low stability during cycling process owing to the reactions (faradaic type).

Hence, in recent times, there has been a considerable focus on utilizing a hybrid
material based on the combined advantages of both EDLCs and pseudocapacitive
materials. Although, at present, attempts aimed at the integration of C with redox
materials (polymer, metals oxides etc.) (for the purpose of enhancing the capac-
itive ability of redox materials) appear advantageous; however a detailed under-
standing on the influence of pore size distribution and process parameters (associated
with synthesis techniques) on the electrochemical performance of these materials is
currently limited. It is only through a proper investigation of some fundamental
aspects (in microstructural level) in these materials that supercapacitor devices may
be made to render a high energy density (similar to the currently rechargeable Li-ion
batteries (LIBs)) to the electrochemical capacitors (ECs), which leads to a substan-
tial influence on the future application of high power energy-storage devices. There
are numerous technological challenges to the use of CNT-based nanocomposites as
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electrode materials for LIBs, sodium-ion batteries (SIBs) [9], and the recently devel-
oped potassium-ion batteries (PIBs) [9]. The limiting factors mainly include poor
adhesion between at CNT/nanoparticle interface and problems of uniform dispersion
of nanoparticles in CNTs [8].

As discussed by Liu et al. [9], other significant challenges include the develop-
ment of environment-friendly and industrial fabrication techniques for application
in the battery systems. In recent times, graphene has been used as an alternative to
other carbon allotropes, including CNTs, for several applications, especially with the
development of various routes for synthesis [82–85]. Similar to graphene, graphene
oxide (GO) also exhibits an interesting combination of different properties, including
enhanced electrical conductivity and mechanical strength with a high level of non-
toxicity and large electrochemical stability. These combinations of properties make
both graphene and graphene oxide as suitable candidates for electrode materials for
LIBs and supercapacitors [86–88]. However, graphene may be used as an electrode
for rechargeable batteries such as LIBs, SIBs, and PIBs for energy-storage applica-
tions. But, the significant challenge viz. the development of an economic fabrication
technique for large-scale productionof thesematerials still needs to beovercome [87].

Besides, as reported byGuo et al. [89] andChang et al. [90], the globally increasing
demands for energy-storage applications have paved an avenue for many investiga-
tions aiming at industrial applications of Graphene-based nanocomposites, through
modifications in mainly the process parameters, associated with their fabrication
methods and subsequent understanding of structure–property correlation based on
such modifications. It is worth mentioning that the enormous potential of graphene-
based nanocomposites in energy-storage applications has been recognized by a large
number of cutting-edge research [91–104] in a number of areas such as photo-
electrochemical and photovoltaic devices, LIBs, supercapacitors, etc. In particular,
graphene nanocomposite-based LIBs and supercapacitors presently turn out to be
highly promising materials for energy-storage applications.

However, there do exist several unexplored avenues and a countless number of
challenges to be addressed before one may implement graphene-based nanocom-
posites in real industrial applications of graphene-based nanocomposites. The most
important of them all is the mass production of high and uniform quality graphene
nanocomposites. Secondly, photoelectrochemical and photovoltaic efficiencies in
devices based on graphene nanocomposites are still reported to be quite low even in
the most prototype devices [90–94]. Hence, as the fundamental questions remain
unaddressed despite numerous research from different groups getting published
almost regularly, the idea of aiming for industrial applications with these mate-
rials is nearly close to a myth. However, the challenges associated, especially with
the fabrication and both long- and short-term industrial applications of graphene
nanocomposites, make them one of the most exciting materials for energy-storage
and energy conversion-related studies and, hopefully, may be achieved in the near
future.

As discussed in an extensive review on interfacial engineering of Li-ion batteries
(solid-state) (LIBs) [105], the major drawbacks associated with research in the field
of LIBs have been due to the fact that those have been directed only toward obtaining
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highly efficient ionic conductors in the form of solid-state electrodes (SSEs) rather
than designing batteries for practical applications. This is further reflected in the
fact that the LIBs, used today, still have a number of limitations, such as low rate
capability coupled with limited energy and power density and low cycle life [105].
The limitations aremostly in terms of properties of the solid-solid interfaces (between
SSEs and other cell components such as cathode and anode) in the LIBs. However,
recently, there has been a gradual shift from seeking better SSEs to designing solid-
state batteries (SSBs) with high interface stability and interfacial resistance through
the design of an artificial buffer layer for the modification of buffer layer and (/or)
surface of electrode. For a rational design of the artificial buffer layer, a detailed
knowledge of the solid-solid interfaces viz. SSE/cathode and anode/SSE interfaces
is highly essential. The challenges associated with the interface between SSE and
cathode/anode are mainly due to the following:

(i) High resistance (at the interface) and consequent uneven current distribution
during the operation of the SSB due to limited physical contact at the inter-
face between SSE and cathode/anode leading to poor rate performance and
subsequent formation of Li dendrites [105].

(ii) Miserable cycle life combined with low energy and power density associated
with volume and stress may quickly deteriorate physical contact [105].

(iii) Formation of a thick passivated layer hindering the diffusion of Li+ across the
electrode/SSE interfaces due to electrochemical or/and chemical reactions
between the electrode and SSE [105].

In the context of interfacial stability with cathodes, development of a coating
between the cathode materials with an inorganic artificial buffer layer has been
reported to be a promising approach for improving the stability of the cathode/SSE
interface, mainly for sulfide-type SSEs [105, 106]. However, volumetric changes
associatedwith the cathode side of the cathode/SSE interface during repeated charge–
discharge cycles lead to the breakage of the buffer layer and a subsequent loss of
contact [105]. Design of hosting active materials with a large contact area in a porous
matrix (with high ionic conductivity) has been reported to be a promising strategy to
overcome the above challenge and may be developed using advanced 3-D printing
techniques [105].

For the purpose of producing a high-quality artificial buffer layer on the SSE
surface and/or electrode, numerous synthesis techniques have been reported to
be used [105]. These fabrication techniques may be summarized as (i) top-down
approach and (ii) bottom-up approach. In recent times, the magnetron sputtering
procedure has gained commercial success in the synthesis of thin-film SSBs whereas
atomic layer deposition has shown encouraging effects in the improvement of the
cycle stability of sulfide-type SSBs [105]. On the other hand, pulsed laser deposition
has been reported to be an attractivemethod for the preparation of high-quality buffer
layers with a stoichiometry, nearly similar to that of the bulk target [105]. This has
necessitated the exploration of the buffer layers through optimization of synthesis
techniques. Besides, the expense for large-scale commercial production of thin-film
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SSBs is also a concern that needs significant attention. Although several characteri-
zation techniques have been used to study liquid-based battery systems, a challenge
still remains in understanding interfacial behavior in SSBs [105]. Synthesis of highly
reliable artificial buffer layers may be employed in order to achieve mass production,
in order to enable the application of SSEs and help realize the potential of SSBs in
electric vehicles.

At present, theNa-ionbattery (SIB) technology seems tobe a replacement forLIBs
due to (i) lower cost, (ii) higher abundance of Na than Li, and most interestingly,
(iii) the chemistry of intercalation of SIBs, which is very similar to that of LIBs.
However, a considerable volumeof research needs to be done tomakeSIB technology
keep up with the standards already set by the LIBs, as discussed in an extensive
review on SIBs by Palomares et al. [106]. Several Na-based cathodic materials have
been investigated, mostly oxides, fluorophosphate, and phosphates [106]. Among the
materials investigated till date, oxides do not seem to be a good option owing to the
complexity of insertion–extraction behavior [106]. Phosphates, and fluorophosphate,
as reported by Palomares et al. [106], may be considered the right choice due to
the high stability of these materials and because the inductive effect of phosphate
polyanion produces enormous working potentials. However, the latter needs to be
studied in detail to have a better understanding of structural characteristics and Na
insertion–extraction mechanisms in these materials. This is one of the areas where
C-based nanocomposites (primarily, graphite-like materials) may find application
as negative electrodes in SIBs. It is primarily due to the presence of sp2 structure
that graphene sheets (of heteroatoms) produced during synthesis or post-synthesis
process may be expected to benefit the insertion process of Na ions between the
stacked layers (present in graphene).

As reported in a recent reviewon potassium-ion batteries (PIBs) [107], the cathode
materials used in LIBs may not be suitable for PIBs. For instance, one of the most
promising electrode materials available for LIBs is LiFePO4, for which the K-analog
has been reported to be practically inactive due to the demonstration of only a little
activity. Besides, the larger atomic radius of K as compared to that of Li also makes
it extremely hard to synthesize KFePO4 with the crystal structure of pure olivine
[107].

However, among the investigated cathode materials, the Prussian blue and its
analogs have been reported to show excellent electrochemical properties in terms
of both specific energy and capacity [107]. Its density is lower than that of layered
oxide materials, and limitations include high sensitivity toward water, inadequate
specific discharge capacity, etc. [107]. Hence, the significant challenge for designing
new cathode materials for PIBs is to have broader and more flexible void space to
accommodate high strain produced by the occupation of K ions. In the context of
anode materials, the most significant discovery for PIBs is the sandwiching of K into
different graphite layers,which has been reported to be advantageous over SIBs, since
Na cannot be sandwiched effectively into the layers of graphite [107]. The graphite
electrode used presently in PIBs has been reported to demonstrate excellent specific
capacity, rate performance, and cycle life [107]. Although C-based nanocomposites
have also been reported as potential candidates to store K ions [105–107], however,
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they are currently unable to compete with the graphite electrodes, in terms of both
initial Coulombic efficiency and energy density (arising due to the lower operating
potential of PIBs).

The challenge (in terms of high volume expansion) associatedwith graphite anode
during potentiation needs to be overcome for all practical applications [107]. Alloyed
anodes may be considered as promising candidates for full-cell PIBs owing to high
specific capacity; however, certain limitationswhich include high operating potential,
low initial Coulombic efficiency, high volume expansion, etc. need further investi-
gation. The materials used for intercalating K into different layers of graphite have
been reported to be potential candidates for stable anode materials for practical
PIBs [107]; however, detailed investigation in this direction is essential in order to
design an anode material with a combination of both high capacity and low oper-
ating potential. Apart from investigating individual electrodes in half-cell format, it
is extremely important to fabricate a full-cell followed by a proper investigation of
the same [107]. This is essential for the purpose of understanding the overall perfor-
mance of a battery. However, at present, only a limited amount of work has been
directed in this area. Hence, this turns out to be a field wherein a considerable volume
of work may be done, especially in order to increase the initial Coulombic efficiency
and energy density of C-based nanocomposites so as to be able to completely replace
the presently used graphite electrodes in PIBs, both in terms of economy and better
electronic properties. This necessitates in-depth investigations for a complete under-
standing of electrochemistry by finding an appropriate combination of electrodes
and electrolytes.

4.2 From the Fundamental Viewpoint

Despite an enormous volumeof published literature and reviews on electronic proper-
ties of carbon-based nanocomposites, very little is known about the role of different
kinds of defects on the electronic properties of these materials, primarily due to
lack of experimental information on the direct visualization of these defects. This,
of course, becomes highly interesting when the carbon-based nanocomposite, of
interest, turns out to be crystalline because of the onset of long-range atomic order
and the pre-existing short-range order of atoms. It has three entities: (i) the lattice, (ii)
1-D dislocations [108] and, most importantly, (iii) different kinds of 2-D interfaces
[109], on which the structure-dependent parameters are controlling the electronic
properties, or more specifically the electron transport in the material. The simplest
of the interfaces being grain boundaries (GBs).

Grain boundaries (GBs) act as electron scattering centers and, based on the GB
scattering model [77] has also been proposed to study the temperature dependence
of electronic conductivity in C-based hard nanocrystalline composite coatings. The
segregation of CNTs to GBs in CNT/metal nitride-based nanocomposites is bene-
ficial in the sense that it leads to the enhancement of electronic conductivity in
these materials [63]. In spite of the scattering of electrons at GBs, various C-based



116 M. Mallik and M. Saha

nanocomposites have now been studied for quite some time using DC resistivity
measurements [4]. One must recall some facts viz. dislocations, in any crystalline
material, possess a strain field around them and hence act as regions of localized
curvature in the microstructure of all crystalline materials [110].

The GBs possess five independent macroscopic degrees of freedom (DOFs) and
three dependent microscopic DOFs, which help define the structure of a GB. Based
on these DOFs, different types of GBs may be distinctly classified, each associated
with an entity known as GB energy [14], in a polycrystalline material. Moreover,
there is yet another entity associated with GB segregation known as GB excess
[14]. Based on the first fact, it may be expected that there exists a small change
in crystallographic orientation of regions adjacent to a dislocation from which the
strain field around the same maybe calculated based on several orientations coupled
with defect imaging microscopy techniques (such as electron backscatter diffraction
(EBSD) (both 2-D and 3-D) for orientation imaging and either TEM and electron
channeling contrast imaging (ECCI) for defect characterization) coupled with the
complicated strain tensor analysis [108–110]. The reason to why the present chapter
intends to address these facts is that there exist neither any experimental evidence
nor theoretical calculations to account for the influence of GB energy on the electron
scattering tendency from the GB. Hence, we claim that the proposed GB scattering
model [77] for studying the temperature dependence of electronic conductivity in C-
based nanocrystalline composite coatings also needs to incorporate an additional term
accounting for GB energy, in order to incorporate the influence of GB segregation
on the electron scattering tendency of GBs [14, 111]. Moreover, this will also make
the GB scattering model more robust and help in understanding the temperature
dependence of electronic conductivity in crystalline C-based nanocomposites. One
of themain reasons why a study on electron interaction with defects has beenmissing
in the context of C-based nanocomposites is the complexity of understanding crystal
structures of these incredibly complex materials and the complexity associated with
sample preparation for experimental investigations.

Besides, unlikematerials for various structural applications, a very limited amount
of research has actually been aimed at understanding the “structure–property corre-
lation” for electronic applications in C-based nanocomposites, using the concept of
“correlative microscopy” [11–16] which involves correlating the structural infor-
mation using a number of microscopy techniques from the region of interest in a
microstructure with the chemical analysis (up to the atomic level using atom probe
tomography (APT) technique [12, 13], for example) from the same using techniques
such as focused ion beaming (FIB) [11, 110–114]. Besides, for the sake of exper-
imental validation, first principle calculations are also a must. As discussed in the
introductory section of the present chapter, the potential reasons as towhy the “correl-
ative microscopy”methodology has not been extensively employed in understanding
the atomic structure-based electronic properties of these materials are the challenges
associated with sample preparation for the same and also in characterizing a light
element as C, which, either in free form or bonded manner, is the most essential
constituent in C-based nanocomposites. This, in particular, acts as a potential field
of research wherein a lot of future investigations may be carried out in order to
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understand the electronic properties of C-based nanocomposites based on analysis
at the atomic scale. In recent times, the emergence of artificial intelligence (AI)
and machine learning (ML) guided material design [115], also seems to offer a huge
potential in the design of C-based nanocomposites, which may aid material scientists
to tailor the electronic properties, through microstructural modifications based on AI
and ML guided design concepts. This field certainly needs numerous investigations,
in the future, as presently, this avenue of research is almost completely unexplored
in C-based nanocomposites.

5 Concluding Remarks

There remains absolutely no iota of doubt that C-based nanocomposites will find
numerous applications in various fields shortly and that the idea of developing these
C-based hybrid materials will be utilized to the maximum possible extent, owing
to the presence of numerous research possibilities, especially in the field of elec-
tronics, both industrially and academically. This will be necessary to render such
complex materials as C-based nanocomposites to get closer to being considered
more exclusively for day-to-day electronics-related applications in daily life.
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Tuning of SPR and Structural Properties
of Cu-Fullerene Nanocomposite

Rahul Singhal, Jyotsna Bhardwaj, Amena Salim, Ritu Vishnoi,
and Ganesh D. Sharma

Abstract Metal-matrix nanocomposite has a multitude of applications. The local
structure and optical modifications of these materials are studied using fullerene as
a matrix material, incorporated by noble metal nanoparticles of Cu. These metal-
fullerene nanocomposites are useful because of the amalgamation of different prop-
erties of the fullerene andmetal nanoparticles. Cu being cheap and abundant in nature
has an advantage over other metal nanoparticles. Cu nanoparticles being more reac-
tive are stabilized by incorporating them in fullerene matrix and therefore can be
used in various applications. The structural and optical properties (mainly SPR) of
Cu-fullerene nanocomposites are tuned by different methods and synthesis proce-
dures such as (a) Ion irradiation, (b) ion implantation, (c) thermal annealing and
(d) increasing the concentration of the Cu nanoparticles in the matrix material. In
this review all the factors influencing the tuning of structural and optical properties
of Cu-fullerene nanocomposites are investigated in detail. Each property is studied
by different characterization techniques such as, TEM, UV–visible spectroscopy and
electron diffraction method.

Keywords Metal-fullerene nanocomposite · Ion irradiation · Thermal annealing ·
Surface plasmon resonance

1 Introduction

Metal-matrix nanocomposites have a wide range of applications in memory devices,
optoelectronic devices, mechanical hardware, sensors, reinforcementmaterials, elec-
tromechanics, biomedical, etc. due to their bifunctional properties [1–3]. Depending
on the nature of the matrix, the properties of the metal can be tuned, eg. generation of
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surface plasmon resonance by using metal matrix nanocomposite thin film. Surface
plasmon resonance is the collective oscillation of surface electrons in the presence of
electromagnetic rays. This phenomenon is used in a number of applications such as
light sensors, solar cells, bandgap limiters, etc. The formation and tuning of SPR are
studied by variousmethods such as (a) low-energy ion irradiation, (b) high-energy ion
irradiation and (c) thermal annealing and a review is presented here for Cu-fullerene
nanocomposite.

Ion beam irradiation is used to alter the structural and optical behaviour of the
material at atomic and sub-levels. When the accelerating ion hits the sample, it
experiences a number of collisions as illustrated in Fig. 1. Depending upon the
nature of collision whether an electronic collision or nuclear collision, the effect on
the sample surface is studied. Nuclear loss is elastic and occurs with the ions having
the energy of the order of keV · nucleon−1. The collision results in recoil of the target

Fig. 1 Image shows electronic and nuclear losses happening after irradiating the sample by
120 meV N+ ions. “Reprinted from [18], Copyright (2018), with permission from Elsevier”
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Table 1 Studies done till date on CuC60 nanocomposite thin film to generate SPR

Nanocomposite Irradiating energy Metal concentration at% SPR References

CuC60 120 MeV Ag 3% No [4]

CuC60 120 MeV Au 1% No [5]

CuC60 120 MeV Au 5% No [13]

CuC70 120 MeV Au – No [20]

CuC70 120 MeV Ag 6.8% No [15]

CuC60 120 MeV Ag 18% 622 nm [9]

atom and an interstitial defect occurs. Therefore, the modifications in volume of the
sample surface occurs in nuclear stopping. On the other hand, electronic stopping is
inelastic in nature because the fast-moving ion transfers its energy to the neighbouring
electrons in the target material which provide the ground state electrons some amount
of activation energy to transit at a higher energy state. Some of the energy is used
to excite the phonons and produces thermal vibrations. Electronic loss dominates
at high energy (~1000 keV · nucleon−1). Singhal et al. and the group have studied
the formation and tuning of SPR through all the methods mentioned above and is
summarized in Table 1. The method of synthesizing CuC60 thin film is the same in all
the studies. The thermal co-deposition method is used to synthesize CuC60 thin films
with different concentrations of metal. These films were subjected to high energy ion
irradiation, low energy ion irradiation and thermal annealing. The different methods
of generating and tuning the SPR are reviewed below.

1.1 Tuning of SPR by High-Energy Ion Irradiation

CuC60 and CuC70 thin films are irradiated by 120MeVAu and Ag ions [4]. No traces
of SPR can be observed when the metal concentration is low but a change in bandgap
from 2.18 eV (in pristine) to 1.93 eV (at the highest fluence of 3 × 1013 ions/cm2)
is observed. This happens owing to the conversion of the fullerene molecule to the
amorphous carbon by ion impact. As the concentration of metal nanoparticle is so
low that the inter-particle distance is very large and therefore the growth of particles
is very small. The particle size before and after ion irradiation when the Cu(3%)C60

nanocomposite thin film is irradiated by 120 meV Ag ions, only increases from 2.5
± 0.05 nm to 2.6 ± 0.06 nm as calculated using transmission electron microscopy.
Nevertheless, when we increase the concentration of metal nanoparticles in metal
matrix nanocomposite to 18%, the pristine film itself shows SPR at ~622 nm and
after ion irradiation at highest fluence, a red shift of 11 nm in the SPR wavelength is
observed which is shown in Fig. 2. The red shift is due to the growth in the size of
the metal nanoparticles with ion irradiation [9].

The growth mechanism of metal nanoparticles can be explained by Ostwald
ripening and nucleation growth. In order to attain a thermodynamic stability, small
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Fig. 2 Optical absorption
spectra of pristine and
120 meV Ag ion irradiated
Cu–C60 nanocomposite thin
films. The inset shows the
SPR band variation with
irradiation. “Reprinted
by permission from
[Springer Nature] [10]
[copyright] (2019)”

metal particles which are already present in the matrix dissolve and deposit on
colossal particles succeeded by shrinking and growth of particles. This process is
called Oswald ripening. The inset of Fig. 2 shows the variation of SPR band with
the increase in irradiation fluence, also the spread of SPR band broadens. The Drude
approximation dielectric function depends upon the frequency which is given by
the equation below [5, 8]:

εm = 1 − ω2
p

(ω2 + iγω)
(1)

where ωp is the Drude bulk plasmon frequency which is represented as ωp

√
ne2
εom

where, n, e, εo and m are free e− density, charge of electron, permittivity of vacuum,
and effective mass, respectively. γ implies the damping constant, which defines the
width of the SPR and depends on the radius of the metal nanoparticle [5, 7].

γ (r) = γo + Av f

r
(2)

where A = constant defining the scattering details, vf = Fermi velocity, r = radius
of the nanoparticle and γ o = (bulk) damping constant.

Ifwe analyze the above equation (in accordancewith the particle size distribution),
the width of SPR gives two types of particle behaviour. (i) the particles smaller
than 25 nm intrinsic size effect dominate and it depends upon radius (r) of metal
nanoparticle as 1/r [6]. Hence, the width of SPR is inversely proportional to the size
of the nanoparticle. (ii) for the particles that have size >25 nm, the extrinsic size
effect dominates in which the size of the nanoparticle is directly proportional to the
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bandwidth. Also, the dual behaviour can be elucidated by the surface of nanoparticles
where the conduction band electrons get scattered. This broadens the SPR peak with
the decrease in the size of the metal nanoparticle. Hence, we can see in Fig. 2 the
SPR band broadening when metal nanoparticle size increases.

1.2 Tuning of SPR with Low-Energy Ions Irradiation

The advantage of low-energy ion over high-energy ion beam irradiation is that the
nanocomposite thin films having a metal concentration less than 18% can also shows
a surface plasmon resonance. CuC60 nanocomposite thin films having concentration
2 and 8.5% when irradiated with 120 keV N+ ions gives a SPR at a wavelength of
~630 nm [12, 14]. Here we observe a considerable increase in particle size. When
Cu(3%)C70 thin film is irradiated by 180 keV Ar ions, it gives tuning of SPR; firstly,
SPR gives a red shift upto a moderate fluence and then with an increase in ion irradi-
ation, a blue shift is observed [16]. We assume metal nanoparticles to be spherical in
shape so that we can easily predict their absorption cross section by usingMie theory
(also known as electrostatic approximation). The effective dielectric permittivity of
particles, in this case, is explained by assuming particles as Drude-like particles
having interband transition given earlier by Eq. (1) but with an extra expression for
interband transition [5, 7, 24].

ε(ω) = 1 − ω2
p

(ω2 + iγω)
+ χ ib(ω) (3)

When the size of metal is less than the mean free path of electron collision, we
can find the damping constant for bulk but it depends on the radius of a particle given
by “r”, as given in Eq. (2).

In such a scenario, damping constant increases with increased collisions. The
interband susceptibility is expressed by Kreibig and Vollmer [5]

χ ib(ω) = χ ib
1 (ω) + iχ ib

12(ω) (4)

The cross section of light absorption is given by

σ(ω) =
(
9V

c

)
ε
3/2
m

1 + χ ib
1 + 2 ∈m

× �2γω2 + κω3(ω2 + γ 2)

(�2 − ω2 + κωγ )2 + (γω + κω2)2
(5)
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where ω represents free space absorbing light frequency, V represents the volume
of the particle, εm represents the dielectric constant of the surrounding medium, the
resonance frequency is given by � = ωp√

1+χ ib
1 +2εm

and ε is the constant given by

χ ib
2

1+χ ib
1 +2εm

.
We can deduce the dependence of resonance frequency on the surrounding

medium from the above expressions and also on the shape and size of the nanopar-
ticles. As shown in Fig. 3, the pristine film does not show the SPR band because
of the tiny size of Cu nanoparticles as shown in TEM indicated in Fig. 5. When
the nanocomposite film is irradiated at a fluence of 3 × 1014 ions/cm2, a wide SPR
peak at ~617 nm is observed in which at a higher fluence of 1 × 1015 and 3 × 1015

ions/cm2, the peak is red shifted at the wavelength of 657 and 663 nm, respectively.
Figure 4 shows the shift in the SPR peak with fluence.

Maxwell–Garnett (MAG) effective medium theory is generally used to calculate
the peak position of SPR and also the full width half maximum in a complex system,
considering not only the different shapes of particles but also the absorbing matrix.
As fullerene C70 is an absorbing medium therefore we can effectively follow MAG
theory, which affirms that the growth of metal nanoparticles gives red shift in SPR
band. When both Figs. 3 and 5 are compared, we can see that with the increasing
fluence, metal nanoparticle size increases and hence we get the red shift in the SPR
position. But at the higher fluence of 1 × 1016 ions/cm2, fullerene C70 completely
transforms into amorphous carbon; therefore, a sharp change in the refractive index
of the matrix is noticed resulting in the blue shift of the SPR band at ~645 nm [17].

Fig. 3 UV–visible absorption spectra showing the evolution of SPR band and shift in SPR peak
position with increasing fluence of 180 keV Ar ion beam. “Reprinted from [19], Copyright (2019)
with permission from Elsevier”
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Fig. 4 Graph showing the shift in SPR wavelength with increasing fluence of ion irradiation.
“Reprinted from [19], Copyright (2019) with permission from Elsevier”

1.3 Tuning of SPR by Thermal Annealing

Thermal annealing is the easiest way to generate and tune the SPR band. CuC60

is synthesized by the thermal co-evaporation method and is annealed at various
temperatures ranging from 100 to 400 °C in the presence of a continuous flow of Ar
gas [11]. The concentration of Cu in this study is 27 at%. At a temperature of 300 °C,
the SPR is found at ~694 nm which is blue shifted to ~684 nm at a temperature of
400 °C. A similar study is done on CuC70 nanocomposite thin film having metal
concentration ~4.5 at% and it shows a red shift from 585 to 621 nm at the highest
annealing temperature of 400 °C [21]. This tuning of SPR from red shift to blue shift
or vice versa through thermal annealing is well explained by Vishnoi et al. in their
article [22]. The author has taken CuC70 nanocomposite thin film and annealed it at
different temperatures from 100 to 350 °C. A sharp red shift is observed as shown
in Fig. 6.

The effect of temperature on shifting and broadening of SPRpeak can be explained
by three effective components as described by Yeshchenko et al. in detail [24]: (a)
relation of matrix and dielectric constant, (b) scattering of electrons and phonons in a
metalmatrix systemand (c) thermal expansion ofmetal nanoparticles. The absorption
coefficient α(ω) of a composite thin film with non-interacting metal nanoparticles
(spherical) is expressed as follows by Kreibig and Vollmer [5]:

α(ω) = 9fωε
3/2
m

c

ε2

(ε1 + 2εm)2 + ε22
(6)
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Fig. 5 TEM image and particle size distribution for pristine Cu-C70 film (a and c) and Cu-C70 thin
films irradiated at highest fluence (b and d). Inset of a and b shows HRTEM and SAED pattern.
“Reprinted from [19], Copyright (2019) with permission from Elsevier”

where f represents the filling factor of the composite and εm represents the dielec-
tric constant of the host matrix. As discussed earlier that the position and width of
the SPR peak of Cu nanoparticles depend on the dielectric permittivity of metal
nanoparticles and the fullerene matrix, and therefore affects the absorption spectra
of nanocomposite thin film. The dielectric function which depends upon frequency
consists of two factors.

(i) Intraband transition (transition which occurs in conduction band) and
(ii) Interband transition (d bands to the conduction band).

εm = εf + εib (7)

and εib = εib1(ω) + iεib2(ω)

For small damping of resonance:

ε1(ω) = −2εm (8)
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Fig. 6 Absorption spectra of as-deposited and annealed Cu-C70 nanocomposite thin films.
“Reprinted from [23], Copyright (2019) with permission from Elsevier”

From Eqs. (1), (6) and (7), the SPR resonance energy for a nanoparticle is

ωsp =
√

ω2
p

1 + εib1 + 2εm
− γ2 (9)

Here, εib1 = the real part of interband transitions divided by the permittivity of
nanoparticles. The surface plasmon damping constant is given by Eq. (2).

There are two mechanisms to explain the dependency of SPR position and width
of SPR on temperature.

1. Electron–phonon scattering (effect on γ∞) and
2. Thermal expansion of metal nanoparticles

The number of phonons increases due to an increase in temperature in the metal
surface which gives the high possibility of electron–phonon scattering, affecting the
damping constant γ∞. The increase in γ∞ will result in the broadening and red
shifting of the SPR peak.

The second mechanisms concern the dependence of ε(T) in the thermal expansion
of nanoparticles. The size of metal nanoparticles increases with temperature which
is also confirmed by TEM images as given in Fig. 7.

Due to the thermal expansion of nanoparticles, the concentration of free electrons
decreases which leads to a decrease in surface plasmon frequency. This gives the
red shift of the SPR wavelength with temperature. The surface plasmon damping
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Fig. 7 (a) TEMmicrographs of as-deposited Cu-C70 nanocomposite thin film, (b–c) SAED pattern
and distribution of particles for as-depositedCu-C70 nanocomposite thin film, (d)TEMmicrographs
of Cu-C70 nanocomposite thin film annealed at 300 °C and (e–f) SAED pattern and distribution of
particles for Cu-C70 nanocomposite thin film annealed at 300 °C, (g) TEMmicrographs of Cu-C70
nanocomposite thin film annealed at 350 °C and (h–i) SAED pattern and distribution of particles
for Cu-C70 nanocomposite thin film annealed at 350 °C. “Reprinted from [23], Copyright (2019)
with permission from Elsevier”

constant varies with the size of the metal nanoparticle. The change in the radius of
nanoparticles through temperature is given by

R(T ) = R0(1 + β�T )1/3 (10)

According to the above equation, the thermal expansion will influence the
frequency and volume of bulk Plasmon and also some part of the damping constant
which is size dependent.

The SPR frequency which depends on temperature is given by
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ωsp =
√

ω2
p0

(1 + εib1 + 2εm(T))(1 + β(T)�T)
− γ2(T) (11)

This means that with temperature, free electron concentration decrease and
volume of nanoparticles increase. This decreases the SPR frequency which gives
red shift to the SPR wavelength position. The red shifted SPR frequency decreases
due to the increased damping constant which in turn is in effect due to increased
electron–phonon scattering. Thermal expansion in Cu nanoparticles attributes to the
red shifted SPR peak. On the contrary, the electron–phonon scattering in Cu nanopar-
ticles gives SPR peak broadening with increasing temperature. Any changes in the
refractive index of the matrix, the size of nanoparticles or their shape attribute to the
shift in SPR peak.

2 Conclusion

Cu nanoparticles embedded in fullerene matrix in form of nanocomposite thin films
have an advantage over other metal-fullerene nanocomposite thin films in terms of
cost. Its cost-effectiveness allows this nanocomposite to be used commercially in
various devices. The characteristics of Cu-fullerene nanocomposite thin films can
be changed in various ways like low- and high-energy ion irradiation and thermal
annealing. The main advantage of these techniques is to generate surface plasmon
resonance in the nanocomposite material. Tuning of SPR in the entire visible range
makes this material a competent material to be used in the active layer present in the
solar cells. The generation of characteristic SPR in each nanocomposite sample can
be used in the bandgap limiters. The tuning of SPR depends upon the concentration
of metal in the nanocomposite material and also on the change in refractive index of
the host matrix.
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Theoretical and Computational
Investigations of Carbon Nanostructures

Basant Roondhe, Vaishali Sharma, and Sumit Saxena

Abstract Carbon is one of the most versatile elements in the periodic table and is
known to occur in various allotropic forms. It has beenwidely explored since the eigh-
teenth century and its investigation in various forms haswitnessed continuous growth
thereafter. The effect of these advancements has guided numerous discoveries which
have not only addressed several aspects of materials physics, but also their appli-
cations. The development of theoretical and computational tools accompanied by
novel characterization techniques along with the ability to synthesize these reduced
dimensionalities of the carbon family like fullerene, carbon nanotubes, graphene,
carbon quantum dots, etc. has significantly improved the understanding of these
nanostructures. The ability of computational and theoretical techniques to predict
and provide insights into the structure and properties of systems plays a crucial part
in substantiating experimental findings. Theoretical and computational modeling of
various carbon nanostructures such as fullerene, carbon nanotubes, graphene, and
carbon quantum dots will be critically reviewed. The chapter begins with the descrip-
tion of the historical timeline of carbon nanostructures. How the models developed
over time have led to the development of carbon nanoforms is reviewed. The impact
of theoretical and computational approaches in understanding the physics of these
carbon nanostructures is also highlighted.
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1 Introduction

Carbon is one of the essential elements in the world; in terms of abundance, it holds
the sixth position of typical elements in the universe, fourth in our solar system, and
about seventeenth in the Earth’s crust [1]. The approximated relative abundance for
carbon ranges 180–270 parts per million [2]. It is also noteworthy that the presence of
carbon in human beings as an element is only subsequent to oxygen [3] and therefore
acquires around 18% of human body weight. One of the remarkable characteristics
of carbon is that it can occur in a broad area of metastable phases modeled near
ambient environments along with their extensive kinetic stability. Despite the fact
that carbon in its elemental form is relatively scarce on the earth’s crust [1, 2, 4],
it plays a significant role in the ecosystem of the earth. With the ongoing research
toward the development of various unique forms of carbon, the current century can be
rightly called “The era of carbon allotropes” [5]. Carbon nanoforms or nanostructures
comprise various low-dimensional allotropes such as buckminsterfullerene or C60,
carbonnanotubes, graphene, poly-aromaticmolecules, and carbonquantumdots. The
uses of these nanostructures have been explored in different areas like nanoscience,
materials science, engineering, and technology [6–12]. Recently, nanotechnology
has gathered much attention because of its direct application in developing novel
materials comprising significant properties like better directionality, high surface
area with flexibility, etc. [13–18]. These properties uncover various applications
of carbon nanomaterials design in almost all research domains [9, 19–23]. Ergo,
in recent past decades, carbon science has become a trending topic along with its
nanoscience discipline.

Carbon is traditionally understood to occur in only two naturally occurring
allotropic configurations known as graphite and diamond. Nevertheless, the crystal
structure and properties of graphite and diamond are significantly different [24–
28]. Chemically, the tendency of carbon atoms to create covalent bonds with other
carbon atoms leads to the formation of novel allotropes in the carbon family [29]
such as buckminsterfullerene [30, 31], carbon nanotubes [32, 33], and graphene
[11]. Although the existence of carbon and its applications has been known to us for
centuries, the modern timeline for the development of carbon science is represented
in Fig. 1.

A new chapter in the exploration of the carbon family began with the discovery
of buckminsterfullerene’s (“buckyballs”) [30] in the mid-1980s accompanied by the
discovery of fullerene nanotubules (“buckytubes”) [33]. The breakthrough discovery
of these nanostructures triggered increased research efforts in the exploration of
carbon materials. Table 1 presents some predictions and discoveries of carbon
nanostructures.

The theoretical and computational approach has made significant contributions in
the field of carbon nanostructures (graphene, fullerenes, and carbon nanotubes) by
offering a framework with predictive structures along with their chemical and phys-
ical properties. Computational framework in nanoscience has consistently comple-
mented the experiments for the development of carbon nanostructures with the
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Fig. 1 Timeline of carbon nanostructures

Table 1 Timeline of predictions, discoveries, and observations of carbon nanostructures

Years Occurrence Observations

1966 Graphite molecules with hollow-shell were
described

Assumption of molecule shape by
graphite is made by Jones [34]

1970 A soccer ball-shaped C60 molecule is
suggested

Osawa [35]

1973 Prediction of stable C60 was described Huckel calculations; closed-shell
electronic structure is expected by
Bochvar and Galperin [36]

1980 Nanotubes were first observed Using arc discharge method by Iijima
[37]

1985 After several hypotheses,
Buckminsterfullerene, C60 was discovered

Kroto, Smalley et al. detected C60 and
C70 in the mass spectrum of
laser-evaporated graphite [30]

1991 Prediction of hyperfullerenes was made Curl and Smalley [38]

1993 Single-wall nanotubes were discovered Using arc process in the presence of iron
and cobalt catalytic particles by Iijima
et al. [39] and Bethune [40]

2004 Discovery of Graphene A monolayer graphene was developed
using a Scotch tape technique [41]

2004 Discovery of carbon quantum dots Fluorescent carbon quantum dots were
derived accidentally from single-wall
carbon nanotubes (SWCNTs) [42]
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prediction of their properties. The theoretical approach also provides an under-
standing of the reaction and separationmechanisms of carbon nanostructures. Exper-
imental methodologies like X-ray diffraction and nuclear magnetic resonance are
used for probing and solving the crystal structure of any material. A computa-
tional approach can be used alternatively. Several methodologies were developed
to deal with the problem of structure prediction. One prominent and effective model
comprises investigating material’s crystal structure, energy, and thereby choosing
the material with the lowest energy as the “best guess” solution. In this context,
various methods have been established. Random crystal structure prediction is an
easy way that produces random atomic compositions with optimization to stabi-
lize those compositions (inside the limits of bond lengths) [43]. While random
crystal structure prediction is simplistic, unbiased, and easy to parallelize, it necessi-
tates sampling various configurations to achieve better results. Another widespread
approach to improve efficiency is evolutionary algorithms [44], which initially starts
with a random structure and then enriches guesseswith the lowest-energy results with
each iteration [45]. In order to improve the results of structural prediction, different
algorithms, force statistics, and data mining [46–50] are used to study criteria for
crystallization such as in the Inorganic Crystal Structure Database [51]. However,
the drawback of data mining methodology is that it is identified by the compounds
analogous to previously observed ones, hence, lacking in novel and distinct structural
phases. The recent approach for efficient crystal structure prediction involves partial
experimental information to apply limitations on symmetry [52]. Every method has
its own significance for different applications.

To accomplish electronic structure calculations of carbon nanostructures like
fullerenes andmodel CNTs,many-body empirical potentials, empirical tight-binding
molecular dynamics, and local density functional (LDF)meanswere utilized at begin-
ning of the past decade [53, 54]. The Huckel approximation was used to investigate
electronic structure for large Ih point group fullerenes [55]. The geometry optimiza-
tions of these large fullerenes were also carried by methodologies like molecular
mechanics (MM3), semi-empirical methods [56], AM1 [57], PM3 [58], and Semi-
Ab InitioModel 1 (SAM1) [59]. The computational strength has also been extensively
evolving due to the availability ofmore powerful computing resources.Consequently,
theoreticians are delighted in examining and developing carbon nanostructures past
molecular mechanics and semi-empirical methods. An analysis of theoretical and
computational approaches utilized to explore different nanostructures of the carbon
family is provided in this chapter.
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2 Zero Dimensional (0D) Carbon Nanostructures

2.1 Fullerenes

Fullerenes form a hollow cage-like arrangement of carbon atoms comprising solely
of hexagon and pentagon rings. Buckminsterfullerene (C60) was the first in the series
of developments of such carbon nanostructures [30]. Kroto, Curl, and Smalley were
awarded the Nobel Prize in Chemistry in 1996 for this discovery. However, before
the experimental realization of these fullerenes, they were first hypothesized by
many researchers. In 1966, graphite molecules with hollow-shell were described in
the scientific column “Daedalus” [34]. Subsequently, various theoretical hypotheses
were made on the capability of 60 carbon atoms with truncated icosahedron [35,
36, 60, 61]. The occurrence of C60 was primarily predicted by Osawa in 1970 [35].
These results were later confirmed by mass synthesis of C60 by Krätschmer in 1990
using the carbon arcmethod accompanied by infrared (IR) spectroscopy for structure
verification [62]. The aforementioned findings since then sparked widespread novel
research for C60 along with other fullerene derivatives.

The study for fullerene with the early graphite laser vaporization was initiated
and observed by Rohlfing et al. [63]. The carbon clusters formed in the experiments
were noticeably bimaximal comprising of even and odd forms of Cn (where n < =
25), while only even forms in Cn (where n > = 40) relying upon their experimental
situations. According to ab initio and various spectroscopic investigations, carbon
clusters varying from n= 2 to 9 tend to present linear chain structures with single and
triplet electronic ground states in odd and even clusters, respectively [63]. Contrary
to that, some ab initio studies suggest that even number clusters in the range n = 2–8
show cyclic equilibrium structureswith lower electronic states [64, 65]. Furthermore,
Cn clusters ranging fromn=10 to 25presentmonocyclic ground state configurations.
The above-said conversion from linear chains to monocyclic rings is attributed to
the fact that additional bonding associated with ring closure ultimately surpasses the
strain energy acquiredwith the twisting of the polyyne chain to create a ring. Through
semi-empirical molecular orbital theory calculations, the transformation point with
10 carbon atoms is predicted [66, 67]. However, according to the intensities in the
high-mass region, these carbon nanostructures were indecisive and needed plausible
explanations [68]. The photoionization time-of-flight mass spectrum (PI-TOF-MS)
of these carbon nanostructures ranging from 1 to 100 atoms is presented in Fig. 2.

Evidently, these elucidations must justify the detail that ion signals of even Cn

were observed in the high-mass region. Subsequently, this instantly eliminates a
variety of probable configurations for Cnclusters, for instance, fractions of diamond
lattice/graphite sheet. These structures tend to present both even and odd peaks of
mass by means of linear chains and monocyclic rings. Moreover, it does not exclude
the possibilities of other configurations like “carbyne” [63]. The second probable
reason consistent with this analysis would be that the second sets of high-mass
region carbon clusters are all fullerenes (Fig. 2). This is the well-known fullerene
hypothesis and has gathered much attention for the reason that closed cages bypass
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Fig. 2 PI-TOF-MS spectrum (involving the amalgamation of two different spectra) for carbon
clusters attained through doubled Nd:YAG vaporizing laser energy (40 mJ) and unfocused ArF
ionizing laser energy (1.6 mJ and 193 run). The vertical deflection plate voltage of 300 V is utilized
for Cn

+, 1 < n < 30, leading to the optimization of C20
+ collection while 600 V was utilized for

C2n
+, 20 < n < 50, for the optimization of C100

+. Reproduced with permission from Rohlfing et al.
J. Chem. Phys 81, 3322 (1984). Copyright 1984 AIP Publishing

the dangling bonds of edges that are anticipated to destabilize fractions of diamond
and graphite lattices [30] and additionally, due to the fact that trivalent cages fulfill
the valence necessities of carbon atoms compared to linear chains and monocyclic
rings. These qualitative theoretical aspects of the fullerene hypothesis along with
electronic structure calculations provided support to the experimentation of C60 in
1985.

Oneof the important investigations performedwas the comparison of carbon cages
with chains, rings, and toroids along with fractions of infinite diamond and graphite
lattices using semi-empiricalmodels [69]. The analysis suggested that cage structures
with atoms greater than 25 would be the most stable carbon clusters. Furthermore,
the existence of solely pentagonal and hexagonal rings along with the unavailability
of adjacent pentagonal rings were conditions for the stability of cage structures [69].
The affinity of fullerenes comprising limited adjacent pentagonal rings was also
addressed by Kroto in 1987 using empirical arguments derived from chemical and
geodesic rules [70]. The structures studied by Kroto in 1987 are presented in Fig. 3.
It is noteworthy that both the aforementioned studies suggested that C60 was the
smallest fullerene without adjoining pentagonal rings consists of D5h isomer of C70.

Kroto’s inference ofC60 with Ih symmetry as foundational fullerenewas supported
by Krätschmer et al. [62] in 1990 through four-band IR absorption spectrum and
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Fig. 3 Structures of fullerenes by Kroto et al. a C70, most stable fullerene created by splitting two
halves of C60 through 10 extra carbon rings, b C50, comprising isolated singlet and doublet pentag-
onal structures, c structure of C32 with threefold axis, and d C28 which is a tetrahedral fullerene.
Reproduced with permission from Kroto, Nature 329, 529 (1987). Copyright 1987 Springer Nature

latterly in the same year by Taylor et al. [71] through 13C nuclear magnetic reso-
nance (NMR) spectroscopy. Thereafter, several other configurations of fullerenes
were synthesized including C76 [72], C78 [73, 74], and C84 [74, 75].

Various configurations of fullerenes are shown in Fig. 4. Each fullerene molecule
shows the features of a carbon cage, as each atom is bonded to the other three carbon
atoms in the same manner as in graphite [73]. The extensive series of techniques
to synthesize fullerenes observed that C60 is the most plenteous among fullerenes
accompanied by C70 [76]. C60 with Ih symmetry comprises two C–C bonds with (i)
one at the link of twohexagonal rings denoted and (ii) one at the link of pentagonal and
hexagonal rings. Contrarily, C70 with D5h symmetry consists of eight C–C bonds. It
is noteworthy that two pentagonal rings sharing similar C–C bonds are energetically
unfavorable. Mathematically, 1812methods are known to build isomers of 60 carbon
atoms, while C60 holds its uniqueness and special place with stability due to the fact
that all of its pentagonal rings are secluded by its hexagonal rings. The state is known
as the “isolated pentagon rule” (IPR) [77]. C60 being the smallestmember of fullerene
family obeying the IPR, C62, C64, C66, and C68 fullerenes does not follow the IPR.

Figure 5 presents that the number of IPR isomers is directly proportional to the
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Fig. 4 Structures of fullerenes along with their symmetries. Reprinted with permission from Ref.
[73]. Reproduced with permission from Yan et al. Nanoscale 8, 4799 (2016). Copyright 2016
Author(s), licensed under the Creative Commons Attribution 3.0 Unported License

Fig. 5 Size of fullerenes with respect to the number of isolated pentagon rule (IPR) isomers (the
details of isomers were taken from Ref. [77])
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size of fullerenes. The studies of IPR with possible isomers of fullerenes assisted
the experimentalists to identify and characterize them [78–80]. For instance, in C78

(consisting five isomers), isomers with C2v and D3 symmetry were identified using
13CNMR spectra [74]. Theoretical investigations of C82 lead to experimental char-
acterization of its three isomers having C2 symmetry also using 13C NMR spectra
[74, 81]. Additionally, several computational investigationswere performed since the
discovery of fullerenes to thoroughly study their isomers and subsequently to predict
the lowest-energy configurations of giant fullerenes [82–89]. Becke, 3-parameter,
Lee–Yang–Parr(B3LYP)hybrid functional along with various basis sets were used to
examine C86 along with its 19 isomers following IPR [87]. Their studies suggested
that isomer 17 (C2 symmetry of C86) is the most stable among them followed by
isomer 16 (Cs symmetry of C86). Similarly, several theoretical calculations played
a crucial role in predicting accurate lowest-energy structures of the fullerene family
[83, 87].

Several theoretical and computational studies in the last decades have been dedi-
cated to exploring C60 along with its chemical and physical properties. Theoretical
investigations by Fowler and Steer [90] suggested that Cn (n = 60 + 6 k, k = an
integer except one) should comprise closed-shell electronic structures. Schmalz et al.
showed that the aromaticity of C60 is less than that of benzene [69] through resonance
circuit theory and Huckel molecular orbital (HMO) theory. The stability occurring
through bond delocalization was explained by Amic and Trinajstic [91]. The elec-
tronic and vibrational properties of C60 were evaluated through the two-dimensional
HMOmethod [92]. Semi-empirical calculations involving overlapping of non-planar
π-orbital were also given by the free-electron model in the Coulson–Golubiewski,
self-consistent Huckel approximation for the curvature system [93]. The large-scale
restricted Hartree–Fock calculations were carried out presenting electron affinity of
0.8 eV and ionization potential to be 7.92 eV with �Hf = 415–490 kcal/mol [94–
96]. On the basis of ab initio self-consistent field (SCF) theory, the heat of formation
was also evaluated by Schulman and Disch [97]. To measure structural parameters,
electronic spectra, and oscillator strength, the Pariser–Parr–Pople method and the
CNDO/S method (with CI) were used by many researchers [98–101]. The ground
and excited states of C60 presenting π-bonding character were determined by the
tight-binding model using electron–phonon coupling [102]. The primarily vibra-
tional properties of C60 were investigated by Newton and Stanton using MNDO
theory [103]. It was observed that C60 contains four IR active modes because of its
high symmetry (“t1u” symmetry) and 10 Raman active modes involving eight “hg”
and two “ag” symmetries. The 174 vibrational modes of C60 contribute to 42 elemen-
tary modes with different symmetries. Proceeding to understand magnetic properties
of C60, by means of HMO and London theories, the ring current magnetic suscep-
tibility was evaluated with less than 1 ppm shielding because of the termination of
the contribution of both diamagnetic and paramagnetic spins [104, 105]. The theory
also presented the absence of usual aromatic behavior [104, 105]. Some investiga-
tions proposed that the diamagnetic part has been underestimated [106]. Fowler et al.
(using coupledHartree–Fock calculations) in their study proposed that the aforemen-
tioned shielding has to be approximately similar as for analogous aromatic structures
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[106]. Later on, Haddon and Elser addressed the shielding of fullerenes [104, 105,
107] and reinterpreted the study done by Fowler et al. [106], concluding that their
study is inconsistent with the results of small delocalized susceptibility. The chemical
shift observed in NMR analysis of C60 done by Taylor et al. indicated the presence
of aromatic systems; these were confirmed by Fowler and group subsequently [71].

Several theories and computational studies have also been dedicated to exploring
doping, defects, functionalization, etc. in fullerenes for their possible applications
in antiviral activity, DNA cleavage, photodynamic electron transfer, lightweight
batteries, lubricants, nanoscale electrical switches, cancer therapies, and astrophysics
[109, 110].

2.2 Carbon Quantum Dots

Carbon quantum dots or carbon dots are relatively newer members among the
carbon nanostructure family. These are quasi-spherical nanoparticles involving
sp2/sp3 amorphous or nanocrystalline forms having size generally <10 nm carrying
oxygen/nitrogen groups [111, 112]. Surprisingly, carbon dots were discovered unin-
tentionally in 2004 in an experimental study of carbon nanotubes through elec-
trophoretic fractionation of arc-discharge soot [42]. Carbon dots have gained much
attention due to the fact that they possess strong fluorescence with better solubility,
biocompatibility, and non-toxicity [113]. However, these fluorescent carbon nanos-
tructures gained significant attention due to improvedfluorescence emissions through
the surface passivation synthesis approach [114]. The carbon quantum dots along
with their STEM and absorption spectra are shown in Fig. 6.

Experimental and theoretical investigations have been used to understand the
chemical and physical properties of carbon quantum dots for their applications in
various fields like sensing, bio-imaging, nano-medicine, catalysis, optoelectronics,
and energy conversion/storage. However, there are considerably rare theoretical
studies on carbon quantum dots, and many of them are based on the graphene
nanoflakes model [115–120].

Analogous to other quantum dots, the emission of carbon quantum dots is asso-
ciated to their respective sizes. Carbon quantum dot size <1.2 nm showed UV light
emission [121], visible light emissions were reported for quantum dots with size
from 1.5 to 3 nmwhile near-infrared emissions were observed for quantum dots with
sizes ~3.8 nm [122]. These observations have also been supported using theoretical
calculations. The observation of indirect dependence of the HOMO–LUMO gaps on
the size of the carbon quantum dots lead to the conclusion that strong emission of
carbon quantumdots is a result of its quantum size rather than carbon–oxygen surface
[123]. The photoluminescence mechanism, electronic structures, and frontier molec-
ular orbitals of carbon quantum dots have also been studied using time-dependent
density functional theory (TD-DFT) as implemented in Gaussian 09 with B3LYP
hybrid functional and the 6-31G(d) basis set [124]. The carbon quantum dots were
categorized in two forms: class I representing graphitized carbon core and class II
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Fig. 6 a Carbon dots attached with PEG1500N in aqueous solution. b STEM images of carbon
dots. c The absorption (ABS) and luminescence emission spectra of carbon dots in an aqueous
medium; the graph is plotted with 20 nm increment from longer excitation wavelengths 400 nm
on the left and the intensities of emission spectral are normalized to quantum yields (inset is the
normalized spectral peaks). Reproduced with permission from Sun et al., J. Am. Chem. Soc. 128,
7756 (2006). Copyright 2006 American Chemical Society

representing disordered carbon core. These classes are depicted in Fig. 7 along with
their photoluminescence mechanism.

The study showed that the HOMO–LUMO gap decreases with an increase in the
size of class I carbon quantum dots while an opposite trend on the size-dependency
of the HOMO–LUMO gap is observed for class II carbon quantum dots. Several
studies related to the electronic structure of carbon quantum dots have been explained
using molecular orbital (MO) theory [121, 123, 125–127]. In the majority of these
reports, carbon quantum dots show n → π* and π → π* transitions because of
their well-available transition energies. The π-states of carbon quantum dots are
attributed to the sp2 hybridized carbon in their core, while the n-states are attributed
to the functional groups attached. It is found that the energy gap (Eg) among π-states
reduces consistently with the increase in the number of aromatic rings of carbon
quantum dots similar to organic molecules [121, 123]. The electronic properties of
amorphous carbon nanodots were explored using semi-empirical molecular–orbital
theory using the EMPIRE13 code [128]. Unexpectedly, electronic structures were
found to relyweakly on parameters like elemental composition and atomic hybridiza-
tion. Contrarily, the geometry of sp2 arrangement describes the band gap of carbon
quantumdots. The existence of localized electronic surface states resulting in ampho-
teric reactivity and near-UV/visible range optical band gaps was predicted [128]. The
molecular orbitals, molecular electrostatic potential (MEP), local electron affinity
(EAL), and ionization energy (IEL) maps along with excitation energies are depicted
in Fig. 8. There have been fewer theoretical studies to understand their optical and
electronic mechanisms and in-depth theoretical studies are further expected.
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Fig. 7 Photoluminescence (PL)mechanismof class I and class II carbon quantumdots. The number
of hexagonal rings is indicated after fused aromatic rings (FARs) and the number of repeating units
of cyclo-1,4-naphthylene (CN) is indicated by a number. Reproduced with permission from Zhu
et al., J. Mater. Chem. C 1, 580 (2013). Copyright 2013 Royal Society of Chemistry

Fig. 8 A 2 nm carbon dot with a molecular orbitals; left side presents band-like and right side
presents surface stateswith iso-density surfaces of 0.01 e−Å−3.bElectron iso-density surfacemaps,
MEP (left part) from −50 (blue) to 50 kcal mol−1 (red), EAL (middle part) from −150 (blue) to
5 kcalmol−1 (red) and IEL (right part) from 270 (blue) to 500 kcalmol−1 (red). cExcitation energies
calculated with different methods for different sized carbon dots. Reproduced with permission from
Margraf et al., J. Phys. Chem. B 119, 24, 7258 (2015). Copyright 2015 American Chemical Society
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3 One Dimensional (1D) Carbon Nanostructures

The first-ever proof for the existence of one-dimensional carbon allotrope was
reported in 1993 [40]. Single-walled carbon nanotubes (SWCNT) discovered by
Iijima and Bethune lead all scientists for a hunt to utilize this a new form of carbon in
many applications for technological advancement like field emission displays, energy
storage andenergy conversiondevices, sensors, hydrogen storage, and semiconductor
devices [129–134].

CNT is one of the exceptional inventions which has enriched the field of nanotech-
nology. It has been consistently studied since the past 20 years due to its potential
application in varied areas. The fullerenes discovered by Kroto et al. [30] were
the building blocks of the CNTs. CNTs have a variety of physical properties such as
stiffness, elasticity, deformation, and tensile strength alongwith electronic properties
showing superconducting, metallic, semiconducting, or insulating behavior.

The discovery of CNTs was reported as a “worm-like” structure long before this
tubular formof carbon could be imagined, in 1952byRadushkevich andLukyanovich
[135]. Dimensionally, SWCNTs are around 1 nm in diameter while their length is in
order of a few micrometres. Nevertheless, the size and the shape of nanotubes can
vary. The ratio of the diameter and length of the nanotubes, also known as aspect
ratio, is typically around 1000 due to which it is generally considered nearly as a
one-dimensional structure [136].

The different types of CNTs depend on the number of carbon layers present
in them. Monolayered tubes are called single-walled carbon nanotube (SWCNT),
while tubes having more than one layer are known as multi-walled carbon nanotubes
(MWCNTs). The SWCNTs are generally understood to form by rolling a graphene
sheet. Density functional theory calculations have shown the possibility of forming
CNTs from bilayer graphene nanoribbons under different pressure conditions
depending on the edges of nanoribbons involved [137]. The CNTs are classified into
three different types: armchair, zigzag (see Fig. 9), and chiral carbon nanotubes (see
Fig. 10). These are formed by rolling graphene sheets along a different axis. The axis
of rolling is the chiral vector which is represented by n and m pair (n, m) of indices
corresponding to the unit vectors along different directions in the graphene honey-
comb crystal lattice sheet. When m = 1, 2,… and n = 0, the nanotube is “zigzag”
and if m = n, the nanotube is then termed as “armchair” while the remaining config-
uration iscalled chiral [136, 138, 139]. Due to the rolling of the sheet into a tube,
the symmetry of the plane breaks and forms a new symmetry in a distinct direction
of the hexagonal lattice and the axial direction. This develops a peculiar electronic
behavior of the nanotube, which is metallic or semiconducting. In the case of the
semiconducting tube, its bandgap is sensitive toward its diameter; the small diameter
tube has a large band gap while the wide diameter consists of a lower band gap [140].
The diameter of the nanotube thusmakes it a conductor with conductivity higher than
copper as well as a semiconductor comparable to the potential of silicon. In the struc-
ture of a nanotube, every carbon atom is bonded covalently with three nearby carbon
atoms with its sp2 molecular orbital, creating one (the fourth) valence electron free in
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Fig. 9 a Unit cell for two different carbon nanotubes (armchair and zigzag) depicting the prim-
itive azimuthal angle θ (=2π/N). b Phonon dispersion curve for armchair and zigzag SWCNT.
Reproduced with permission from Maeda et al., Physica B 263–264, 479 (1999). Copyright 1999
Elsevier

every hexagonal unit, which is delocalized over all atoms providing the nanotube its
electrical nature. Some CNTs which show metallic nature have the resistivity in the
range of 0.34× 10–4 to 1.0× 10–4 �/cm [141]. The semiconducting CNTs generally
show p-type semiconducting behavior [142]. The SWCNTs can also be described
as quantum wires due to their ballistic electron transport, while the electronic trans-
port in MWCNTs is quasi-ballistic [143]. Apart from the well-known electronic
properties of CNTs, they show equally good mechanical properties as well. The sp2

carbon–carbon bonds present in the CNTs result in exceptional mechanical proper-
ties which were not observed in previously explored material systems. From some
previous studies, we get an idea about the stiffness of CNTs, basically in their axial
direction [144]. Among all carbon materials, CNTs show extremely high value for
Young’s modulus (~1TPa) which is even five times higher than steel, and provides
a measure of the stiffness of the material [145, 146]. All the studies regarding the
mechanical properties of CNTs were first predicted theoretically [53, 147–149]. The
transformation from the hexagonal ring of carbon to pentagon–heptagon in CNTs
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Fig. 10 a Icosahedral C140 fullerene-based hemispherical cap covered end chiral fiber with chiral
vector Ch = (10, 5). b Different probable vectors for the construction of chiral fibers. The two
different combinations of circled dots and dots denote the metallic and semiconducting behavior
for corresponding chiral fiber constructed. Reproduced with permission from Saito et al. Appl.
Phys. Lett. 60, 2204 (1992). Copyright 1992 AIP Publishing

was proposed by Yakobson [150] and Ru [151] when uniaxial tension is applied.
DFT calculations suggest that SWCNTs form novel quasi-two-dimensional sheets
when subjected to high pressure [152]. In a theoretical study done by Guanghua et al.
[153] on the CNTs’ mechanical properties, their nature of dependence on diameter
is revealed. They found Young’s modulus in the range of 0.6–0.7 TPa for nanotubes
with diameter >1 nm. The closest agreement with the experimental value of Young’s
modulus of MWCNTs (1–1.2 TPa) was theoretically calculated by Hernandez et al.
[154]. In this study, they also predicted that mechanical properties depend on the
diameter of the tube; when the diameter increases, the properties are also enhanced
to a certain value and ultimately reach the values corresponding to that of graphene.
Calculated values of Young’s modulus for individual SWNTs were found in the
range from 320 to 1470 GPa [144, 155] while the breaking strength ranged from 13
to 52 GPa [156]. The vibrational properties of CNTs are studied by the normal mode
analysis as this technique is standard to understand the dynamics of nanotubes. This
technique investigates the harmonic potential analytically for normal mode anal-
ysis. The linear combination of Cartesian co-ordinates provides the co-ordinates for



154 B. Roondhe et al.

normal mode. This method provides a natural description of molecular vibration as
it includes the motion of all atoms simultaneously during the vibration.

Apart from the small size, CNTs show quantum effects leading to the low-
temperature specific heat and thermal conductivity; CNTs are also of great impor-
tance for their thermal properties [149, 157, 158]. The thermal conductivity can be
modulated and increased by incorporating different materials with pristine CNTs.
The thermal conductivity measured at room temperature for MWCNTs was found
to be 3,000 W/K [159], while in a similar study the MWCNTs were found to have
thermal conductivities ~200 W/mK higher as compared to the SWCNTs [160]. The
main factor which influences the thermal properties is the number of active phonon
modes along with a free path of phonon and boundary surface scattering [160–162].
Properties of CNTs are observed to depend on the atomic arrangement, length and
diameter of tubes, structural defects, and impurities [163–165].

4 Two-Dimensional (2D) Carbon Nanostructures:
Graphene

Graphene is a single atom layer of carbon atoms arranged in a hexagonal honeycomb
pattern. It is one of themost studied two-dimensional (2D)materials to date. Figure 11
illustrates a graphene sheet as a 2D building block for different carbonmaterials in all
dimensions such as 0D buckyballs by wrapping up the graphene sheet, 1D nanotube
by rolling it, and in 3D graphite by stacking it. Thus, it is known as the mother of

Fig. 11 Graphene sheet is a 2D building block for different carbon materials in all dimensions like
0D buckyballs which is formed by wrapping of graphene sheet, 1D nanotube can be made by rolling
it and 3D graphite is formed by stacking it, therefore it is known as the mother of all graphitic forms
of carbon material
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Fig. 12 a Unit cell of graphene with the triangular Bravais lattice having lattice vectors a1 and a2;
unit cell comprises two atoms in the honeycomb lattice. b Band structure of graphene calculated by
the tight-binding method displaying the pi bands, with only nearest neighbor hopping. The inset E,
kx, and ky are the energy and the wave vector components in x- and y- directions, respectively. c The
unique linear dispersion of the band structure near K point with the pseudo-spin vector direction
indicated by the arrows. Reproduced with permission from Fuhrer et al. MRS Bulletin 35, 289
(2010). Copyright 2010 Cambridge University Press

all graphitic forms of carbon material. The research has exponentially developed
after 2004 when Geim and Novoselov isolated graphene for the first time using the
“Scotch Tape” method and characterized it. In the current scenario of the material
world, ongoing research is overwhelmed after focusing on characterization, mass
production of ultra-thin carbon films including graphene for various applications
[166–172].

A unit cell of graphene with the Bravais lattice along with the band structure is
shown in Fig. 12. The unique linear dispersion of the band structure near the K point
is illustrated by a pseudo-spin direction which is indicated by the arrows. From the
past one and half decades, promising applications in the field of corrosion prevention
[173], super capacitors [174, 175], long-lasting batteries [176], display panels [177],
efficient solar cells [178], desalination [179], and water purification [180–182] have
emerged.

The electronic properties of single-layer graphite were investigated by Wallace
even before its isolation [183] and introduced the term “graphene” back in 1947.
The electronic band structure was investigated theoretically by the tight-binding
(TB) approach. The TB approach is more suitable for handling larger systems than
the plane waves method, due to its low computational costs. The method was at
first described as an interpolation scheme by Slater and Koster [184]. It has been
developed comprehensively and now it is a well-established technique to explain the
electronic structure of solids [185].

The tight-binding (TB) calculations were performed using the Hamiltonian

H =
∑

il1σ

εl1a
†
il1σ

ail1σ +
∑

i j

∑

l1,l2,σ

(
t l1l2i j a†il1σa jl2σ + H.c.

)
(1)
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here, the spin σ of the electron is capable of jumping from the orbital l1 with its onsite
energies

(
εl1

)
existing in the ith unit cell to orbital l2 in the jth unit cell. The hopping

interaction strength labeled as t l1l2i j relies on the nature of the orbitals participating as
well as on the lattice geometry [184]. Following that, a least-squared error fitting is
executed through the alteration of the ε’s and t’s, leading to the calculation of band
dispersions at various high-symmetry points. Graphite layer shows semiconducting
behavior with zero activation energy at zero temperature, but at higher tempera-
tures due to excitation, the highest bands are filled and show metallic nature. Large
anisotropic diamagnetic susceptibility which is greatest across the layers is observed.
The study done byBoehm in 1962 provided the concept of single-layer graphite sheet
through the reduction of graphite oxide (GO) in dilute sodium hydroxide and also
by deflagration of heated GO [186]. To describe the atom intercalation in graphite,
effective-mass-approximation differential equations were used at that time for self-
consistent screening. At room temperature, graphene displays a strong ambipolar
electric field effect between the valence and the conduction bands. This results in
ballistic electron transfer at a speed which is slower than light speed and 10–100
times greater than that in silicon chips. Graphene is the thinnest material and is 200
times stronger than steel and harder than diamond but at the same time, it is flexible
and transparent [10, 187, 188].

Investigation of the physical properties of graphene reveals that it has a tremen-
dously high optical transparency of up to 97.7%, which makes it a potential material
for transparent electrodes for its use in solar cell applications [189]. It also consists
of high thermal conductivity of 5000 Wm−1 K−1 [190], and exceptional mechanical
properties like high Young’s modulus of 1 TPa [191], and most importantly large
specific surface area of 2630 m2 g−1 [192]. Still, there is a need to find a method for
the utilization of graphene in many applications and also to guarantee cost-effective
production by avoiding some major obstacles. It is a great need to develop a method
with the help of which ideally flat graphene membrane without any defects can be
achieved. The need to fill the large gap between the theoretical prediction and actual
fabrication of graphene is essential. Irreversible agglomerates and the restacking are
a key challenge in the synthesis of graphene which need to be addressed.

5 Summary and Outlook

Nanomaterials provide exotic properties, exclusive of the framework of their peri-
odic solid counterparts. Additionally, novel phenomena emerge at the nanoscale level
that is not observed in microcrystalline materials. Among all, carbon nanostructures
like three dimension (3D—Graphite, diamond), two dimension (2D—graphene), one
dimension (1D—carbon nanotubes), and zero dimension (0D—fullerenes and carbon
quantum dots) have gained significant attention due to their unique properties. The
discovery of C60 and carbon quantum dots (0D), CNTs (1D), and graphene (2D) has
led to the increased research activity in novel multidisciplinary areas, from synthesis
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to their theoretical and computational investigations for potential applications. In
the present chapter, the theoretical and computational development of carbon nanos-
tructures, specifically on fullerenes, carbon quantum dots, carbon nanotubes, and
graphene have been introduced and discussed. The underlying mechanism of size
dependency of these carbon cage structures (fullerenes and carbon nanotubes) is
essential for modifying their properties according to the potential nanotechnology
applications. Computational and theoretical studies have found significant role in
predicting and designing their properties accordingly. By the means of powerful
supercomputers, performing static and dynamic calculations at high-level ab initio
and DFT methodologies is achievable for these carbon nanostructures. Still, the
application of futuristic quantum chemical approaches to investigate the structures
and properties of large carbon nanostructures (fullerenes, carbon quantum dots,
graphene, and CNTs) is a daunting task. The theory of isolated pentagon rule (IRP)
in fullerenes chemistry has been discussed. The knowledge on the computational and
theoretical aspects of accidentally discovered carbon quantum dots were explored
which is still in its developing stage. The theoretical prediction of carbon nanotubes
(armchair, zigzag, and chiral) and graphene before their experimental realization is
provided. Obtaining insight of the electronic structures along with their chemical and
physical properties is still needed for constructing new materials based on carbon-
based nanostructures for certain applications. The synergy among theoreticians and
experimentalists will expand the applications of carbon nanostructures promptly.
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Edge State Induced Spintronic Properties
of Graphene Nanoribbons:
A Theoretical Perspective

Soumya Ranjan Das and Sudipta Dutta

Abstract Low-dimensional carbon-based nanomaterials have generated enormous
interest in the scientific community due to their quantum confinement induced novel
electronic, magnetic, optical, thermal, mechanical, and chemical properties. The
synthesis of two-dimensional graphene has provided a fertile experimental platform
for studying these exotic properties and harnessing them for promising carbon-based
nanoelectronic devices. This chapter reviews the edge-induced spintronic properties
of nanographene ribbons (GNR) from a theoretical perspective and discusses their
possible applications in nanoscale devices. The presence of edges bears a crucial
impact on the low-energy spectrum of the itinerant Dirac electrons in graphene.
Nanoribbons with zigzag edges (ZGNR) possess robust localized edge states near
the Fermi energy that induces ferrimagnetic spin polarization along the zigzag edge.
In contrast, such localized edge states are absent in nanoribbons with armchair edges
(AGNR). We discuss how applying a transverse electric field to ZGNRs, or chemical
modification of its edges, can break the spin degeneracy and lead to a half-metallic
state which shows spin polarization of the current or the spin-filtering behavior
that is very crucial for spintronic device applications. The presence of edges also
endows GNRs with peculiar transport properties characterized by the absence of
Anderson localization,making them ideal for ultra-lowpower electronics.Our review
highlights the edge states’ role as the origin of GNR’s diverse physical and chemical
properties. It hence has a significant bearing on the future realization of carbon
nanomaterial electronics.
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1 Introduction

The ever-increasing demand for high-speed electronic devices and renewable energy
hasmotivated researchers to discover and develop new nanomaterials. This emerging
need has led to explosive growth in interest in using carbon-based nanomaterials due
to their unique structure and physical properties. Owing to its existence in different
allotropic forms, a wide array of bonding nature, and ease of synthesis, carbon, the
fourth most abundant element on earth, is essential not only for life on our planet
but also in material applications. The manifold electronic properties of carbon mate-
rials mainly arise due to the catenation nature of carbon, which enables it to form
compounds with different dimensionalities [46, 89]. In fact, carbon-based nanoma-
terials are composed of sp2 bonded graphitic carbon and are found in all reduced
dimensions. This includes allotropes like zero-dimensional (0D) fullerenes [106],
one-dimensional (1D) carbon nanotubes (CNTs) [54, 86, 87], and two-dimensional
(2D) graphene [64, 130, 131, 205]. The electronic confinement in reduced length
scales in these low-dimensional materials is the origin of many exotic properties
which have been at the forefront of condensed matter and materials science research
in the last few decades [3, 4, 7, 10, 12, 18, 31, 39, 40, 53, 69, 144, 150, 165, 169].

Graphene, the 2D monolayer of carbon atoms, has emerged as one of the leading
systems for fundamental investigations in condensed matter physics and materials
science and one of the foremost candidates in carbon-based nanomaterial device
applications [64, 130, 131, 205]. Previous theoretical studies have suggested that
a perfectly 2D free-standing system at finite temperature is unstable due to quan-
tum fluctuations and thermal agitation [72, 111, 139, 140]. Hence, the experimen-
tal realization of graphene was a conjecture until 2004, when Sir Andre Geim’s
group at Manchester University isolated it by mechanical exfoliation of highly ori-
ented pyrolytic graphite on SiO2 substrate [130–132]. However, to gain stability, the
graphene flakes form ripples that break its perfectly planar structure [56, 122].

The honeycomb lattice structure of graphene consists of two nonequivalent sublat-
tices. The itinerantπ -electrons exhibit a unique band structure near the Fermi energy,
whose motion is well described by themassless Dirac equation (Weyl equation). Due
to its Dirac electron nature and consequent peculiar linear energy dispersion and the
presence of a non-zero topological Berry phase [9], graphene provides a platform for
extremely unusual 2D electronic properties [11, 29], such as the room temperature
anomalous half-integer quantum Hall effect [1, 2, 5, 22, 28, 68, 71, 78, 80, 91, 98,
99, 129, 131, 133, 134, 158, 205], breakdown of the adiabatic Born-Oppenheimer
approximation [142], the absence of backward scattering [8–10], Klein tunneling
[100], possibility of high Tc superconductivity [27, 67, 79, 90, 172], metal free mag-
netism [75, 76, 93, 94, 108, 112, 123, 135, 145, 151, 201, 202], and theπ -phase shift
of Shubnikov-De Haas oscillations [118]. The high charge carrier mobility [21], low
spin-orbit coupling, negligible hyperfine interaction, and gate tunability [29] have
made graphene an excellent spintronic material [170]. Its high thermal conductivity
[16] has also made graphene favorable for next-generation device applications.
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With successive miniaturization of graphene, the role of edges on the low-energy
π -electrons spectrum, and consequently, the electronic properties of nanographene
become crucial [59, 127, 175]. The finite termination of graphene results in quasi 1D
ribbons with two basic edge geometries, armchair and zigzag, that exhibit different
electronic properties arising from the differences in their boundary conditions. The
armchair edge shows bonding between two atoms from different sublattices, whereas
the atoms along the zigzag edge belong to the same sublattice. The ZGNRs show
localized edge states near the Fermi energy [59, 127, 174, 175, 186]. However, the
ribbons with armchair edges do not show any edge state [46, 186]. The existence of
these edge states has been validated by recent scanning tunneling microscopy (STM)
[103, 104, 128, 166] andhigh-resolution angle-resolved photoemission spectroscopy
(ARPES) [163] experiments.

The edge states in ZGNRs result in a diverging density of states (DOS) near
the Fermi energy. This results in Fermi instability due to the high concentration
of localized edge electrons. To circumvent this instability, the spins tend to align in
ferrimagnetic order along the zigzag edge, which persists even in very weak electron-
electron interactions [59, 174]. Thus, these zigzag edge states are very crucial in
inducing magnetism in nanometer-sized graphene systems. The existence of such
magnetic states has been theoretically confirmed within density functional theory
(DFT) [110, 159], the density matrix renormalization group (DMRG) implementing
the Hubbardmodel [81], andmean-field theory [57, 59, 76, 109, 136, 174, 180, 199,
203]. The edge states are robust to changes in the size and geometry of the nanoscale
graphene systems [55, 82, 107]. Recent studies have also shown that these edge
states are topological in nature [25, 77] due to non-zero Berry connection and the
consequent appearance of non-zero Zak phase, in spite of zero Berry curvature [38,
116, 204]. The functionalities of these systems can be further tailored by structural
and chemical modifications of their edges that changes their energy dispersions near
the Fermi energy [44, 97, 110, 184, 193].

Recent sophistication in experimental techniques provides variousways of prepar-
ing the GNRs of smooth edges with varying widths. These include the top-down
approach using lithographic patterning of graphene [34, 73, 167], solution dispersion
and sonication of chemically exfoliated graphite [113], and longitudinal unzipping
and flattening of carbon nanotubes by chemical and mechanical means [92, 105].
Recent approaches using bottom-up synthesis also provide GNRs on a metal surface
with smooth edges of atomic precision. [24, 117, 147]. Current research has also
successfully demonstrated a scalable fabrication of GNRs on silicon carbide sub-
strates using self-organized growth, doing away with lithography [161]. Different
research groups have also reported zigzag edge state induced transport gap at low-
temperatures near theDirac point [17, 73, 125, 126, 161, 162, 167, 190]. Combining
the above experimental techniques has led to a plethora of unique ways to design
GNRs with well-controlled widths, edge orientation, and electronic properties.

This chapter reviews the nanoscale edge effects on nanographene systems’ elec-
tronic, magnetic, and transport properties from a theoretical perspective. We discuss
the fundamental aspects of carrier doping and the mechanism of electric-field and
chemical modification-induced half-metallicity in GNRs and how they are important



168 S. R. Das and S. Dutta

for spintronic device applications. We also discuss the peculiar transport properties
shown by graphene nanoribbons, characterized by the absence of Anderson local-
ization. Our motivation is to elucidate the critical role of edge states, which enable
GNRs to acquire such diverse and interesting physical and chemical properties, and
thus can be utilized in future carbon-based nanomaterial device applications.

2 Electronic States of Graphene

We begin by briefly reviewing the π -band dispersion of graphene [188]. In 2D
graphene, the sp2 hybridized carbon atoms form σ bonds with three nearest neigh-
bors with a bond length of 1.42 Å that lead to a planar honeycomb network, as
shown in Fig. 1a. The unhybridized pz orbital on each carbon atom contains one π -
electron which governs the electronic states near the Fermi energy. Figure1a shows
the shaded rhombus unit cell, which consists of two atoms from two different sublat-
tices, namely A and B, making graphene a bipartite lattice. Two sublattice points in a
bipartite lattice prefer to align the electronic spins in an antiferromagnetic manner, as
described by Lieb’s theorem [115]. Figure1b depicts the first Brillouin zone (BZ) of
graphene. At the corners of the first BZ, i.e., atK andK′ points, the energy dispersion
follow the massless Dirac equation (Weyl equation) [10, 11]. Therefore, these high
symmetric points are commonly termed as the Dirac points.

To describe the electronic states of graphene, we use a single-orbital nearest
neighbor tight-binding model for the π -electron network [186]. The tight-binding
Hamiltonian has the form (assuming � = 1) [185]

H = −t
∑

〈i, j〉

∑

σ

(a†i,σb j,σ + h.c.) (1)

where h.c. stands for the Hermitian conjugate; the operators a†i,σ (ai,σ ) and b
†
i,σ (bi,σ )

create (annihilate) an electron with spin σ (σ =↑,↓) at the A- and B-sublattice
sites, respectively. t is the hopping integral between nearest neighbor carbon atoms,
which is estimated to be about 2.75 eV in a graphene system [29]. Note that we have
expressed all the energies in this chapter in the unit of t , except the results obtained
from DFT calculations.

The Hamiltonian H in Eq. (1) is diagonalized to obtain the energy dispersion
relation of graphene, namely [185, 188]

E±(k) = ±t

√√√√3 + 2 cos

(√
3kxa

2
+ kya

2

)
+ 2 cos

(√
3kxa

2
− kya

2

)
+ 2 cos(kya) (2)

Since each carbon site contributes one π -electron from a singly occupied pz
orbital, only the valence band (E−(k)) gets completely occupied and the conduction
band (E+(k)) remains empty. Figure1c shows the energy dispersion of graphene (in
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Fig. 1 a The honeycomb lattice structure of graphene in real space, composed of two interpenetrat-
ing triangular lattices. The A(B)-sublattice sites of the honeycomb lattice are denoted by dark(light)
colored circles; a ≈ 2.46 Å is the lattice constant and a1, a2 are the lattice unit vectors, respectively.
The shaded rhombus denotes the unit cell. b The hexagonal first BZ of graphene, with the high
symmetric points. The shaded region denotes the irreducible BZ. The Dirac cones are located at the
K andK′ points. c Energy dispersion of graphene in the irreducible first BZ with the corresponding
DOS. The energies are presented in the unit of hopping integral (t) and scaled with respect to the
Fermi energy (EF )

the unit of t) with the corresponding DOS. The valence and the conduction bands
touch conically at the Dirac points, i.e., at the K and K′ points (see Fig. 1c), and
hence they form a time-reversed pair of opposite chirality [186].

There is a relative phase difference between A and B sublattice sites in the Bloch
wave function of graphene, which gives rise to the π -Berry phase around the Dirac
points [8, 10] and chiral-dependent Klein tunneling [100] in graphene. The intrin-
sic phase is preserved in armchair edges but not preserved in case of zigzag edge
nanographene. This gives rise to important consequences in their respective elec-
tronic properties, which we will discuss in the next section.

The energy spectrum of graphene, as shown in Fig. 1c, is the source of its distinc-
tive electronic transport properties [37]. The unique valley structure, large carrier
mobility, and electrostatic-gate tunable Dirac neutrality point are the origin of the
anomalous quantum Hall effect, weak localization [64] and supercurrent transport
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[79] in graphene. These exotic relativistic properties, coupled with the low intrin-
sic spin-orbit and hyperfine interactions [85, 171], has enabled graphene to carve
its niche in the emerging field of spintronics. In particular, graphene shows a long
spin relaxation length at room temperature [41, 88, 170], which enables it to inject,
transport, and detect spin signals efficiently within complex multi-terminal device
architectures [62, 95]. Recent studies have also shown an enhancement in graphene’s
spintronic propertieswhen it is coupledwith other 2Dmaterials to formvan derWaals
heterostructures [14, 61, 70, 146]. Hence, the investigation of nanographene’s elec-
tronic properties and the role of its edge states have become very important for their
utilization in spintronic devices.We discuss them in detail in the subsequent sections.

3 Edge States in Graphene Nanoribbons

Terminating the graphene sheet in one direction results in quasi-periodic 1D infinite
graphene nanoribbons, where the resulting edge strongly influences its electronic
properties. There can be two types of graphene edges: armchair and zigzag, differing
by 30◦ in their crystallographic orientation. These two edge geometries give rise to
distinct π -electronic structures due to different boundary conditions [59]. There
appear localized states on zigzag edges, unlike the armchair edge.

The emergence of graphene edge states and their role in the electronic properties
of GNRs are theoretically studied in this section by employing a single-orbital tight-
binding model for the π -electrons, as we did in the case of graphene [175, 185, 186].
The longitudinal periodicity of GNRs enables us to define the crystal momentum
(wavenumber k) and adopt the standard solid-state physics approach to investigate
these nano-systems. Figure2a, b shows the lattice structure of GNRs with the zigzag
and armchair edgegeometries, respectively.The shaded rectangle inFig. 2a, b denotes
the unit cell of the GNRs. The widths of these GNRs are defined as Nz (Na) for
ZGNRs (AGNRs), where Nz is the number of zigzag lines for ZGNRs and Na is
the number of dimer (two carbon sites) lines for AGNRs. We assume that all the
dangling bonds at graphene edges are passivated by hydrogen atoms that do not
show any contribution near the Fermi energy. To compare the physical quantities
of GNRs of different edge geometries with the same width, we use the definition
Wz =

√
3
2 Nza + a√

3
for ZGNRs and Wa = 1

2 (Na + 1)a for AGNRs, where a is the
lattice constant of graphene (0.246 nm).

Figure2c relates the BZ of graphene with that of GNRs. The hexagonal first BZ
(solid line) for the graphene’s rhombus unit cell has been mapped to the rectangular
BZ (dashed line) of GNRs. Due to BZ folding in the modified rectangular unit cell,
the Dirac points (K and K′) are now positioned on the line connecting the two high
symmetric points � and X (denoted by the gray circles).

To find the energy spectrum of the nanoribbons, we diagonalize the tight-binding
Hamiltonian H , given by [186]
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Fig. 2 The lattice structure of a zigzag graphene nanoribbons and b armchair graphene nanorib-
bons. The unit cells are denoted by the shaded rectangles, where Nz and Na are the ribbon widths
for zigzag and armchair nanoribbons, depicting the number of zigzag and dimer lines, respectively,
along the cross- ribbon directions. Here, we show the ribbons with Nz = 6 and Na = 10. c The BZ
of graphene for rhombus unit cell (solid hexagon) and that for GNRs with rectangular unit cells
(dashed rectangles) with the high symmetry points. Due to BZ folding in GNRs, the Dirac points,
K andK′, are mapped onto the gray circles on kx -axis in the reduced BZ. Note that the mapping of
the Dirac point on the kx -axis ensures the appearance of the same in the 1st BZ of ZGNRs (�-X )
irrespective of their width, whereas in the case of AGNRs, the Dirac point appears in the 1st BZ
(�-X ) depending on their width

H =
∑

i, j

ti, j c
†
i c j (3)

where c†i and ci are the Fermionic creation and annihilation operators at the i th site
of the nanoribbons, respectively, and ti, j is the hopping integral, where

ti, j =
{

−t, if the sites, i and jare nearest neighbors

0, otherwise

For an armchair nanoribbonwithwidth Na (Fig. 2b), the energy spectrum is shown
in Fig. 3 [185, 186]. Depending on the value of Na , the armchair edge boundary con-
dition [186] classifies AGNRs into three categories based on their electronic proper-
ties, namely Na = 3r and N = 3r + 1, which shows semiconducting behavior and
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Fig. 3 The energy dispersions and the corresponding DOS of AGNRs with nanoribbon width a
Na = 48, b 49, and c 50, respectively. The energies have been scaled with respect to Fermi energy
(EF )

N = 3r + 2 which is metallic (r is a positive integer) [22, 59, 127, 159, 175]. This
is evident from the direct energy gap at �-point for AGNRs in Fig. 3. The energy
dispersion of AGNRs is obtained by slicing graphene’s band structure, like carbon
nanotubes [148, 149]. With an increase in AGNR width, the direct semiconduct-
ing band gap decreases and approaches zero for very large width [185]. However,
for narrow undoped metallic armchair nanoribbons, an energy gap can be formed
by Peierls distortion at low temperatures [60, 82, 124, 159]. Note that the above
observations on the width-dependent electronic properties of AGNRs are true only
within the tight-binding formalism. First-principles calculations have shown direct
semiconducting energy gap at �-point for all the three classes of AGNRs [159].

For a zigzag nanoribbon (Fig. 2a), a remarkable characteristic arises in the energy
dispersion (see Fig. 4). The top of the valence bands and the bottom of the conduc-
tion bands remain degenerate at the high symmetric point X (ka = π ), that is, the
BZ boundary (see Fig. 4). These two center bands do not arise from the intrinsic
graphene band structure and exhibit flattening with increasing ribbon width within
the Dirac point (ka = 2π/3) and X point; see Fig. 4 [186]. The presence of these
partial flat bands in ZGNRs results in a diverging peak in the DOS at the Fermi
energy (see Fig. 4). This originates from the localized edge states in ZGNRs and
decays exponentially toward the ribbon center [59, 103, 104, 127, 128, 175].
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Fig. 4 The energy band structure and the corresponding DOS of ZGNRs with Nz = 50. The
energies have been scaled with respect to Fermi energy (EF )

The wave function for AGNRs, obtained by the tight-binding calculations, has a
phase difference between A(B) sublattices due to graphene’s chiral nature. But the
wave functions for ZGNRs for both the extended and localized state are always real
and hence have no phase. This difference in wave functions between AGNRs and
ZGNRs is related to graphene’s pseudospin nature [154] and physical properties like
Kohn anomaly [152] and their role in Raman scattering [153].

The edge states that we have studied in this section are robust, and their effect
persists even in the absence of a smooth zigzag edge. Any general edge geometry can
show a zero-energy edge state, if it is not parallel to the armchair edge. This is anal-
ogous to the condition of an unconventional superconductor’s zero-energy Andreev
bound state [182]. Previous studies have also suggested that due to a considerable
imbalance of on-site electronic correlation between two sublattice points in AGNRs,
a localized state and a flat band can appear [184]. Thus, the role of electron-electron
interaction on the nanoribbons’ electronic states is crucial and is discussed in detail
in the next section.

4 Spintronic Properties of Zigzag Graphene Nanoribbons

In the previous section, we have discussed how the localized edge states in ZGNRs
lead to a sharp peak in the DOS near the Fermi energy and consequent Fermi insta-
bility. Lattice distortion arising from the electron-phonon interaction and/or spin
polarization due to the electron-electron interaction can eliminate such instability.
The non-bonding edge states are unlikely to induce lattice distortion near the zigzag
edges [60], which was also confirmed based on first-principles calculations [124,
159].
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Thus, we explore the effect of the electronic correlations inGNRs,modeledwithin
the Hubbard Hamiltonian [168], as follows:

HHubbard = −t
∑

〈i, j〉,σ
c†i,σ c j,σ +U

∑

i

ni,↑ni,↓ (4)

where the operator c†i,σ (ci,σ ) creates (annihilates) an electron with spin σ at site i , and

the number operator is defined as ni,σ = c†i,σ ci,σ . The site indices of GNRs are the
same as those defined in Fig. 2a. The first term in the aboveHamiltonian is the nearest
neighbor tight-bindingmodel that we studied in detail in the previous section (see Eq.
(3)), with the addition of the electronic spin. The second term describes the on-site
Coulomb interaction U . The Pauli exclusion principle prohibits two electrons with
the same spin to occupy a single site. However, two electrons with opposite spins can
occupy a single site by expending Coulomb energy (U > 0). In the Hubbard model,
when U/t 
 1, the electron hopping term dominates over the Coulomb U term,
making the systemmetallic [168]. But ifU/t � 1, the electrons are localized in their
respective sites owing to strong on-site Coulomb repulsion,making the system aMott
insulator, where two adjacent sites are antiferromagnetically correlated [115, 168].

The unrestricted Hartree-Fock (HF) approximation (mean-field formalism) is
employed to simplify the Hubbard Hamiltonian, [59, 186], which decouples the
up- and down-spin sectors. Here, the up (down) spin electron is approximated to
experience the potential due to the mean-field of the down (up) spin electron density.
Then the expectation values of spin-dependent electron density are determined self-
consistently by using the eigenfunctions of Hartree-Fock Hamiltonian [59, 186]. We
define the spin density as nμ (μ = A or B) for each site and the net magnetization
has been determined by the following expression [59, 186]

m = μB(〈nA(↑)〉 − 〈nB(↓)〉) (5)

where μB is the Bohr magneton.
Figure5a shows how themagnetization,m, depends on the on-site Coulomb inter-

action,U , for several sites in ZGNRs with Nz = 10. For an arbitrary site, in the limit
U/t → 0, the up-spin and down-spin charge densities are balanced, giving rise to
net zero magnetization. An imbalance may occur if we increase U , leading to a
finite magnetization in the system. In Fig. 5a, the dashed line is the mean-field solu-
tion for 2D graphene. Graphene is a zero-gap semiconductor with zero DOS at the
Fermi energy. The dashed line’s slope rapidly increases atU = 2.2t , consistent with
graphene’s non-magnetic nature. On the other hand, the large value of magnetization
in ZGNRs emerges on the edge carbon atoms, even for a minimal U value. This
is because zigzag ribbons have a large DOS at the Fermi energy owing to the edge
states. Hence, non-zero magnetization can emerge even for infinitesimally small val-
ues of U due to these flat bands, as indicated by the mean-field results and Fig. 5a
[186].
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Fig. 5 aDependence of themagnetizationm (units ofμB ) on the on-site Coulomb interactionU for
ZGNRs with Nz = 10 (see Eq. (5)). The mean-field results for the graphene sheet are represented
by the extrapolated dashed line. (Adapted with permission from reference [59]. Copyright (1996)
by Physical Society of Japan.) b The schematic magnetic structure of the same ZGNR system at
U/t = 1.0. c Energy band structure and the corresponding DOS of ZGNR for the same parameter
set, calculated using themean-fieldHubbardHamiltonian. (Adaptedwith permission from reference
[186]. Copyright (2012) by Elsevier)

Figure5b shows a schematic picture of the real space spin structure for ZGNRs
with Nz = 10 atU/t = 1, calculated using the mean-field Hubbard model [59]. This
is also consistent with first-principles calculations [160]. Figure5b demonstrates that
the ground state of ZGNRs has parallel ferrimagnetic spin alignment along the same
zigzag edge. In contrast, the spin alignments in the opposite edges are anti-parallel to
each other. Note that the honeycomb graphene lattice’s bipartite nature gets destroyed
at the edges as opposite zigzag edges now belong to different sublattice sites. The
spins in the nearest neighbor sites are antiferromagnetically coupled, with a decay of
spin density toward the center of the ZGNRs. The vanishing total spin ordering for
the ZGNR ground state makes it antiferromagnetic. This anti-parallel spin ordering
along the opposite edges is consistent with Lieb’s theorem of the half-filled Hubbard
model [115].

Figure5c shows the energy dispersion and the corresponding DOS for the ZGNR
systemswith the same parameter set. Comparing the energy dispersionwith that from
Fig. 4, we see that in nanographene with zigzag edges, the inclusion of a finite on-site
Coulomb interaction U makes the system spin-polarized and leads to the opening
of a band gap near the Fermi energy. Consequently, the DOS shows a splitting
into two peaks at the Fermi energy (see Fig. 5c). This peak splitting of edge states
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has been reported in recent experiments for chiral GNRs at low temperatures using
scanning tunneling spectroscopy [119, 166]. This is due to the occurrenceof edge spin
polarization. However, theAGNRs do not show suchmagnetic properties as shown in
Fig. 5. Similar magnetic behavior in ZGNRs is also shown around a lattice vacancy,
defects, or rough edges [52, 109, 202]. The edge reconstruction of semiconducting
ZGNRs on one side also results in magnetic and metallic nature [45]. Note that
more accurate quantum many-body configuration interaction (CI) methods [164] for
numerical analysis of the Hubbard Hamiltonian suggest that, although the electron
density prefers to localize on the edges, the GNRs prefer to mix both up and down
spin densities throughout the lattice [42]. As such, the long-range spin order derived
from first-principles and mean-field theory is spurious [143]. Semi-empirical CI
calculations have also shown that, with enhanced correlation strength, the charge
gap increases with a decrease in the spin gap in ZGNRs, resulting in insulating
behavior, making magnetic excitations easier [51]. This has enormous potential in
spin-filtering and spin transport applications, where the spin degrees of freedom
can be exploited for high-speed and low-power computing devices [14, 195, 207].
Hence, in the subsequent sections, we build on our theoretical observations of the
edge states in nanographene and give an overview of their important role in spintronic
and transport applications [14, 207].

5 Effect of Carrier Doping in ZGNRs

In the preceding section, we have discussed how nanographene’smagnetic properties
arise due to their zigzag edges. In fact, the edge magnetic states in ZGNRs are
very sensitive to carrier doping [48], which plays a significant role in tailoring their
electronic properties [20, 30, 33, 121, 141, 191, 200].

We have taken non-periodic finite quantum dot systems with long, smooth zigzag
edges as they inherently include scattering events connecting two different k-states,
arising from electronic correlations. The observationsmatchwith the periodic ZGNR
systems for a similar level of theoretical calculation [48]. The finite size ZGNRs
have been modeled within Hubbard Hamiltonian (see Eq. (4)) with on-site Coulomb
correlation U . Here, we have considered U/t = 1.0 to ensure minimal bulk spin
polarization. The semi-empirical many-body CI method [164] has been used for the
numerical analysis of the Hubbard Hamiltonian. Here, nh is the number of holes
doped in the nanoribbon quantum dot. To investigate the conduction and magnetic
properties, we calculate the charge gap (�c) and spin gap (�s), respectively, using
[48, 50, 81, 114]

�c = E0(Ne + 1, S0) + E0(Ne − 1, S0) − 2E0(Ne, S0) (6)

and,
�s = E0(Ne, S0 + 1) − E0(Ne, S0) (7)



Edge State Induced Spintronic Properties of Graphene Nanoribbons … 177

where E0(Ne, S0) is the lowest energy in the subspace of Ne (= Nsite − nh) electrons
with lowest Stotz (z-component of the total spin). Note that Nsite denotes the number
of sites of a finite size ZGNR system. �c indicates the energy difference between
charging and discharging, whereas �s refers to the energy required to flip a spin,
as evident from Eqs. 6 and 7, respectively [48]. Figure6a, b shows the many-body
charge-gap and the spin-gap nature, respectively, for finite-size ZGNR quantum dots
with varying inverse length (L), that is, the number of unit cells for a fixed width
(Nz = 6). We see that both �c and �s decrease upon hole doping. This indicates
that hole-doped finite-size ZGNRs become magnetic and conducting. The spin gap
is very low even in a half-filled system with no hole doping (nh = 0). This suggests
that the magnetic state is easily accessible [48].

Figure6c shows the spin-spin correlation 〈Sz0Szj 〉 for a finite-size ZGNR quantum
dot with long and smooth zigzag edges, with varying hole doping [48]. The spin-spin
correlation is calculated between an atom located at “0” edge site (depicted in the
middle panel) with all other atoms along the same edge (top panel) and opposite edge
(bottom panel) denoted by j . Since the spins show ferrimagnetic alignment along
the same zigzag edge (top panel), the spin-spin correlation is positive. However, this
positive spin-spin correlation shows a slow power-law decay with an increase in
hole doping, since the edge electrons gradually vanish. This makes the zigzag edge
magnetism in ZGNRs quite robust even after hole doping [187]. On the other hand,
the spin-spin correlation function, as shown in the bottompanel of Fig. 6c, is negative,
indicating that the spins at opposite edges are antiferromagnetically coupled. This
antiferromagnetic coupling drastically decreases with hole doping, making the spin
excitation energy almost zero that results in a magnetic ground state [48].

Hole-doped ZGNRs have a magnetic ground state with a reduced charge gap.
This suggests that these systems behave as magnetic conductors with an excess
of one kind of spin in the charge carriers. This unique property can be utilized in
spin-filtering devices by injecting carriers through gate electrodes, as shown by the
schematic device arrangement in Fig. 7. The antiferromagnetic and semiconducting
ZGNR (see Fig. 7a) can be tailored to be used as conducting spin filters by inducing
holes through the application of a gate voltage (see Fig. 7b). Thus, this proposed
experimental setup can achieve spin-dependent magneto-transport [48].
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Fig. 6 a The charge gap (�c) and b spin gap (�s ) for finite ZGNR constriction (Nz = 6) as a
function of inverse length (L), that is, the number of unit cells, for different number of hole (nh)
doping. c The spin-spin correlation function (〈Sz0Szj 〉), calculated from the “0th” atom, located at
the middle of the edge of the ZGNR structure (middle panel) with all the edge atoms ( j), along
the same edge (top panel) and along the opposite edge (bottom panel) for varying number of hole
(nh) doping. Here, U/t = 1.0. (Adapted with permission from reference [48]. Copyright (2012)
by Springer Nature)
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Fig. 7 Schematic of possible spintronic device applications of ZGNRs. a In the absence of gate
bias (Vg), the ZGNRs show semiconducting and antiferromagnetic ground state with anti-parallel
spin orientation between opposite edges. b Hole doping induced by the gate electrode turns the
ZGNR metallic and magnetic, enabling it to be used in spin filter-based devices

6 Electric Field-Induced Half-Metallicity in ZGNR

ZGNRs are theoretically predicted to showhalf-metallic properties on the application
of an external electric field along the cross-ribbon direction [43, 46, 160]. This
property is very crucial for spintronics. In half-metallicmaterials, the spin degeneracy
near the Fermi energy is lifted. Unlike conventional metals and semiconductors, half-
metals showmetallicity for electronswith one spin orientation and semiconducting or
insulating nature for the other spin channel. This is shown schematically by the DOS
in Fig. 8a. Half-metallic materials were previously observed in Heusler compounds
andmanganese perovskites [101, 138]. Being a source of spin-polarized current, their
unique spin-filtering capability makes them vital for spintronic device applications.
Half-metallicity can also be exploited to enhance the efficiency of magnetic data
reading and consequent memory storage devices. In the case of ZGNRs, the external
electric field lifts the spin degeneracy, and a half-metallic state is induced in the
system, as shown in Fig. 8b, c [160].

We show a theoretical setup for the electric-field-induced half-metallic device
based onZGNRs in Fig. 9. The electric voltage V is applied in the transverse direction
of ZGNRs (see Fig. 2a); thus, the cross-ribbon electric field E is given by E = V

Wz
.

The potential term V due to the transverse electric field is added in the mean-field
HubbardHamiltonian, as described in the previous section.Here, theHubbardHamil-
tonian also includes the second nearest neighbor hopping terms (t ′). The inclusion
of t ′ helps to reproduce the energy dispersion as obtained from the DFT calcula-
tions with the local spin density approximation (LSDA) [160]. It does not incur any
change in the qualitative observations except breaking the particle-hole symmetry of
the energy spectrum. However, the mirror symmetry of the magnetization remains
preserved. The energy band structure based on this mean-field Hubbard model with
t ′/t = 0.1 andU/t = 1.0 is shown in Fig. 10a. It qualitatively agrees with the energy
dispersion obtained by Son et al. using the DFT-LSDA approach [160]. Here, the
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Fig. 8 a Half-metallic DOS. The left (right) side shows the DOS for up- (down-) spins, where the
degeneracy between the two spin states is lifted. Only the up-spin states can contribute to electronic
conduction as they possess a finite DOS near the Fermi energy (EF ). The down-spin states, however,
are either semiconducting or insulating. b and c show the schematic representation of the spatial
spin distribution of the valence band states without and with the application of an external electric
field along the cross- ribbon direction, respectively

Fig. 9 The schematic
representation of ZGNRs
with the application of an
external transverse electric
field along the cross-ribbon
width direction, using the
source-drain bias
voltage ±V

up-spin and down-spin bands are degenerate. Figure10b, c shows the energy disper-
sion and the corresponding DOS with a gradual increase in the transverse electric
field. We see that the spin degeneracy is lifted on the application of the applied elec-
tric field. The up-spins’ energy gap decreases with an increase in the electric field,
while that for the down-spins remains open. Moreover, the decreasing up-spin band
gap transitions from direct to indirect as the electric field increases. Consequently,
only the up-spins become conducting near the Fermi energy, making the system
half-metallic under the external electric field’s application.

These observations are consistent with varying ribbon width (see Fig. 11). How-
ever, the semiconducting degenerate band gap and the critical electric field strength
that is required to get half-metallicity decrease with an increase in ribbon width,
as observed within first-principles-based calculations (see Fig. 11) [43, 160]. The
semiconductor to half-metal transition becomes faster as the electrostatic poten-
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Fig. 10 a Energy dispersion and corresponding DOS of ZGNRs with Nz = 20 without the applica-
tion of the external electric field. The up-spin and down-spin states are degenerate. The band struc-
tures and DOS in case of an applied electric field are shown in b V/t = 0.1 and c V/t = 0.2. In b
and c, the solid blue and the red dashed lines denote the up-spin and down-spin states, respectively.
Here, the ZGNRs are modeled within mean-field Hubbard Hamiltonian with on-site Coulomb inter-
action (U/t = 1) and the hopping between the next nearest neighbor sites (t ′/t = 0.1). (Adapted
with permission from reference [186]. Copyright (2012) by Elsevier)

tial difference between opposite edges becomes larger with an increase in width
[46, 160].

Recent studies have shown that the phenomenon of half-metallicity of ZGNRs
under the influence of a transverse electric field is universal and is well preserved
even for finite and extremely short ribbon widths [83]. In the next two sections, we
discuss the effect of selective edge doping and chemical modifications in ZGNRs
to achieve half-metallicity even without applying an external electric field and the
consequent spintronic properties of GNRs that can be used for device applications.
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Fig. 11 Spin-polarized band gap as a function of the applied transverse electric field in ZGNRs
with Nz = 8, 11, 16, and 32 (filled circles, open circles, squares, and triangles, respectively). The
results have been obtained using DFT. The light yellow (dark green) color denotes the up- (down-)
spin states, respectively. At zero external bias, the up- and down-spin gaps are degenerate. The
transverse electric field removes the spin degeneracy, resulting in an increase in the gap for the
down-spins, while reducing the up-spin gap. (Adapted and suitably modified with permission from
reference [160]. Copyright (2006) by Springer Nature)

7 Effect of Chemical Modifications in ZGNRs

Themagnetic and conducting states of ZGNRs can bemodified by selectively replac-
ing all the edge carbon atoms with boron (B) or nitrogen (N) atoms [43, 186]. The
ground state of ZGNRs with hydrogen-passivated edges is antiferromagnetic and
is stabler than the ferromagnetic state by a small margin of meV order [43, 160].
Instead of hydrogen passivation, if we replace the edge carbon atoms with B or N
atoms, the electronic properties of ZGNRs change drastically. The introduction of B
orN atoms dopes the system as it introduces holes or electrons inGNRs, respectively.
In addition to that, they can also scatter the charge carriers or can distort the lattice
[141]. The replacement of edge carbon atoms by B results in linear band disper-
sion near Fermi energy, and hence makes the ZGNRs metallic [186]. The B atoms,
having one less electron as compared to carbon atoms, make the system hole-doped
and lead to a ferromagnetic ground state where the spins along the same and oppo-
site edges tend to align parallelly [43, 186]. Similar Nagaoka ferromagnetism has
been proposed in previous theoretical works for strongly correlated half-filled low-
dimensional systems in the presence of holes [157]. Moreover, this result agrees with
the hole doping-induced magnetic and metallic ground states of ZGNRs discussed
in Sect. 5 [48].

From the DOS analysis, as shown in Fig. 12, it is clear that, even without the trans-
verse electric field, B-doped ZGNRs show half-metallicity [43]. This half-metallic
ground state remains robust under forward or reverse bias. Note that the gap for
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Fig. 12 Up- and down-spinDOSof ZGNR (Nz = 8)with both the edge atoms replaced by electron-
deficient boron atoms in the presence of transverse electric fields, a−0.2,b 0.0, and c 0.2V Å−1. The
energy is scaled with respect to the Fermi energy (EF ). (Adapted with permission from reference
[43]. Copyright (2008) by American Chemical Society)

minority spin channel (≈0.2 eV) is much higher than the room temperature (0.025
eV) and remains unaffected by the external field (see Fig. 12). Since the system is
ferromagnetic with a similar spin polarization of opposite edges, the polarity of the
external transverse electric field does not affect the spin polarization of conducting
electrons. The projected DOS (pDOS) analysis for B-doped ZGNRs also shows that
the edge B atoms significantly contribute to the majority spin DOS at Fermi energy
[43]. Thus on B-doping, ZGNRs become half-metallic irrespective of width and the
external field strength, and this ground state remains robust even at room tempera-
ture. This immensely increases the potential of these nanoribbon systems to be used
as spintronic devices [43].

Replacing the edge carbon atomswith nitrogen atomsmakes the ZGNRs electron-
doped and the ground state antiferromagnetic with anti-parallel spin alignment
between opposite edges. However, relatively small electron accumulation along the
edges makes the ZGNRs weakly metallic, sustaining the transverse electric field
[43]. Similar pDOS analysis shows that edge N atoms are dominant contributors to
the DOS at the Fermi energy [43].

Instead of selectively doping the edge carbon atoms, other effective chemical
modification schemes enhance the device applicability of GNRs by retaining the
system’s intrinsic half-metallicity without introducing any additional charge carriers
[44]. This can be done by replacing two consecutive carbon (electronic configuration:
1s22s22p2) atoms inZGNRswith one nitrogen (electronic configuration: 1s22s22p3)
atom and one boron (electronic configuration: 1s22s22p1) atom, by substituting the
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Fig. 13 The schematic representation of a modified ZGNR system (Nz = 8) in the presence of
external transverse source-drain bias. Here, the two zigzag carbon chains in the middle are replaced
by isoelectronic boron-nitrogen chains. The doping concentration increases gradually from the
middle toward the edge, as indicated by the arrows

zigzag carbon chains with zigzag boron-nitrogen chains, starting from the middle of
the ZGNRs with progressive replacement toward edges (see Fig. 13). Clearly, adding
B-N chemical dopants does not result in any addition of extra electrons and holes, and
thus the doped system remains isoelectronicwith pristine hydrogen passivatedZGNR
(Fig. 13). The system depicted in Fig. 13 shows that the chemical modification of
ZGNRs results in a polyborazine structure. Replacement of all carbon zigzag chains
by the isoelectronic B-N chains finally results in zigzag boron nitride nanoribbons
(ZBNNR). The ZBNNR show an antiferromagnetic ground state with a wide band
gap insulating behavior, in spite of being isoelectronic with ZGNRs behavior [44,
137, 206].

Figure14 presents the DOS of the ZGNR system (Nz = 8) with the replacement
of (a1) 2, (b1) 4, and (c1) 6middle zigzag carbon chains with B-N chains. The ZGNR
system with two zigzag B-N chains at the middle shows an asymmetric energy gap
for up and down spin channels. Replacement of four middle zigzag carbon chains
by B-N chains results in half-metallic behavior with one conducting spin channel,
leaving the other spin channel semiconducting. However, the systemwith two zigzag
carbon chains on either sides and all the six zigzag B-N chains at the middle exhibits
isolated DOS peaks, a signature of nondispersive bands and localized electrons [44].

Unlike ZGNRs, the electrons in the ZBNNRs do not show any spin ordering. The
spin density plot in the half-metallic case (in Fig. 14(b2)) suggests the breaking of
bipartite symmetry when carbon gets attached to B or N. The Lewis acid character of
boron results in an electron transfer from carbon to boron. Similarly, nitrogen atoms
donate the electrons to adjacent carbon atoms, due to their Lewis base character.
Consequently, this creates a potential gradient across the ribbon width that has a
striking resemblance with the case of undoped hydrogen passivated ZGNRs under a
transverse electric field [160], thus effectively inducing an intrinsic half-metallicity
in the modified ZGNR systems [44].

Note that, except the system with two zigzag carbon chains in either edges with
all B-N chains in the middle, all other systems are made by stitching the polyacene
and polyborazine units that are constituents of ZGNRs and ZBNNRs, respectively.
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Fig. 14 The DOS plot for the ZGNRs (Nz = 8), with (a1) 2, (b1) 4, and (c1) 6 zigzag boron-
nitrogen chains at the middle. The energy is scaled with respect to the Fermi energy (EF ). (a2),
(b2), and (c2) show their respective spin density profiles. (Adapted with permission from reference
[44]. Copyright (2009) by American Physical Society)

That is why, this system shows very distinct spin localization along only one edge
unlike the other systems (see Fig. 14(c2)). The half-metallic behavior, as observed
in the system with middle B-N chains that are sandwiched between two polyacene
units on either sides, remains unchanged for any ribbon width. This unique behavior
arises mainly from the carbon atoms that are attached to the boron atoms and sub-
sequent polyacene units on the same side, as evident from the pDOS analysis. This
intrinsic half-metallicity remains robust against a large external electric field with
the semiconducting gap for one kind of spin exceeding the room temperature [44].
These results show that chemical modification of graphene nanoribbons can open
new avenues to study intrinsic half-metallicity at room temperature for advanced
spintronic device applications.

8 Transport Properties of Graphene Nanoribbons

We have discussed how the edge states give rise to nanographene’s unusual elec-
tronic properties. We have also discussed how half-metallic conduction and other
spintronic properties that emerge in ZGNRs can be utilized for carbon-based nano-
material devices. The electronic transport properties in doped and gated graphene
nanostructures have also generated significant interest in the scientific community
[37]. Nanojunctions made of graphene can show zero-conductance Fano resonances,
having potential applications in current control and switching devices [176, 177,
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Fig. 15 a Structure of disordered ZGNR. The shaded region with length L denotes the disordered
region with randomly distributed impurities. b Energy dispersion of ZGNRs with Nz = 10. The
vertical dashed lines at KD show the locations of valleys in the energy dispersion, originating from
the Dirac (K,K′) points of graphene. The red-filled (blue-unfilled) circles denote the right- (left-)
going open channel at energy slightly above EF . The degeneracy between these two channels
is lifted in the left (right) valley because of one excess right (left)-going mode. This breaks the
time-reversal symmetry under the intravalley scattering

179, 197]. Previous studies have shown that the localized edge states of disordered
nanographene exhibit peculiar charge transport that transitions between variable
range hopping at low temperatures and thermally activated transport at higher tem-
peratures [74]. The inclusion of spin-orbit interaction in ZGNRs can also be used
as a model to study the quantum spin Hall effect [99] and topological insulators
[77]. Recent experiments have also obtained signatures of edge-mode transport in
atomic-scale constrictions in single and multilayer nanographene [102].

Hence, in this section,wewill see how the edge boundary conditions are intricately
linked to the electronic transport properties of graphene ribbons. In particular, wewill
focus on disorder effects on the electronic transport properties of zigzag graphene
nanoribbons.As shown inFig. 15a,wehave a disordered region of length L inZGNRs
with width Nz . In Fig. 15b, we show the energy dispersion for the disordered ZGNRs
with Nz = 10. We have already discussed through our tight-binding calculations in
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the previous section that the ZGNRs showmetallic behavior at finite doping because
of the partial flat band at the Fermi energy induced by the edge states, irrespective of
their width. To probe the role of the edge states in the electronic transport properties
of ZGNRs, we treat them as a new class of quantum wires. In general, the scattering
matrix (S) formalism is used to describe the electron scattering in a quantum wire
[19]. The relation between the scattering wave O and the incident wave I can be
represented as [182, 183],
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) (
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)
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where L (R) denote left (right) lead, while r (r ′) and t (t ′) represent reflection and
transmissionmatrices, respectively. In the quantumwire regime, the phase coherence
length and electronic mean free path are larger than the system size, and hence the
electronic conductance of the mesoscopic systems can be evaluated by the Landauer-
Büttiker formula [23] by using the S-matrix as follows [182, 183]:

G(E) = e2

π�
Tr(t t†) = e2

π�
g(E) (9)

We express the electronic conductance in the unit of conductance quanta ( e2

π�
), i.e.,

as dimensionless conductance g(E).
For a pure system, the transmission probability is unity in the clean limit. Hence,

the number of conducting channels can give dimensionless conductance at zero
temperature. As shown in Fig. 15b, there is always one excess left-going channel
in the right valley and one excess right-going channel in the left valley within the
energy window of |E − EF | ≤ 1. However, the number of right-going and left-
going channels in the whole system remains the same, maintaining the overall time-
reversal symmetry. However, there is always one excess channel in one direction at
each valley, which we call the chiral mode. Using this information, we can write
the dimensionless conductance as g(E) = 2n + 1 for ZGNRs, where n = 0, 1, 2, ...
[182].

Figure15a shows that the impurities are randomly distributed with a density nimp

in the disordered region of the nanoribbons. The largemomentumdifference between
the two valleys requires short-range impurities (SRI) with a range smaller than the
lattice constant for intervalley scattering, whereas long-range impurities (LRI) are
the cause of intravalley scattering [10]. We expect random impurities will cause
Anderson localization [6], which will make the electrons localized over a certain
region, rather than spread out over the whole system. Hence, the conductance will
decay exponentially with an increase in the disorder length L and vanish in the limit
of L → ∞. However, if we look at Fig. 16a, the average dimensionless conductance
〈g〉 for different incident energies E (Fermi energies) shows a typical localization
effect that gradually decreases with growing L . However, in the limit L → ∞, 〈g〉
converges to 1 for LRIs, as shown in Fig. 16a. This indicates a single perfectly con-
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Fig. 16 Dependence of disorder length (L) on the average dimensionless conductance 〈g〉 for
ZGNRs with Nz = 10, in the a absence and b presence of intervalley scattering. The poten-
tial strength and the impurity density are considered to be u = 1.0 and nimp = 0.1, respectively.
(Adapted with permission from reference [183]. Copyright (2009) by Institute of Physics)

ducting channel in ZGNRs related to the chiral propagating mode that we have
discussed before. Thus, ZGNRs with long-range impurities do not exhibit Anderson
localization [181]. However, in the presence of SRIs, the dominance of intervalley
scattering suppresses the perfectly conducting channel (see Fig. 16b). Such phe-
nomena can occur in large impurity concentrations in the disordered region or by
edge-roughness that alters the ribbon width considerably over a short length. This is
largely due to the localization of electrons and the consequent rapid decay of average
conductance [181]. In such a situation, we observe perfect backward scattering due
to zero-conductance Fano resonances in the low-energy transport regime [178].

Owing to the nontrivial Berry π -phase for the single-channel linear band orig-
inating from the low-energy Dirac dispersion, the AGNRs show a perfectly single
conducting channel in the presence of LRIs [155]. Note that, unlike ZGNRs, the two
valleys are not well separated in AGNRs.

Thus, we see how the perfectly conducting channel can be the origin of a robust
electron transport mechanism in ZGNRs [181, 183]. Recent experiments have uti-
lized this exceptional room temperature ballistic transport mechanism of ZGNRs to
design ultra-low power consumption nanoelectronic devices [17].

9 Conclusion and Future Outlook

This chapter has reviewed the recent studies in the exciting field of quasi 1D graphene
nanoribbons, given its important role in carbon-based nanomaterial device applica-
tions. In particular, we have reviewed the theoretical investigations on the nanoscale
edge effects on graphene’s electronic properties. The presence of edges crucially
affects the electronic states of nanographene.Wehave discussed two typical graphene
edges in detail, namely armchair and zigzag and have shown how they exhibit com-
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pletely different electronic properties. The properties of Dirac fermions remain intact
in the case of armchair edge, while the zigzag edge induces localized edge states that
give rise to a large peak in the DOS at the Fermi energy. The resulting Fermi insta-
bility leads to a ferrimagnetic spin polarization along the zigzag edge. Thus, ZGNRs
show magnetic properties that are absent in pristine two-dimensional graphene. We
have shown how these magnetic states respond to carrier doping. Such metal-free
magnetic states can be exploited to realize carbon-based spintronic devices.

Under the influence of the external transverse electric field, the semiconducting
ZGNRs also exhibit half-metallic behavior. A similar property can be achieved by
selective doping of edge carbon atoms in ZGNRby borons and chemicallymodifying
ZGNRs by B-N pair replacements. These observations pave novel ways to control
the spin-polarized current in quasi-one-dimensional carbon systems.

The edge states in ZGNRs can induce a perfectly conducting channel with the
absence of Anderson localization. We have discussed this peculiar spin transport
behavior of nanoribbons that will help in designing ultra-low power consumption
electronics based on carbon nanomaterials.

Nanomaterials based on low-dimensional systems are an emerging field, and rapid
progress is made almost every day. Hence, it is challenging to give a comprehensive
review of this fast-evolving topic. Thus, we have merely scratched the surface of
this rapidly developing field in materials science and have not included many signif-
icant aspects where cutting-edge research is currently going on for spintronic device
applications.

We have skipped discussing lattice defects or vacancies, but studies have shown
that they can also be a source of magnetism in nanographene [201]. The spin-orbit
interaction also plays an important role, which can be tuned by hydrogenation to
induce the spinHall effect [15]. The unconventional electronic properties in graphene
have also motivated researchers to go beyond the conventional carbon allotropes and
study spintronics and unusual properties in other low-dimensional materials [14],
like monolayers of hexagonal boron nitride (hBN) [194], phosphorene [196], sil-
icene [58, 173], BC3 [47, 49, 96], transition metal dichalcogenides (TMDs) [120,
189], among others [63]. The proximity-induced SOCenhancement [192] and optical
spin injection [13, 65] have made heterostructures made of graphene and TMDs very
appealing for spintronics and optospintronics. Experimental and theoretical works on
atomic-scale self-assembled TMD heterojunctions formed by controlled oxidation
have also shown how these materials can be exploited for advanced electronic, opto-
electronic, and valleytronic device applications [35, 198]. Such laterally stitched or
vertically stacked Van der Waals heterostructures made from different 2D materials
have also become very popular and are actively exploited in next-generation spin
filters and spin-rectifying devices [36].

Very recently, experiments in exchange anisotropy-induced 2Dmagnetism in lay-
ered materials like CrI3 [84] and Cr2Ge2Te6 [66], etc., have opened a new area of
research in condensed matter and materials science to utilize their magneto-electric
andmagneto-optical effects and interface themwith other low-dimensional materials
to form heterostructures and engineer new physics. The recent surge in research to
unravel the unusual flat band topology, high Tc superconducting phases, and emer-
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gent magnetism observed in twisted bilayer low-dimensional systems has also been
very promising for electronic applications [26, 27, 32, 156]. We hope that this con-
tinued and sustained way to explore the “plenty of room” in these nanoscale low-
dimensional systems will aid in their realization of next-generation nanomaterial
devices.
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Carbon Nanotube Field-Effect
Transistors (CNFETs): Structure,
Fabrication, Modeling, and Performance

Navneet Gupta and Ankita Dixit

Abstract The problems associated with attempting to scale down traditional metal
oxide field-effect transistors (MOSFET) have led researchers to look into CNT-based
field-effect transistors (CNFETs), as an alternative. Though the scaling of MOSFET
has been the driving force toward the technological advancement, but due to contin-
uous scaling, various secondary effects which include short channel effects, high
leakage current, excessive process variation, and reliability issues degrade the device
performance. On the other hand, CNFETs are not subjected to the scaling problems.
The operation principle of the CNFET is similar to traditional MOSFET but the
conduction phenomena are different. The traditional MOSFETs are based on the
drift and diffusion phenomena in which channel length is very large as compared to
mean free path of charge carrierswhereas theCNFETs are based on ballistic transport
conduction mechanism, in which channel length is very small as compared to mean
free path of charge carriers. In CNFET, electrons are injected from source to drain and
transported through the nanotubes without scattering. Due to ballistic transport the
nanotubes act as a perfect conductor for electrons such that the full quantum informa-
tion of these electrons (momentum, energy, spin) can be transferred without losses.
The channel current in CNFETs depends on gate voltage, number of nanotubes in
channel, dielectric material and its thickness, and diameter and chirality of carbon
nanotubes. So in this chapter we shall discuss different device structures of CNFET,
steps involved in the fabrication of CNFETs, advantages and limitations of various
methods involved in the synthesis of CNTs, conduction models, and performance
parameters.
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1 Introduction

Over the years, silicon metal-oxide-semiconductor field-effect transistors (Si-
MOSFETs) have come down to a size of 10 nm, but further scaling has proved
to be challenging due to short channel effects (SCE) such as drain-induced barrier
lowering (DIBL), velocity saturation, and hot carrier generation, which degrade the
performance of the device in terms of high power consumption during turning off
the device [1, 2].

Carbon nanotube field-effect transistors (CNFETs), which uses carbon nanotubes
(CNTs) as the channel material, have come up as a preferred alternative over the Si-
MOSFETs [3]. CNTs have high carrier velocity and possess near-ballistic transport
property which make it highly suitable for FET devices [4, 5]. Moreover, owing to
their unique physical properties in addition to their remarkable electronic, mechan-
ical, optical, vibrational, and thermal properties [6–10], CNTs can overcome SCE
and also provide a better gate control than Si-MOSFET in nanoscale region as a result
of their significantly thinner structure. These attributes have made CNTs a preferred
option for various other potential applications as well [11–15].

CNTs are the backbone of carbon nanotube field-effect transistors (CNFETs). It
was discovered by S. Iijima in 1991 [16]. CNTs can be divided into two categories
on the basis of number of walls and chirality. Based on number of walls, it is further
classified into two types, i.e., single-wall CNTs and multiwall CNTs. On the basis
of chirality (n, m) and chiral angle (θ), CNTs can be categorized into three different
types: zigzag (n, 0), θ = 0° [17]; armchair (n, n), θ = 30°; and helical CNT (n, m),
0° < θ<30° [18]. Figure 1 shows the schematic illustration of these different types of
CNT configurations.

The diameter (d) of CNT depends on the chiral vector of CNT. The diameter and
energy bandgap (Eg) of CNT can be given as [19] follows:

d =
√
3ac−c

π

√
n2 + nm + m2 (1)

Fig. 1 Schematic illustration of carbon nanotube configurations
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Table 1 Diameter and energy bandgap for various CNTs

Types of CNT Diameter (nm) Energy band gap (eV) Nature of CNT

Achiral CNT CNT (6, 0) 0.4698 0 Metallic

CNT (7, 0) 0.548128 1.55438 Semiconductor

CNT (7, 7) 0.94938 0 Metallic

Chiral CNT CNT (8, 5) 0.8891 0 Metallic

CNT (5,7) 0.8173 1.0424 Semiconductor

Eg =
{ 2ac−ct

d , n − m �= 3i
0, n − m = 3i

(2)

where ac-c is the carbon bond length (1.42 Å), t is the tight binding energy (~ 3 eV),
and “i” is an integer. CNTs with n-m �= 3i are semiconductor, otherwise metallic in
nature. Specifically, armchair CNTs are metallic, while zigzag carbon nanotubes are
either semiconductor or metallic. Table 1 shows the calculated values of diameter
and energy bandgap using Eq. (1) and (2) for achiral and chiral CNT. It was also
observed that energy bandgap is inversely proportional to diameter of CNT.

CNFET is a three-terminal device with source, drain, and gate likeMOSFET. The
performance of CNFET depends on drain current (Id) which is controlled by gate-
to-source voltage (Vgs) and drain-to-source voltage (Vds). Apart from diameter and
chirality of CNT, other physical parameters that affect the drain current are contact
between CNT and source/drain (S/D), gate dielectric material, channel length, and
thickness of gate dielectric [20]. It was observed that a small diameter of CNT
leads to high value of leakage current which in turn reduces the mobility. It was
also reported that for the diameter (d) of 1 nm, current through zigzag CNT is less
as compared to armchair CNT [21]. In CNFET, threshold voltage (Vt) depends on
temperature and channel length [22]. As the channel length increases from 10 nm
to 20 nm threshold voltage decreases rapidly in CNFET, whereas for MOSFET
threshold voltage increases sharply when channel length increases from 10 nm to
20 nm [23].

High-k dielectricmaterial plays very important role in the performance of CNFET
which allows the charge injection into transistor channel and reduces the leakage
current [24]. As CNTs are free from dangling bond, electrolytic dielectrics can also
be used as gate in CNFET device [25]. It was observed that for CNFET with high-k
dielectric the on-current (Ion) per unit width is approximately three times higher than
the on-current for MOSFET at gate voltage (Vg) of 0.6 V [26].

This chapter provides an overview on CNFET. The device structure and fabri-
cation steps for two different structures of CNFET are described in Sects. 2 and 3,
respectively. Section 4 explains various conduction models for CNFET proposed by
various research groups. Different parameters that affect the performance of CNFET
are described in Sect. 5. Finally, the possible applications of CNFET are explained
in the last section.
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2 Device Structure

CNFET device structure can be classified into two categories: planar structure
CNFET and Gate-All-Around (GAA) structure CNFET [27]. Figure 2 shows the
schematic diagram of both these CNFETs.

There are basically four different configurations of planar structure of CNFET
and each structure has its own advantages and limitations. Figure 3 (a) shows the
single gate planar structure of CNFET with heavily doped substrate as a back gate.
This device structure is easy to fabricate but suffer from low drain current (Id) which
can be increased by using a double gate structure of CNFET, as shown in Fig. 3(b). In
this double gate device structure, top gate is used to control the charge density in the
channel and back gate is used for electrostatic doping in the extension region of the
CNT in channel. Another structure of CNFET as shown in Fig. 3(c) is almost similar
to the device structure in Fig. 3(b) except that the CNT is doped. This device structure

(a)              (b) 

Fig. 2 Schematic view of planar CNFET and GAA-CNFET

(a) Single Gate CNFET                   (b) Double Gate CNFET 

(c) Double gate structure with doped CNT  (d) Self-Aligned CNT 

Fig. 3 Different configurations of planar structure of CNFET
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provides the low resistance path between CNT and S/D contacts [28, 29]. A self-
aligned device structure ofCNFET is shown inFig. 3(d) inwhich there is no extension
region. This device structure is used to reduce the parasitic capacitance between gate
and source and between gate and drain, which improves the performance of the
device and also reduces the size of the device.

In order to provide ohmic contact, CNFET has been fabricated with different
source/drainmaterials like palladium [30], Ti/Au [31], Cr/Pd/Au [32], andCr/Au [33,
34]. The next generation of CNFET was developed with GAA-CNFET to increase
the performance of transistors. Z. Chen et al. [35] fabricated GAA-CNFET with
dielectric layer of Al2O3 and Pd is used as a source/drain material and the segments
of length of 100 nm were designed between gate and extended source/drain. A.D.
Franklin et al. [36] fabricated the GAA-CNFET with HfO2 as high-k gate dielectric
material and observed that n-type and p-type CNFETs can be realized by using HfO2

and Al2O3 dielectric materials, respectively [37].

3 Fabrication of CNFET

The fabrication steps of CNFET are almost similar to that of MOSFET except an
additional step of CNT deposition. In order to fabricate CNFET, we need first to
synthesis CNT and then follow steps to fabricate the device.

3.1 Synthesis of CNT

Various synthesis methods such as arc discharge method, LASER ablation, electrol-
ysis, hydrothermal or sono-chemical, and chemical vapor deposition (CVD) have
been developed to synthesize the CNT. Each method has its own advantages and
limitations. The comparison among these synthesis methods is given in Table 2.

3.2 Device Fabrication

The CNFETs have been fabricated with both planar and GAA structures. The fabri-
cation steps of CNFET include doping, masking, etching, lithography, and metal
deposition process. Let us discuss these steps for planar and GAA structures in next
section.

3.2.1 Fabrication Steps for Planar CNFET

The fabrication process for planar CNFET is illustrated in Fig. 4. First, silicon wafer



204 N. Gupta and A. Dixit

Table 2 Comparison among synthesis methods of CNTs

Synthesis methods Description

Advantages Limitations References

Arc discharge Both single-wall and
multiwall CNTs with length
up to 50 μm can be
synthesized

Cooling is required for
electrodes and chamber and
required vacuum chamber
and high current power
supply

[38]

LASER ablation Primarily used for the
synthesis of SWCNTs with
controllable diameter

High temperature is required
and this method is expensive

[39]

Electrolysis Inexpensive and use green
house gas (CO2)

Synthesizes only MWNTs [40]

Hydrothermal Required low temperature,
does not require any
hazardous gas such as H2

Synthesizes only MWNTs [41, 42]

Chemical vapor
deposition

Low temperature required
(<800 °C). Patterned
nanotube can be grown with
controllable diameter

Catalyst is used to grow the
nanotube and also used to
control the diameter of CNT

[43]

is oxidized using wet thermal oxidation. Then Mask-1 is used to deposit the source
and drain with specific channel length. Cr/Au can be used for metalization. Mask-2
is used for the dielectrophoresis (DEP) method. The AC voltage of 10 V with 1MHz
frequency was applied for the DEP method. After the alignment of CNT between
source and drain, gate dielectric can be deposited using e-beam evaporation. In the
final step, an aluminum thin film was deposited for the contact of source, drain, and
gate.

3.2.2 Fabrication Steps for GAA-CNFET

Figure 5 shows the fabrication steps for GAA-CNFET [44]. First, CNT is deposited
at selected area on Si substrate. After the metallization of source and drain, silicon
layer is etched to form a recess. Then the spacer material (i.e., dielectric material) is
deposited using either atomic layer deposition (ALD) or chemical vapor deposition
(CVD) process to provide an insulating layer between gate and S/D contact. After
deposition of spacer material, a high-k dielectric material is deposited on exposed
surface including channel (CNT).The gate terminal is formed by metallization using
palladium (Pd) or tungsten (W) material on gate dielectric material to control the
current between source and drain.
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Fig. 4 Fabrication steps for planar CNFET

4 Conduction Models of CNFET

Conduction models are used to analyze the electrical behavior and performance of
CNFET. The device model for CNFET is classified into three broad categories: trans-
port model, charge model, and finite element method (FEM) model [45]. Figure 6
shows further classification of transport models for CNFET.
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Fig. 5 Fabrication steps for gate-all-around CNFET

Fig. 6 Classifications of conduction models for CNFET

4.1 Transport Mode

Various transport models for CNFET have been proposed based on different mech-
anisms behind the conduction phenomena. Following sub-section explains these
models in detail.

4.1.1 Ballistic Model

Ballistic transportation means that there is no resistance in the path of charge carriers
of the device. It also represents that there is no loss of energy in charge carriers due
to scattering. In ballistic transportation, mean free path is greater than the channel
length. I. Bejenari,M. Schröter, andM.Claus developed a newanalyticalmodel to the
drain current in 1-D ballistic Schottky barrier transistor [46]. This analytical model
is based on Wentzel–Kramers–Brillouin approximation. An analytical solution for
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Landauer integral was derived by using the Fermi–Dirac distribution function and
transmission probability, to overcome the limitations of existing models. This model
decreases the evaluation time as it is free from numerical integration. The drain
current equation for ballistic model is given as follows:

Id = 4q

h
kBT ln

{
1 + exp(−φb/kBT )

1 + exp[−(φb + qVds)/kBT ]

}
(3)

where kB is Boltzmann constant, T is temperature, q is the electronic charge, φb is
the barrier height, h is Planck’s constant, and V ds is the voltage between source and
drain.

4.1.2 Quasi-Ballistic Model

Quasi-ballistic model refers to the model where the transportation of charge carriers
has small amount of scattering in their path. C-S Lee, A. D. Franklin, W. Haensch,
and H-S P. Wong [47] developed a model for the quasi-ballistic CNFET based on
virtual source model. In this model, it has been considered that the carrier effective
mobility and velocity of charge carriers depend on the diameter of CNT and gate
capacitance also depends on quantum capacitance which occurs due to the CNT. The
drain current equation for quasi-ballistic model is given as follows:

Id = 4q

h
kBT ln

⎡

⎣
1 + exp

(
ψs−Eg/2q

kBT

)

1 + exp
(

ψs−Eg/2q−Vds

kBT/q

)

⎤

⎦ (4)

where kB is Boltzmann constant, T is temperature, q is the electronic charge, ψs is
the surface potential, h is Planck’s constant, and V ds is the voltage between source
and drain.

4.1.3 Non-Ballistic Model

In non-ballisticmodel, there is a resistance for the charge carriers in the transportation
path between source and drain. For non-ballistic transportation, electron scattering by
acoustic and optical phonons in the channel is also considered. I. Bejenari et al. had
developed a novel analytical model for the study of drain current in 1-D non-ballistic
CNFET transistor [48]. In this model, a piece-wise approximation of Fermi–Dirac
distribution and transmission probability has been used for the derivation of drain
current equation in the Landauer–Büttiker formalism.
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4.1.4 Tunneling-Based Model

Tunneling is a process that allows the charge carriers to move from one terminal to
other through the barrier. It is the main reason for the leakage current. S. Frégonèse,
C. Maneux, and T. Zimmer [49] have proposed a compact model in CNFET for the
implementation of tunneling phenomena. The CNFET has been analyzed for the
circuit configuration with and without and band-to-band tunneling (BTBT) which
is having a major impact on the figure of merit of the circuit. The tunneling current
probability and the current density is a function of CNT diameter, oxide thickness,
and gate voltage (Vg).

4.1.5 Thermionic Model

The process inwhich electrons are emitted fromheated source is known as thermionic
emission. In CNFET, thermionic emission is due to the electric field between source
and drain. The thermionic emission required higher energy than the energy required
for tunneling [50].

4.1.6 NEGF-Based Model

Non-equilibrium Green’s function (NEGF) formalism is a matrix-based computa-
tional process which includes Hamiltonian matrix and self-energy matrix but it is too
computationally expensive for device optimization and circuit simulation [51–53].

4.2 Charge Model

In charge model for GAA structure of CNFET, potential and carrier density can be
solved by Poisson–Schrodinger equations. The analytical expressions for density of
state and drain current can be derived for CNFET, which has a SPICE–compatible
model [54].

4.3 Finite Element Method (FEM) Model

The finite element method (FEM) has an attractive feature to handle complicate
geometries (boundaries) with relative ease. In this model, a large problem is sub-
divided into small problems called finite elements. The equations of these models
are assembled to obtain the solution to the entire problem.A3-Dmodel of theCNFET
was developed for evaluating the circuit performance in terms of ON-current, speed,
and power [55]. This model was developed for the multichannel gate-all-around
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structure with k1 as a dielectric constant for gate oxide and k2 as a dielectric constant
for the substrate.

5 Performance Parameters of CNFET

5.1 Impact of Gate Dielectric Materials

The performance of CNFET is affected by gate dielectric materials. CNFETs have
been studied by various gate dielectric materials such as SiO2, Al2O3, La2O3, HfO2,
and ZrO2 [24]. The gate dielectric materials with relative dielectric constant of more
than 7 (i.e., εr > 7) are referred as high-k dielectric materials and those materials
with relative dielectric constant less than 3.9 (i.e., εr < 3.9) are referred as low-k
dielectric materials [56]. As the gate dielectric thickness reduces, the leakage current
increases; hence, it is necessary to have high-k gate dielectric material. The analysis
shows that for improved performance of CNFET, La2O3 material is the best possible
gate dielectric material followed by HfO2 [24]

5.2 Impact of Gate Dielectric Thickness

Due to ballistic transport effects, direct tunneling from the source to the drain will be
most detrimental to low-voltage transistor operation because it not only degrades the
subthreshold swing (SS) but also increases the leakage current in the subthreshold
region. A.Shaukat et al. [20] studied the effect of the thickness of SiO2 on CNFET.
As the thickness of gate dielectric material reduces, transconductance and voltage
gain increase and subthreshold swing reduces; however,DIBL slightly increases. For
different structures, it has been observed that the GAA provides better performance
as compared to planar CNFET.

5.3 Effect of Channel Length

In CNFET, channel length also plays an important role. When the channel length is
smaller than the mean free path, ballistic transportation occurs in CNTs. If the device
is scaled down, electric field is increased between source and drain, which reduced
the barrier for charge carriers.

It has been observed that when channel length reduces, subthreshold swing also
reduces and GAA-CNFET provides high switching speed due to less subthreshold
swing. (The subthreshold swing is reciprocal of the subthreshold slope.)
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5.4 Effect of Source and Drain Materials

The performance of CNFET also depends on source/drain materials. The metal/CNT
contact reacts with atmospheric gases as they change the metal work function, which
causes the changes in the barrier height [57]. Earlier, Nobel metals like gold (Au) and
platinum (Pt) were used because of high conductivity but they provide high parasitic
resistance in megaohms. Therefore, at present, many researchers are using Pd, Ti,
Al, and Cr metal as a S/Dmaterial [34–36, 58]. Al contacts provide SB barrier height
for holes due to low work function whereas CNFET shows ambipolar behavior with
Ti because it provides equal barrier height for both holes and electrons. Pd is mostly
used because it provides less contact resistance which reduces the leakage current
and enhances the performance of the CNFET.

6 Potential Applications

CNFETs have many applications due to the unique properties of CNTs. CNTs have
distinguished electrical, chemical,mechanical, and thermal properties besides having
high tensile strength. There is no boundary scattering in CNTs due to hollow cylin-
drical structure. It can transport a large amount of charge carriers as compared to
silicon. The CNFETs have been used for nanosensors, electronic devices, and circuit
applications and RF applications [59–63]. Due to remarkable properties of CNTs,
it is suitable for low power, highly sensitive, and low-cost sensors. CNFET is also
used for many digital circuit applications such as a quaternary logic gates and arith-
metic circuits (half adder and full adder) using voltage divider. An electronic circuit
based on memristor with ternary inverters (T-Inverters) using CNFET has also been
proposed [62]. CNFET also has the potential to be used inRF deviceswhich enhances
the performance parameters (frequency band, power consumption, and the size of
units) of device.

7 Conclusion and Outlook

This chapter provides an overview of the CNFETs which summarizes research
advancement of CNFET from three aspects: (1) geometrical structure, (2) fabri-
cation, and (3) device modeling of the CNFET. This chapter covers the information
of the performance parameters of CNFET and describes the device applications. In
nanoscale regime, CNFET is better than MOSFET due to CNT’s remarkable and
unique properties. The structure of CNFET device also plays an important role in
performance of the device. GAA-CNFET has better gate control over the planar
CNFET. It is also evident that the transconductance in GAA-CNFET is remarkably
highwhen compared to the planarCNFET.GAA-CNFEThas less leakage current and
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high drain current than planar structure. The performance of CNFET also depends
on the gate dielectric material and its thickness, channel length, and source and drain
materials. Working of CNFET can be explained by using mainly three models, i.e.,
transport, charge, and FEMmodels. As the size is compact and performance is better
than MOSFET, the CNFET is used for nanosensor applications, bio-sensors, gas
sensors, electronic device applications, and RF applications.
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Carbon Nanomaterials for Emerging
Electronic Devices and Sensors

Venkatarao Selamneni, Naveen Bokka, Vivek Adepu, and Parikshit Sahatiya

Abstract Over the last two decades, carbon nanomaterials including two-
dimensional graphene, one-dimensional carbon nanotubes (CNTs), and zero-
dimensional carbon quantum dots, fullerenes have gained tremendous attention
from researchers due to their unique optical, electronic, mechanical, chemical, and
thermal properties. Furthermore, to enhance the properties of pristine carbon nano-
materials, their hybrid materials have been synthesized. Even though tremendous
advancement in carbon nanomaterials-based electronic devices and sensors has been
achieved, a few challenges need to be addressed before the commercialization of
carbon nanomaterials-based devices. Apart from the improvements, the device to
device variations, and extrinsic factors like dielectric layers, metal contact resistance
remain an issue. Strategies such as chemically tuning and enhancing the proper-
ties of carbon nanomaterials are important for the further improvement of carbon
nanomaterial-based device performance. This chapter focuses on understanding the
basic electronic properties of graphene, CNT. and carbon quantum dots/fullerenes
and their applications in electronic devices (field-effect transistors, diodes, etc.),
optoelectronics, and various chemical and physical sensors.

Keywords Carbon nanomaterials · Fullerenes · Carbon quantum dots · Carbon
nanotubes · Graphene · CNTFET · GFET · Chemical sensors · Physical sensors ·
Photodetectors

1 Introduction

Solid materials with at least one dimension restricted to the nanoscale (1–100 nm)
are called nanomaterials. Materials whose size range in micro-meter have their prop-
erties almost similar to that of the bulk materials, but on the other hand, nanoma-
terials have unique and different properties such as higher surface to volume ratio,
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improved electrical, thermal,mechanical, optical properties, andwithminimal imper-
fections which are completely diverse from bulk counterparts. In 1985 first carbon
material named buckminsterfullerene (C60) was synthesized and then later, various
other carbon materials came into existence. Over the years, carbon nanomaterials
such as fullerenes, nanodiamonds, nanotubes, nanofibers, and graphene have got the
utmost prominence for their utilization in various applications. We must understand
these different carbon nanomaterials before a detailed discussion regarding different
applications.

1.1 Fullerene

Carbon atoms organized in hexagonal and pentagonal rings with closed hollow
cages are known as fullerenes. Cylindrical/ ellipsoidal, the spherical arrange-
ment of molecules that entirely contain carbon atoms falls under the category of
fullerenes. Carbon nanotubes/bucky tubes are cylindrical-shaped fullerenes, and
spherical-shaped fullerene is known as buckyballs.

Spherical Fullerene

This class of carbon materials is zero-dimensional in which all the dimensions of the
molecule are restricted to the nanoscale. Cn is the chemical formula of the spherical
fullerene where the number of carbon atoms existing in a fullerene molecule is
denoted by n in Cn. These are classified into C60, C70, C76, C84, and this sequence
continues till gigantic [1] (where the number of carbon atoms greater than 100) and
fullerenes of onion type [2] (where concentric shells are combined to form a hollow
shape structure). Among all the fullerene structures, buckminsterfullerene-C60 is the
most stable and prominent structure. It is the carbon molecule in which pentagonal
faces are out-of-the-way with each other with a diameter of approximately 0.683 nm.
Fullerenes are found as less stable dynamically but considered as chemically more
stable in comparison to graphite. These are applied in various applications such as
photodetectors [3], solar cells [4], field-effect transistors [5], etc (Fig. 1).

1.1.1 Carbon Nanotubes

Carbon atoms of sp2 hybridization must be bent to form fullerenes of cylindrical
structures knows as carbon nanotubes. During the thermal decomposition of various
hydrocarbons, it was found that there is a possibility of the formation of carbon
filaments before the invention of a transmission the electron microscope (TEM) [6].
Later after the invention of TEM, it is confirmed that tubular structures like that of
nanotubes came into existence from various reports issued in the twentieth century.
The carbon filaments of nano size and tubular form using TEM images in 1952 were
stated by Radushkevich and Lukyanovich [7]. The first CNT was grown without the
usage of any catalyst in a report published by Ijima in 1991 [8]. Different methods
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such as chemical vapor deposition [9, 10], laser ablation [11], arc discharge [12], etc.,
are employed for the production of CNTs. CNTs have an analogous structure as that
of three-Dimensional graphite because it is derived from the rolledmonolayer layer of
graphite structure. If the tube wall of carbon nanotube is formed from only one-layer,
multiple layers of graphite, then they are known as SWCNTs (single-walled carbon
nanotube) and MWCNTs (multi-walled carbon nanotubes), respectively. Intertube
spacing in MWCNTs is 0.34 nm almost similar to that of the interlayer distance
between carbon atoms of graphite structure [13]. In CNTs, only one dimension
of the structure is restricted to the nanoscale, therefore it is considered as a one-
dimensional nanomaterial with several hundred nanometers of diameter [14] and
length up to several centimeters [15]. Chiral vector (Ch) represents the structure
of the SWCNTs. Two integers (n,m) and base vectors a1, a2 will define the chiral
vector of the CNTs [16, 17]. These integers of chiral vector classify SWCNTs into
the armchair tubes (when m = n i.e., (n, n ), zig-zag tubes (when m = 0, i.e.,
(n, 0)) and for other possible (n, m) values of integers, they are chiral tubes. The
information about the chiral angle and the diameter of the nanotubes is known by
integer indices (n, m) [18]. The electrical properties of SWCNTs are proportionate
to the chirality of nanotubes. When m–n/3 is an integer then nanotube (SWCNT) is
considered as metallic or else for all other conditions it is a semiconductor. From
various reports, it is confirmed that CNTs are unique carbon nanomaterials with
improved electrical, thermal, mechanical, and various other properties for utilizing
them in different applications such as flat panel displays [19], sensing devices [20,
21], Li-ion batteries [22], fuel cells [23, 24], etc (Fig. 2).

1.2 Carbon Nanofibers

Carbon nanofibers are a different class of carbon nanomaterial in which the filament-
like structure of graphite completely different from nanotubes is aligned in themono-
layer graphitic planes. Nanofibers are those in which layers of graphite are organized
at an angle (herringbone form) or perpendicular to the plane (stacked form) of the
fiber axis [27]. Subjecting hydrocarbons in gaseous form to high temperatures in the
presence of catalyst will result in carbon nanofibers. Factors influencing the carbon
nanofibers are catalyst material, the temperature used for the synthesis, reactant gas
composition. These carbon nanofibers have exceptional mechanical properties such
as high mechanical strength which is used in nanocomposite preparation for various
applications [28] (Fig. 3).

1.3 Graphene

Graphene is a two-dimensional carbon nanomaterial that is formed from single
or various monolayers of graphite. Carbon atoms of sp2 hybridization are tightly
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crammed with a bond length of 0.142 nm, in a honeycomb crystal lattice. An only
sheet of graphene is termed single-layer graphene (SLG) and multiple sheets super-
imposed upon one another with an interplanar spacing of 0.335 nm are called
few-layered graphene (FLG). Graphene is considered a basic building block of
carbon nanomaterials. Zero-dimensional (spherical fullerene) and one-dimensional
(nanotubes) carbon nanomaterial can be easily prepared from graphene by wrap-
ping layers in a specific direction of the material. During 1990 and 2004, using
the mechanical exfoliation technique several attempts are made for producing thin
films of graphite which resulted in the making of nothing less than numerous tens of
layers [30]. In 2004, Novoselov and Geim succeeded in the production of graphene
in the order of single-atom thickness from bulk graphite structure using a technique
known as the micro-mechanical cleavage [31]. Most of the reported methods such as
mechanical exfoliation [31], chemical vapor deposition [32], oxidation of graphite
[33], liquid-phase exfoliation [34], etc., have challenges in controlling the size, shape,
and other parameters during the synthesis of graphene. Apart from all these hardships
in synthesis, still, graphene has been utilized in different applications owing to its
remarkable mechanical, thermal, electrical, and other properties [35–38] (Fig. 4).

Different properties of the above-discussed carbon-based nanomaterials such as
electrical, elastic, mechanical, etc., are shown in Table 1.

1.4 Carbon Quantum-Dots

A quantum dot is a zero-dimensional nanomaterial relative to bulk materials. It is a
fluorescent semiconducting nanocrystal that consists of elements from the periodic
table from II to VI, III to V, or IV to VI groups (e.g., CdTe) [40]. The size of
these nanomaterials is in the range of 2–10 nm in diameter and contain 200–10,000
atoms approximately [41]. Quantum dots are highly photostable due to the quantum
confinement effect with broad absorption, symmetric, and narrow emission spectra.
Size, surface chemistry, and chemical composition of nanomaterials are important
for the emitted light and can be adjusted to visible and near-infrared regions from the
UV region. Electron energy levels of the bulk form of semi-conductor are continuous
and these energy levels are distinct due to the quantum confinement effect at the
nanoscale. Coulomb stated that electron–hole pair is created due to jumping off
an electron from the valency band to the conduction band as exciton and physical
confinement of electrons in 3D leads to quantum confinement [42, 43]. An electron
that is vaulted into the CB (conduction band) will fall back to the VB (valence
band) resulting in radiation (electromagnetic) which is diverse in comparison to
actual inducement. The frequency with which it is emitted is allegedly attributed to
fluorescence which depends on the size of the bandgap that can be tuned by altering
the size and surface chemistry of the quantum dot. Therefore, it is concluded that the
smaller the quantum dot higher will be its bandgap.
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Table 1 Properties of carbon-based nanomaterials. Reprintedwith permission from [39]. Copyright
© 2017 Elsevier Ltd. All rights reserved

Property Fullerene Single-wall
carbon
nanotube
(SWCNT)

Double-wall
carbon
nanotube
(DWCNT)

Multi-wall
carbon
nanotube
(MWCNT)

Graphene Carbon-based
nanofiber

Density
(g/cm3)

1.7 1.3–1.5 1.5 1.8–2.0 N.A 2.25

Electrical
conductivity
(S/m)

10–3 106 106 106 6 × 105 103

Distinctive
diameter
(nm)

0.7 1 5 20 N.A 50–500

Tensile
strength
(GPa)

N.A 50–500 23–63 10–60 130 3–7

Thermal
conductivity
in ambient
temperature
conditions
(W/m–K)

0.4 6000 3000 2000 5000 1900

Elongation
at break (%)

N.A 5.8 28 N.A 20 05–2.5

Thermal
solidity
(in the air)

600 >700 >700 >700 450–650 N.A

Specific
surface area
(m2/g)

42–85 10–20 10–20 10–20 2675 50

Elastic
modulus
(TPa)

N.A 1 N.A 0.3–1 1 0.5

NA-—Not Available

Carbon-based quantum dots are a class of this zero-dimensional nanomaterial
that consists of graphene quantum dots and carbon-quantum dots with a size of less
than 10 nm. Carbon-based quantum dots because of their durable luminescence and
admirable solubility havegot great attention to be called carbon-basednano lights [43,
44]. They are synthesized using variousmethods such as laser ablation [45], chemical
ablation [46, 47], electrochemical carbonization [48, 49], hydrothermal/solvothermal
[50, 51], etc. These types of quantum dots have exceptional electronic properties
which lead to chemiluminescence and electro-luminescence made potential applica-
tions in sensors, photodetectors, catalysis, etc. Over the years, 0D, 1D, 2D carbon
nanomaterials (Fullerene, nanotubes, graphene) have got a wide range of scope due
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to their exceptional electronic, thermal, optical, chemical, and mechanical properties
[52]. Electronic devices such as CNTFET, RF transistors fabricated using graphene,
CNT-based digital logic circuits, etc., have improved their performance due to usage
of carbon-nanomaterials during their device fabrication. Various physical and chem-
ical sensors such as pressure sensors, strain sensors, electrochemical, biosensors,
humidity sensors, etc., have improved their sensing properties by using pristine as
well as hybrid carbon nanomaterials. In this chapter, a brief description of pristine,
hybrid carbon nanomaterials applications in different electronic, optoelectronic, and
sensing devices is discussed.

2 Carbon Nanomaterials-Based Electronic Devices

The exploitation of carbon nanomaterials as electronic materials with high mobility
is done due to the extreme delocalization of its sp2 hybridized electronic struc-
ture. Furthermore, in semiconducting CNTs bandgap and diameter are dependent
on its atom arrangement called chirality. Therefore, the tunable bandgap of CNTs
offers unique opportunities to customize optoelectronic properties. In comparison
to conventional semiconducting materials, carbon nanomaterials are found as prob-
able replacements in various electronic applications based on the above reasons [53].
This section provides recent developments in carbon nanomaterials-based electronic
devices.

2.1 CNTs Materials in Digital Electronics Applications

In field-effect transistors, semiconducting CNTs are used as capable materials for
the channel. If current flows using a channel that is made of CNTmaterial which is in
between the drain and source terminals of the FET device, then it is called CNTFET
which has three terminals (Fig. 5a). In 1991, the MWCNT was the first CNT to
be discovered; but after 2 years, SWCNT was synthesized by researchers [8]. The
research on the development of CNT FETs using SWCNTs was increased signif-
icantly compared to MWCNTs due to its better tenability of bandgap. CNTFETs
are classified into four types: (1) Conventional CNTFETs, (2) Schottky barrier
CNTFETs, (3) Tunnel CNTFETs, and (4) Partially gated CNTFETs. In conven-
tional CNTFETs, doped CNT is used as a channel that is similar to the conventional
MOSFETs. Undoped CNTs are used in the Schottky barrier CNTFETs which creates
the Schottky barrier with metals at source and drain. Tunnel CNTFETs consist of
oppositely doped drain and source regions, and partially gated CNTFETs of partial
gate region covering channel. Minimal parasitic capacitances, small switching ener-
gies are observed due to smaller value of capacitance (i.e. < 0.05 aF/nm) of CNTs and
atomically smooth surface of CNTs decreases the carries scattering and scattering
at small-angle carries which outcomes in only onward and backward scattering are



Carbon Nanomaterials for Emerging Electronic Devices and Sensors 221

removed by the 1D structure of CNTs [54, 55]. In comparison to other semiconduc-
tors with high mobility, for example, InSb, CNTs have shown high minimal field
mobility of greater than 100,000 cm2/Vs and current densities of 108 A/cm2 at room
temperature conditions [56, 57]. Also, CNTs have few limitations in nanoelectronic
applications, particularly the contact resistance between one-dimensional CNT and
metal electrodes has a lower limit of ~6.45 k� [58]. Further, the contact resistance
increases due to the Schottky contacts between CNTs and metals. The difference in
CNT Fermi level and metalwork function can be accustomed to allow both FETs of
p-type and n-type due to the ambipolar nature of CNTFETs intrinsically. Without
tuning of electrode work function or internal doping, generally, CNTFETs are p-type
in ambient conditions due to oxidation [59, 60].

The first CNT FET was demonstrated in 1998 (Fig. 5b) [61]. These Initial studies
sparked substantial interest in transport phenomena and electronic devices based
on CNTs for example SET(single-electron transistors) and wired like structures at
the quantum level (quantum wires) [62], ballistic transistors [63], Luttinger liquid
behavior [64], and ambipolar FETs [65]. In the early research, Snow et al. studied the
transport properties of fabricated thin film transistor s(TFT) using as-grown random
CNTs [66]. The on/off ratio of 105 and field-effect mobility of 10 cm2/Vs. are seen in
CNT-based TFTs. The study revealed the trade-offs between field-effect mobility and
on–off ratio. From the simulation studies, it was deep-rooted that percolation effects
dominate the transport of charge in CNT FETs. Percolation effect displayed power-
law relation channel resistancewith channelwidth and length, CNT alignment, CNTs
network density. Due to two reasons, CNT TFTs field-effect mobility (i.e., (<100
cm2/Vs) is found lower than that of SWCNT (i.e. >10,000 cm2/V s). First, contact
resistance of CNT-CNT in percolating network [67]. The second reason being the
overestimation of the random network CNTs capacitance. Numerical methods were
used to suppress the consequence of metallic CNTs for overcoming the on/off ratio
of digital circuits. Collins et al. reported a selective removal of metallic CNTs using
Joule heating [68]. This technique is successful particularly for CNTs which are
grown using the CVDmethod, where all CNTs bridge the drain and source gap. The
drawback of this technique is, it causes collateral damage to adjacent nanotubes.

DGU (Density gradient ultracentrifugation) centrifuged semiconducting CNT
inks-based devices showed larger values of on/off ratios, current densities, field-effect
mobilities [69]. Simple assembly methods such as transfer printing, dip coating, and
drop-casting mostly use these semiconducting CNT inks. The density of these semi-
conducting CNTs could be improved without affecting the on–off ratio. Apart from
DGU-sorted CNTs, methods that are based on gels also showed a higher value of
on/off ratio which is greater than 104 [70]. Roberts et al. fabricated low-voltage TFTs
with semiconducting CNTs, with effective device mobility of 13.4 cm2/Vs, on/off
ratio of >1000, and a low subthreshold swing (130 mV/dec) [71] (Fig. 5).



222 V. Selamneni et al.

2.2 Carbon Nanotubes for Radiofrequency Transistors

Due to high saturation velocity and carrier mobility, the low intrinsic capacitance of
CNTs, they have been significantly used as a material for the channel which is used
to fabricate high-performance radio-frequency (RF) transistors [73]. CNT-based RF
transistors showed extraordinary linearity that is desirable in RF devices. Steiner
et al. with the help of aligned semiconducting CNTs fabricated a radio frequency
transistor. For a 100 nmgate length, power gain cut-off frequency of 7GHz (153GHz,
intrinsically) and current gain cut-off frequencies of 15 GHz (30 GHz, intrinsically)
output current was saturated [74]. Cao et al. studied the RF performance of fabricated
CNT transistors based on high-density, aligned, polyfluorene-sorted semiconducting
CNTs with a self-aligned T-shaped gate (Fig. 6) [75]. The fabricated RF transistor
exhibited excellent DC with transconductance of 310 μS/μm, output normalized
resistance >100 k�.μm, and both current gain cut-off frequency and oscillation
frequency were greater than 70 GHz. Further, the transistor displayed good linearity
with 22 dBm of third-order intercept point (IIP3) and 14 dBm of P1dB (gain compres-
sion point). Zhong et al. demonstrated anRF transistor depends on arbitrarily oriented
semiconducting CNT films [76]. The maximum transconductance of 0.38 mS/μm
was achieved by reducing the CNT/CNT junctions and at 103 GHz (281 GHz, intrin-
sically) current gain cut-off frequency, up to 107 GHz (190 GHz, intrinsically) power
gain cut-off frequency.

2.3 Graphene for Digital Electronics

Graphene has been used to explore its applications in digital electronics due to its
remarkable field-effect mobility [77]. The better scaling of the device channel is
permitted due to its two-dimensional structure [78]. Unlike CNTs, the device’s high
conductance is attributed to their lower values of contact resistance. But, very low
on–off ratio (5–10) and due to the presence of zero bandgap in graphene, it is not
used for applications such as digital electronics wherein the anticipated on/off ratio is
very high (i.e., in the range of 104–106). Even at zero carrier concentration, graphene
showsminimum conductivity, hence it cannot be turned off completely [79]. The two
most successful approaches used for bandgap engineering in graphene are (i) Due
to quantum confinement effect in graphene nanoribbons [78], the bandgap could be
opened in graphene and (ii) By changing the symmetry in K and K′ carbon atoms
of honeycomb lattice structure [35]. Therefore, several fundamental material issues
need to be addressed before considering graphene for digital electronics.



Carbon Nanomaterials for Emerging Electronic Devices and Sensors 223

2.4 Graphene for Radio-frequency Transistors

Over the years, owing to superior electronic properties mainly the high mobility of
charge carriers, graphene has gained significant attention as a channelmaterial for RF
electronics [78]. Lin et al. described a breakthrough study of RF devices fabricated
on SiC using graphene, which has 240 nm of gate length [80]. Despite moderate
carrier mobility (1500 cm2/Vs), a high operating frequency (f T) of 100 GHz was
achieved. Badmaev et al. developed graphene transistors by a scalable fabrication
technique using a T-shaped gate structure (Fig. 7a) [81]. They successfully scaled
down the channel length to 110 nm. Guo et al. developed a graphene transistor
on silicon–carbon substrate using C-face epitaxial graphene (Fig. 7b) [82]. Signif-
icant improvement in the transistor was observed over Si-face epitaxial graphene
transistor and a value of 70 Giga-Hertz maximum power gain cut-off frequency
was achieved. Self-aligned contacts and high k dielectric T-gate contributed to the
maximum frequency value.

3 Carbon Nanomaterials Hybrid-Based Electronic Devices

Hybrids of 0D, 1D, and 2D carbon nanomaterials provide the tremendous potential to
obtain next-generation scalable and high-performance devices. Graphene has made
significant scientific attention due to its number of uses, such as the conversion of
energy and storage, optics, sensors, and electronic devices [83–85]. The electronic
device applications of graphenewere less due to its gapless nature [86]. Alternatively,
chemical changes in various reactive oxygen groups of graphene oxide (GO), enable
the development of functional materials used in various applications. Feng et al.
[87] fabricated a semi-transparent graphene p–n junction diode, obtained by coating
two layers of oppositely charged GO layers, and it has carbon nanotubes electrodes.
The current rectification of this diode occurs because the tunneling conduction elec-
trons are governed by an internal field due to this device different from other diodes.
The current rectification occurrence in graphene p–n junctions significantly extends
the class of materials and physical processes that can be used to design electronic
components. This graphene diode can be utilized for simple logic operations such as
AND and OR logic gates. Figure 8a shows a high output potential for the AND logic
gate if both switches A and B are given positive potential. Unlike the AND gate, OR
logic gate has a high output potential, due to either switch A and B, a high poten-
tial is triggered as observed in Fig. 8b. Deep et al. [88] reported gate-tunable p–n
heterojunction diode by the embedding of n-type single-layer molybdenum disul-
fide MoS2 and p-type SWCNTs semiconductors. The heterojunction was formed
because these two semiconductors were stacked vertically. The wide range of charge
transport is achieved by tuning the heterojunction by the applied gate bias voltage.
Under various gate biases, the device’s output graphs are shown in Fig. 8c. The p-n
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Fig. 1 C60 molecular
structure

heterojunction diode often exhibits antiambipolar behavior when handled as a three-
terminal device. Figure 8d illustrates junction transfer characteristics, and the green
line shows an unusual gate voltage dependence, indicates antiambipolar behavior.

In living systems, metal ion analysis is very important to understand metallic
element stabilization and associated diseases [89]. Currently, conventional tech-
niques used for identification and their applications are limited due to time consump-
tion, require sophisticated and costly equipment, and inadequate real-time moni-
toring. To overcome those limitations, Fan et al. [90] demonstrated the identification
of Cu2+ ions by functional CQDs modified gate electrodes with the solution-gated
graphene transistors (SGGTs). The sensing mechanism of the sensor was channel
current varies with the electrical double layer (EDL) capacitance change due to inter-
action between CQDs and Cu2+ ions. Compared to conventional detection methods,
the combination of CQDswith SGGTs demonstrates Cu2+ detection with aminimum
concentration range (1 × 10–14 M). It shows quick response time in seconds. The
schematic and working of the SGGT-based Cu2+ ion device are shown in Fig. 9 [10].

Over the last few years, research is gaining momentum on new elastic semi-
conductor materials as they can be integrated into modern, flexible, portable, and
handheld consumer electronics [91–93]. So far, carbon nanotubes-based flexible
electronics such as flexible and transparent transistors have been fabricated on PET
and polymer substrates [94, 95]. Different techniques like floating-catalyst CVD,
roll-to-roll transfer, and gas-phase filtration technique employed to fabricate TFT and
integrated circuits on flexible transparent substrates [96, 97]. In spite of the significant
advances in flexible electronics carbon nanotube and graphene have some obstacles
remain. The stretchable transistors need less contact resistance with the channels,
electrodes with excellent electrical conductivity and an active channel with a large
on–off ratio, both of which point to a cooperation strategy between graphene and
CNTs. Electronic device performance-enhanced beyond the flexible electronics by
hybrid-based graphene/CNTs [98, 99]. Tung et al. [100] reported solution-based,
low-cost scalable, and flexible graphene/CNTs hybrid films show excellent conduc-
tivity at high optical transmittance of 86%. This film does not include surfactants
to maintain the mechanical and electronic properties of both components. The flex-
ibility of film better than the transparent rigid inorganic crystal structure of ITO
suggests maximum compatibility with flexible substrates.
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Fig. 2 a Schematic representation for different types of CNTs. Reprinted with permission from
[25]. Copyright © 2018 Elsevier Inc. All rights reserved b Single-walled carbon nanotubes and
Multi-walled carbon nanotubes. Reprinted with permission from [26] Copyright @ 202 Springer
Nature

4 Carbon Nanomaterials Based Sensors

Based on the types of measurand, sensors are roughly categorized as physical
and chemical sensors. Parameters such as strain, temperature, pressure, force,
displacement, position, flow rate, etc., mostly are detected using physical sensors
As explained in the introduction, CNTs have excellent mechanical properties with
Young’s modulus value of 1 TPa approximately for single-walled CNTs [101].
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Fig. 3 a–c schematic representation of different carbon nanofiber structures. Reprinted with
permission from [29] Copyright © 2012 Elsevier Ltd.

Fig. 4 Schematic illustration of 2D layered graphene structure

Fig. 5 a CNT FET with bottom gate schematic b Bottom-gate CNT FET with sub-10 nm channel
SEM image from top-view and TEM image of the cross-sectional view. Reprinted with permission
from [72]. Copyright © 2012, American Chemical Society
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Fig. 6 a SEM graph of Polyfluorene-organized CNT film on a quartz substrate. Approximately
40 nanotubes/μm packing density is seen b Schematic of the self-aligned transistor structure with
T-shaped gate c SEM micrograph of the fabricated self-aligned T-shaped gate transistor d High-
magnification SEMmicrograph of the channel area. Reprintedwith permission from [75]. Copyright
© 2016, American Chemical Society

Fig. 7 a 2-inch Silicon wafer with large area graphene (CVD grown). Graphene transistors on
Silicon wafer. SEM image (color) of dual-gate graphene transistor (scale bar 10 μm). High-
magnification SEM image showing the active area of the transistor. Reprinted with permission
from [81]. Copyright © 2012, American Chemical Society b SEM graph (scale bar 100 nm) of
the device with 100 nm T-gate with a trilayer resist and drain and source contact metal aligned to
the gate foot and a dual-gate graphene FET on C-face SiC (with scale bar 1 μm) Reprinted with
permission from [82]. Copyright © 2013, American Chemical Society
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Fig. 8 a, b Graphene p-n diode and resistor-based AND and OR logic gates, Reprinted with
permission from [87] Copyright © 2018, Springer Nature c output characteristics with various
gate voltages d Transfer characteristics of the p–n junction. Reprinted with permission from [88]
Copyright © 2013, National Academy of Sciences

Wong et al. reported an experimental value of 1.28 ± 0.5 TPa for MWCNTs [102].
Also, without any deformation, CNTs showed a high tensile strength (up to 40%).

4.1 Carbon Nanomaterial-Based Pressure Sensor

A pressure sensor is a sensor which converts mechanical displacement into an elec-
trical signal [103–106]. In the last two decades, prominent research has been done
in the fabrication of highly sensitive pressures sensor using novel carbon nanomate-
rials, CNT, and graphene. Zhan et al. reported a wearable and flexible pressure sensor
based on SWCNTs/paper through a highly scalable and cost-effective approach with
2.2 kPa−1 sensitivity value in a broad range of 35 Pa–2.5 kPa and 1.3 kPa−1 sensi-
tivity in 2500–11,700 Pa [107]. The sensor was fabricated by impregnating SWCNTs
into paper and sandwiched between a PDMS film and PI sheet that is decorated with
interdigitated gold (Au) electrodes (Fig. 10).

Sahatiya et al. demonstrated a flexible, biodegradable pressure sensor by sand-
wiching MWCNTs between PI substrate and cellulose paper. Multi-walled CNTs
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Fig. 9 a SGGT-based Cu+2 ion sensor bTransfer curves of SGGT c frequency and gate capacitance
relationship before and after Cu+2 ions are added d Schematic illustration of the EDL capacitance
variation mechanism e Potential drops on the surface of graphene channel and gate, across the two
EDLs. Reprinted with permission from [90]. Copyright © 2020, American Chemical Society

were deposited on the substrate (PI) by roll pin and pre-compaction mechanical
pressing technique (Fig. 11a) [108]. Sensitivity value of 0.549 kPa−1 was seen by a
fabricated pressure sensor and a response time of lesser than 32 ms. Furthermore,
the fabricated pressure sensor was used as a touchpad and electronic skin applica-
tion. Graphene was widely used as active as well as inactive material for pressure
sensor applications. Although graphene no piezoelectric properties, it was used as
electrodes to support piezoelectric material and also used as an additive to piezo-
electric polymer like PVDF to improve piezoelectricity [109]. Furthermore, due to
graphene’s excellent mechanical and electronic properties, it has been extensively
used as an active material for the piezoresistive pressure sensor as elucidated in the
introduction. Zhu et al. developed a piezoresistive pressure sensor using graphene



230 V. Selamneni et al.

Fig. 10 Pressure sensors fabrication process illustration. a The SWNTs were dip-coated on tissue
paper b Single-wall nanotube/tissue paper is accumulated onto gold electrodes on a PI substrate;
encapsulated using PDMS layers which provides mechanical support and c To sense heart pulse
human wrist is mounted with a pressure sensor Reprinted with permission from [107]. Copyright
© 2017, American Chemical Society

Fig. 11 a Ultrasensitive touchpad schematic which is done by sandwiching MWCNTs between
polyimide and cellulose paper [108]bSilicon nitride squaremembranewith graphene piezoresistors
optical microscope image (the dotted lines indicate the device used) and SiN membrane with
deflection v/s differential pressure of 100 nm. Reprinted with permission from [110] Copyright ©
2013, American Institute of Physics

on the silicon nitride membrane showed a dynamic range of 0–700 mbar [110].
In this strain sensor, multilayer polycrystalline was fabricated using a chemical
vapor deposition method (Fig. 11b). Yao et al. developed a pressure sensor using
a flexible graphene/polyurethane sponge using a fracture microstructure [111]. PU
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sponge which is available commercially was coated with graphene oxide using the
dip-coating technique and then it was reduced to improve thermal conductivity using
hydrogen iodide, further softenedwith hydrothermal treatment. The fabricated sensor
exhibited a sensitivity of 0.26 kPa−1 (0–2 kPa range) and 0.03 kPa−1 (2–10 kPa).
The fractured microstructure improved the sensitivity when compare with rGO/PU
sponge sensorwithout fracturedmicrostructure. Jian et al. fabricated a graphene/CNT
hybrid-based highly sensitive pressure sensor [112]. Because of the synergistic effect
in the hybrid, the fabricated pressure sensor exhibited a high sensitivity of 19.8 kPa−1

and a very small detection limit around 0.6 Pa. Tian et al. reported a pressure sensor
that is sensitive to a 0–50 kPa wide pressure range using laser scriber graphene with
a foam-like structure. The sensitivity value of 0.9 kPa−1was seen using this pressure
sensor [113].

4.2 Carbon Nanomaterials-Based Strain Sensor

Lee et al. presented a fully microfabricated strain sensor by SWCNT film on PI film.
Polyimide was prepared by spin coating glass wafer and photolithography was used
for patterning the electrode [114]. Later, by using a spray coating method, 280-nm-
thick CNT film was deposited on PI film. The fabricated device showed a linear
relationship between the applied strain and resistance over a range from 0 to 400
microstrain and a high gauge factor of 60. Dharap et al. demonstrated a strain sensor
using pristine-SWCNTs film using vacuum filtration by 0.2 mm Teflon membrane
[115]. TheSWCNTs thinfilmwas attached to a brass specimen and the results showed
that the relation between the applied strain and change in the voltage across the film
is linear. In the last few years, MWCNTs have attracted the researchers’ interest due
to relatively higher purity, cost-effectiveness, and superior electronic properties in
comparison with SWCNTs. Zhang and co-workers have fabricated strain sensors
based on silver nanoparticles and MWCNTs on flexible PDMS substrates (Fig. 12)
[116]. The sensor exhibited gauge factors that are tunable in the range of 2.1–39.8
and stretchability of 95.6%. Further, the sensitivity and linearity of the sensor could
be adjusted by Ag NPs concentration.

Zhao and co-authors demonstrated the very sensitive strain sensor using
nanographene films on the mica substrate [117]. Fabricated sensor achieved a gauge
factor of more than 300. Li et al. demonstrated a strain sensor using graphene woven
fabrics (GWFs) on the PDMS substrate [118]. SWFs were prepared using a woven
copper mesh by a CVD process and later copper was etched away. After placing
GWFs on PDMS, contacts were taken using silver paste (Fig. 13). The fabricated
sensor achieved an approximate value of 103 gauge factors for 2–6% strains and
~106 for greater than 7% strains. The ultrahigh sensitivity of the device was ascribed
to mesh configuration and fracture behavior of graphene micro ribbons.
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Fig. 12 CNTs/PDMS strain sensor fabrication processwhich ismodified using silver nanoparticles.
The as-prepared product is illustrated in the center. Reprintedwith permission from [116]. Copyright
© 2015, Elsevier

Fig. 13 a Schematic illustration of GWF/PDMS fabrication bWired samples macroscopic optical
image c Establishment of crack and their evolution in GWF with various strain optical images, and
schematic illustration d large strains GWFOptical images (20 and 50%) Reprinted with permission
from [118]. Copyright © 2012, Springer Nature



Carbon Nanomaterials for Emerging Electronic Devices and Sensors 233

Fig. 14 a Graphene sensors schematic illustration. With the temperature rises from room temper-
ature to a high temperature b, Mobility will be decreased due to a proportionate increase in the
number of electrons. A resistance varies in terms of temperature and time for the three different
graphene sensors: c on a SiO2/Si substrate, d on a SiN membrane e the deferred graphene sensor.
Reprinted with permission from [119]. Copyright © 2017, Springer Nature

Fig. 15 a Scanning electron microscope image of rGO/Cu2O nanowire mesocrystal, b Dynamic
response of different hybrid carbon nanomaterials under the exposure of NO2 gas with increased
ppm levels, c sensitivity of three devices (Cu2O, Cu2O-rGO, and rGO) are plotted. Reprinted with
permission from [145]. Copyright © 2012, American Chemical Society

4.3 Carbon Nanomaterials-Based Temperature Sensor

Temperature sensor is a crucial part in several major applications, such as health
monitoring, artificial electronic skin, etc. Resistive-based temperature detectors are
the most widely used sensor due to their high accuracy, stability, fast response.
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Fig. 16 a Sensing performance ofGORHsensor of 15 nm thick comparedwith commercially fabri-
cated RH sensor with high-performance b Image of GO film sprayed on Ag electrodes. Reprinted
with permission from [158]. Copyright © 2013, American Chemical Society

Furthermore, thermal sensors, mercury thermometers, and infrared temperature
sensors are also widespread. In the past few years, carbon-based sensitive mate-
rials including graphene, CNTs, and carbon fiber have gained more attention for
temperature sensor applications due to their extraordinary mechanical and electronic
properties compared to ceramics, metals, metal oxides. Davaji et al. developed a
temperature sensor based on single-layer graphene on three dissimilar substrates, a
silicon nitride membrane, a silicon/silicon dioxide-based substrate, and a suspended
architecture (Fig. 14) [119]. The fabricated temperature sensors acted as a resis-
tive type, and the resistance change was explained using electron–phonon scattering
and electron mobility–temperature relationship ( ~T−4). From the analysis, the team
revealed that the silicon nitridemembrane-based sensor shown the highest sensitivity
because of a smaller value thermalmass and it has shown the lower value of sensitivity
for the sensor on SiO2/Si. Furthermore, the sensor on silicon nitride showed improved
mechanical stability in comparison to the deferred graphene sensor. Sahatiya et al.
demonstrated flexible wearable temperature sensors based on flakes of graphene
and solar exfoliated reduced graphene oxide (SrGO) on the PI substrate [120]. Both
graphene flakes and SrGO based temperature sensors discovered a negative temper-
ature coefficient that was comparable with commercial temperature sensors. This
research has clearly shown that graphene on a flexible PI substrate could be used
effectively as wearable temperature sensing applications.

4.4 Carbon-Based Nanomaterials for Chemical Sensors

A device that converts the existence of target compounds into a computable quantity
is called a chemical sensor [121]. Gas sensors, vapor sensors, humidity sensors, etc.,
used for the detection of target compounds are different types of chemical sensors
[122–126]. A detailed explanation of carbon-based nanomaterials used to detect
target compounds is depicted below.
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4.4.1 Carbon-Based Nanomaterials for Gas Sensors

The measurement and existence of concentration of a specific gas in the earth’s
surrounding atmosphere such as natural fumes, dangerous gases, etc., are detected
by using a device known as gas sensor [127]. These sensors are used for monitoring
the environment [128], control of hazardous gas emissions, production control in
cultivation and health diagnostics, etc. [129–131]. Over the years, researchers have
utilized carbon nanomaterials like graphene, GO, rGO, CNTs, etc., and found them
as efficient candidates for gas sensing applications. Chemiresistors, field-effect tran-
sistors, Schottky diode, etc., are different configurations of device architecture for
gas sensing [127]. Noveselov and his co-workers utilized graphene for the first time
for fabricating gas sensors in 2007 to detect NO2 gas [132] graphene-based sensing
devices are fabricated using graphite flakes which are exfoliated micro-mechanically
and supported on Si substrate. These fabricated devices have shown remarkable
sensitivity for detecting individual gas molecules. Later in 2009, Dan and his co-
workers proved that the pristine graphene-based device fabricated by Nove Selo has
improved its sensitivity by forming a contamination layer on the graphene on Si
substrate using an electron-beam lithography technique [133]. This layer helps to
detect various other individual molecules such as octanoic acid, H2O, nonanal, and
various other gas vapors which are down to ppm level. Balandin and his co-workers
also employed an electron beam lithography technique for fabricating the FET device
using pristine graphene and with the help of low-frequency noise of the device they
detected various organic vapors [134].

Later, CVD technique was used for fabricating a sensing device using graphene
sheets in the layered form with exceptional quality on Si substrate to detect gases
such as ammonia [135, 136], carbon dioxide, nitrous oxide [137, 138], and also used
to detect humidity [139]. Gautam et al. deposited graphene monolayers on the Si
support to detect CH4, H2, and NH3 [135]. Improved sensitivity is observed using
this device by operating it at a temperature range between 150 and 200 °C but there
is no enhancement in response time [135]. Choi et al. fabricated a sensing device
where SLG (single-layer graphene) is used as an active component and BLG (bi-
layer graphene) is used as a heating element that can heat up to 200 °C [140]. This
device achieved a response in the range of 39% to 41 ppm of NO2 and further, the
existence of the element for heating facilitated to upsurge the retrieval time of the
device. In the future, a lot of modifications (such as the incorporation of defects
and impurities) should be done to pristine graphene to improve its selectivity, sensi-
tivity, and durability of the fabricated sensing device. Graphene oxide is also used
for sensing various gases owing to the presence of oxygen-containing functional
groups in its structure. To improve the sensing activity of the graphene oxide device
it is further reduced in an atmosphere such as hydrogen (Via thermal route) to obtain
rGO. In 2008,Robinson and his co-workers first used rGObased devices for detecting
various gases [141]. Initially using the spin coating method GO is deposited on the Si
substrate and later reducedwith reducing agent vapors of hydrazine to fabricate rGO-
based sensing device at 100 °C. Manohar et al. fabricated rGO-based flexible printed
sensing device which is prepared using an ascorbic acid reducing agent [142]. This
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Table 2 Different carbon-based nanomaterials gas sensing performance for detecting various gases

Material Detected gases Response/
Retrieval time

Detection limit Sensitivity
(response x
ppm−1)

Reference

Single Layer
graphene /
Bilayer
graphene
(CVD)

Nitrous oxide 95 s/11 s – 0.98% [140]

Single Layer
graphene
(CVD)
patterned

Nitrous oxide,
Ammonia

89 s/579 s – 2.6% (Nitrous
oxide)

[139]

PANI/reduced
graphene oxide

Hydrogen 2 min/3 min – 0.0016% [146]

CNTs/graphene
oxide

Nitrous oxide 1 h/3 h 0.5 ppm 2% [147]

In2O3/ reduced
graphene oxide

Nitrous oxide 3 min/4 min – 12.2% [148]

ZnO Ncryst/
reduced
graphene oxide

Methane 1 min/10 s 100 ppm 0.05% [149]

device was fabricated using the inkjet printing technique by dissolving rGO in water
in the existence of surfactant and displayed a positive response with increased resis-
tance behavior in detecting dichloromethane and various alcohols, negative response
detection behavior to Cl2 and NO2. Furthermore, different carbon nanomaterials-
based hybrid composites are employed to enhance the sensitivity and selectivity of
these gas sensors. Chung et al. fabricated a flexible device usingCVDgraphenewhich
is deckedwith palladium nanoparticles to further improve the sensitivity to 30 for 1%
ofH2 gas detection [143].Wu et al. used a nanocomposite thin-film devicewhichwas
prepared using graphene extracted using exfoliation and PANI for detecting methane
gas in ambient temperature conditions [144]. This device has shown a considerable
amount of 10% response to 10 ppm of gas. Using hydrothermal method Deng et al.
synthesized rGO/Cu2O nanowire mesocrystals which are integrated to detect NO2

gas [145] (Fig. 15). Furthermore, there is a lot of scope for various hybrid carbon-
based nanomaterials that are used for detecting various gases by fabricating suitable
gas sensors. The sensing performance of the various carbon-based gas sensors is
tabulated in Table 2.

4.4.2 Carbon-Based Nanomaterials for Humidity Sensors

Thewater vapor existing in the air is known as humiditywhich ismeasured as relative
humidity (RH). The relative humidity is defined as the fraction between the fractional



Carbon Nanomaterials for Emerging Electronic Devices and Sensors 237

pressure of water and the vapor pressure at equilibrium at a given temperature.
These sensors are mostly used in agricultural sectors and industries for keeping
a track of the quality of food in food processing industries, medical equipment,
weather prediction, etc. Polymers [150], metal oxides [151, 152], porous silicon
[153, 154] are mostly used for commercial humidity sensors. Exceptional qualities
such as larger sensing areas and high chemical inertness made researchers use carbon
nanomaterials for humidity sensing applications. Zhang et al. synthesized carbon
nanosheets and honeycombs in the nano range on Si substrates using a hot filament
PVD (physical vapor deposition) technique and observed that carbon nanosheets
have shown remarkable sensing response 11–95% humidity range under ambient
conditions [155]. Luo et al. manufactured and characterized quartz crystal micro-
balance (QCM) humidity sensor using a sensitive layer made by graphene oxide
[156]. This QCM humidity sensor has shown a 10–60% sensing range, 1371(Q)/1%
relative humidity, a recovery time of 3 s, and a response time of 20 s. Yadav et al.
synthesized multiwalled CNTs using the direct liquid injection CVD method on
cobalt substrate and utilized for designing humidity sensors to sense moisture with
RH in the range of 10–90% for various applications [157]. Very recently, Borini
et al. fabricated graphene oxide (GO) based humidity sensors using a spray coating
method on silver electrodes (GO thin-films typically in the range of ~15 nm) [158].
Figure 16a depicts that GO-based thin film has shown characteristics almost similar
to that of commercially available RH sensors. In Fig. 16b, GO-based thin film is
almost invisible (i.e., it is in the order of few nm).

5 Carbon Nanomaterials-Based Electrochemical Sensors

Various nanomaterials such as carbon-based [8, 159], transition metal dichalco-
genides [160], noble metals [161, 162], etc., are used for electrochemical detec-
tion. Among them, nanomaterials based on carbon are extensively used for elec-
trochemical (electroanalytical and electrocatalytic) sensing due to their improved
capability to transfer electrons in electrochemical reactions. Mostly reported carbon
nanomaterials for electrochemical sensing are graphene [163, 164], CNTs [165, 166]
fullerenes [167], carbon nanofibers [168], and carbon quantum dots [169], etc. These
all nanomaterials when utilized for electrochemical sensing are either used in their
pristine form/mixed with new materials/functionalizing their pristine form during
device fabrication. Electrochemical sensing of the above-mentioned carbon-based
nanomaterials is reviewed below.

5.1 CNTs-Based Nanomaterials

In the study of electrochemistry of carbon nanomaterials, electron transfer is surface-
dependent. Electron transfer is improved by adding functional groups on the surface
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of these materials. Britto et al. first applied carbon nanotubes in electrochemistry as
electrodes [170]. They concluded that the immobilization of activated CNTs on the
surface of the electrode is the major drawback for electrochemical sensing applica-
tions because of their insolubility property in almost all solvents which would result
in nonuniform and unstable films. To avoid this problem, different physical/chemical
methods are used for dissolving CNTs first in various solutions and immobilizing on
different electrode surfaces. Immobilization of CNTs on electrode surfaces is done
using various methods that are used for electrochemical sensing applications which
are explained in detail below.

(i) Solvent dispersion and immobilization by casting: In this method, initially
CNTs are cleaned/purified and activated by pretreatments then dispersed in
solvents such as DMF [171, 172], toluene [173, 174], etc., using ultrasonica-
tion process and later this mixture is dropped on to the surface of electrode
followed by drying it (i.e., casting) for electrochemical detection of analytes.

(ii) Additive assisted and immobilization: In this method, additives such as
surfactants, polymers are added into the solvents where CNTs are dispersed
to enhance the stability and solubility of the solution (i.e., solution doesn’t
get settled easily) and then subjected to immobilization for applying in
electrochemical sensing applications.

(iii) Carbon nanotube paste electrodes: In this method, paste electrodes are
fabricated using binders in liquid form and CNTs. These paste electrodes
made from CNTs hold the properties of the old-style carbon paste electrodes
(CPEs), for example, the attainability to consolidate different substances, the
low currents in the background, the wide range of potential, and the composite
nature. These electrodes also reserve exceptional electrochemical properties
that enhance the electron transfer mechanism which is useful for increasing
the efficiency for electrochemical detection of various analytes especially
biomolecules. The carbon paste electrode fabrication doesn’t require any
pretreatment for CNTs (SWCNTs and MWCNTs) which are used.

Properties such as easily modifiable surface, solid electrocatalytic activity, the
tube-like structure of CNTs in nano range (which helps to increase the surface
activity), etc., have made CNTs unique materials for electrochemical sensing
applications.

5.2 Graphene-Based Nanomaterials

Graphene is a two-dimensional material that has a single layer of sp2 hybridized
carbon atoms extracted from three-dimensional graphite and closely packed into a
hexagonal lattice structure.



Carbon Nanomaterials for Emerging Electronic Devices and Sensors 239

5.2.1 Graphene Oxides-Based Electrodes

Initially, GO aqueous electrolyte solution was prepared by using conventional
methods of chemistry such as modified hummers methods which are used in the
preparation of electrode materials using two-dimensional graphene for electrochem-
ical sensing applications. In the next step, as prepared GO solution is dropped onto
the surface of electrodes such as glassy carbon electrode [175, 176], gold electrode
[177], disk shape platinum electrode [178]. For activating the carboxylic acid groups
present in GO, the GO-coated electrode is immersed in buffer solutions such as
EDC, NHS which helps in the formation of a covalent bond between electrode and
enzyme [178]. This prepared electrode is used for the recognition of various target
analytes based on its electrochemistry. The above mentioned prepared graphene-
based sensors are used as enzyme biosensors, non-enzymatic biosensors that are
applicable for simple biomolecules, immunosensors, etc. The performance of various
graphene-based electrodes for electrochemical sensing is tabulated in Table 3.

6 Carbon Nanomaterials-Based Resistive Memories

Technology based on semiconductor devices has been improving rapidly by a
decrease in their size. Advanced semiconductor device fabrication uses nanotech-
nology, where critical dimensions of these devices are found to be around 20 nm.
These devices are categorized into display devices, memory devices, logic devices,
etc. Among them, memory devices with large density, high-performance, and lower
consumption of power are in great demand [183]. Portable electronic devices have
unique non-volatility (where memory is not lost even when the device is off). These
non-volatile memory property-based devices are further classified into flash memory
and resistive switching memory devices [184]. A three-dimensional structure
consisting of an insulating layer between two electrodes with a simple configuration
is the resistive switching memory cell in the ReRAM device. Resistive exchanging
memory gadgets use the contrast in opposition to the high and low resistance
memory states and have a straightforward gadget structure (metal/separator/MIM
metal structure) relevant to high-thickness memory gadgets with a minimal creation
cost [184–187].

From Fig. 17 it is clear that the resistance of a resistive memory device is switched
from high to low state and vice versa by applying an appropriate voltage to the device
[188–190]. Recently, researchers around the world widely studied and found that
nanomaterials like metal chalcogenides, metal oxides, carbon-based materials are
suitable candidates for resistive-based memory devices [188–192]. Among them,
carbon-based nanomaterials are found as efficient for non-volatile resistive-based
memory devices [193].
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Fig. 17 Schematic of the resistive-based memory device and its operation (low resistance state,
high resistance state, and negative differential resistance are LRS, HRS, and NDR, respectively).
Reprinted with permission from [183]. Copyright © 2011, Royal Society of Chemistry

Graphene-based nanomaterials such as GO, rGO, hybrid GO, and hybrid rGO are
used as dielectric materials in nonvolatile resistive-based memory devices which are
depicted in Fig. 18. Rani et al. experimentally found that graphene-based non-volatile
memory devices (pristine and hybrid GO, rGOmaterials) are having a broad range of
scope for the advancement of new flexible memory applications by evaluating device
characteristics [191]. Tsai et al. have demonstrated that CNT/AlOx/CNT material-
based crossbar electrodes for RRAMdevice with current programmed around 1 nano
ampere and ON/OFF ratio up to 5× 105 have capable characteristics for non-volatile
memory devices [194]. By embedding a graphene single-layer sheet into the interface
between a transparent top cathode (formed of Indium-doped tin oxide substrate) and a
zinc oxide resistive-exchanging layer, transparentRRAMinnovation canbeupgraded
[195]. The resulting resistiveRRAM(randomaccessmemory) device displays better-
exchanging conduct with elevated exchanging yield and consistency than those of
the gadget absence of graphene.
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Fig.18 Mechanism of ReRAM device using graphene-based materials. Reprinted with permission
from [191]. Copyright © 2016, Royal Society of Chemistry

7 Carbon Nanomaterials-Based Photodetectors

The photodetector is a semiconductor device that converts illuminated light into a
precise electrical signal, photovoltage, or photocurrent [51, 196–199]. Photodetec-
tors are considered as an interface among electrical circuitries and optical informa-
tion. Therefore, photodetectors have several applications in digital imaging, security,
environmental monitoring, digital communication [200]. Carbon nanomaterials have
excellent optoelectronic properties with the potential of substituting inorganic semi-
conductors andmetals.GQD, carbon allotropes (CQD), buckyballs,CNTs, graphene-
based materials are extensively used in the fabrication of photodetectors because of
their larger values of absorption coefficients and carrier mobility, tunable bandgap
[201–206].

7.1 Fullerene Based Photodetectors

Fullerenes show a strong absorption below 400 nm, which could be utilized for UV
light detection. Ma et al. showed Buckminster fullerenes (C60) electronic poten-
tial in electronic devices, by forming a C60-diode of relatively modest architec-
ture [207]. C60 was inserted in between aluminum (anode) contact) and an ohmic
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copper (cathode), forming a diode that can withstand a very high current density of
363 A/cm2. Szendrei et al. demonstrated hybrid thin-film photodetectors based on
fullerene and PbS nanocrystals with a spectral range of visible and NIR regions up
to 1300 nm [208]. The maximum responsivity at 514 nm is 1.6 A/W value which
is recorded. Furthermore, sturdy gate dependence and electron mobility values up
to 3 × 10–4 cm2/Vs are displayed by the device. Guo et al. demonstrated fullerene-
based organic photodetector (OPD) on ITO glass with very little noise current and
at 3470 nm, a high detectivity of 3.6 × 1011 Jones, 90 dB of broad linear dynamic
range (LDR), and a response speed greater than 20 kHz [209].

7.2 Graphene Quantum Dots Photodetectors

InGQD, the optical bandgap is strongly influenced by quantumconfinement and edge
effects. In GQD, bandgap tuning has been investigated and is considered to be an
important advantage in optoelectronics over plane graphene and bandgap decreases
with an increase in quantum size. A key absorption in the ultraviolet region is shown
by graphene-based quantum dots. Zhang et al. fabricated a superior performance
deepUVphotodetector usingGQD.Using a facile hydrothermalmethod,GQDswere
synthesized with an average particle diameter of 4.5 nm and displayed a bandgap
of 3.8 eV due to the quantum confinement effect which leads to an absorption peak
found around the wavelength of 320 nm (Fig. 19) [210]. The built-in electric field
was created due to the difference between work function of GQDs and two metal
electrodeswhich is themajor reason for extraction efficient photocurrent. The respon-
sivity and detectivity of the photodetector were 2.1 A/W, 9.59 × 1011 Jones, respec-
tively. Tang et al. synthesized n-doped GQDs using a microwave-assisted synthesis
method. N-doped GQDs shown a wide absorption range covering UV, vis, and NIR
range (300 to >1000 nm) [211]. The UV absorption was ascribed to the transitions in
C=N, C=O, and C=C bonds. The visible absorption is caused by extended partial
conjugated π-electrons in single layers of paper. Absorption in the NIR region is due
to the absorption is ascribed to the delocalization of π-electrons due to the layered
structure. The responsivity at various excitation wavelengths was calculated to be at
365 nm, 405 nm, 808 nm, 980 nm wavelengths are 1.14 V/W, 325 V/W, 10.91 V/W,
10.91 V/W, respectively.

7.3 CNTs-Based Photodetectors

CNTs display opportunities for novel photodetectors because of their remarkable
optical properties. Free electron–hole pair excitations and also strongly bound elec-
tron–hole pair states are called excitons present in semiconducting CNTs which have
a direct bandgap. The exciton binding energy of carbon nanotubes depends on the
diameter and dielectric constant of the surrounding environment. In recent years,
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Fig. 19 aGQDs used photodiode structures illustration bUsing particle size, the absorption perfor-
mance of GQDs can be tailored c Current–voltage characteristics of the Au/GQDs/Ag diode. The
photocurrent and rectification behavior is increased by a decrease in wavelength d The photovoltage
had a response time and fall time of 64 ms, in response to a light pulse at the wavelength of 254 nm
(43 ms) Reprinted with permission from [210]. Copyright © 2015, American Chemical Society

several research groups have reported that photocurrent could be produced in a CNT
when illuminated, which is in contact with metal electrodes. The charges are sepa-
rated due to the Schottky barrier on themetal–CNT interface that provides an internal
electrical field. Rao et al. studied the photoconductivity of the pure CNT film. They
developed SWCNTs on SiO2/Si substrates using CVD across a channel in the layer
of SiO2 and 8–20 CNTs have connected the channel [212]. Alternative methods
for charge separation are establishing p–n junction, applying asymmetrical metal
contacts. Liu and co-authors demonstrated a photodiode using purified SWCNTs
deposited on n-Si/SiO2 by liquid phase, wherein asymmetrical metal contacts were
used [213]. The I–V characteristics were well matched with the conventional diode
equation which was ascribed to reduced defects in SWCNTs. Peak responsivity
attained was 1.5 × 108 V W−1 and above 107 V W−1 for the wavelengths ranging
between 1200 and 2100 nm. In a similar spectral range, detectivity stayed above 1010

Jones and achieved a peak with 1.25 × 1011 Jones at 1800 nm.
He et al. developed a photodetector by developing highly aligned SWCNTs

between two Au contacts, where to establish p–n junction, half the intrinsically
P-type CNTs were n-doped (Fig. 20) [214]. The highly aligned SWCNTs provide
an extended absorption spectrum range from 3 μm to 3 mm. The responsivity was
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Fig. 20 Carbon nanotube Terra-Hertz detector characteristics. a Experimental geometry-based
diagram schematic illustration. Linearly polarized Terra-Hertz beam is illuminated on the device at
room temperature and I–V characteristics are measured b Graph showing the I–V characteristics
without illumination and with the illumination of 2.THz beam c Polarization dependence of open-
circuit voltage (VOC) for frequencies of 3.11 THz, 2.52 THz, and 1.39 THz which was normalized
by its value for parallel polarization, d Power dependence of VOC for frequencies of 3.11 THz,
2.52 THz, and 1.39 THz, showing responsivities of 1.7 V/W, 2.4 V/W, and 2.5 V/W, respectively.
Reprinted with permission from [214]. Copyright © 2014, American Chemical Society

observed to be 2.5 V/W at 96.5 μm (3.11 Tera-Hertz), 2.4 V/W at 19 μm (2.52 Tera-
Hertz), and 1.7 V/W at 215 μm (1.39 Tera-Hertz). Liu et al. demonstrated hybrid
broadband photodetector (across visible to NIR range, 400–1550 nm) using atomi-
cally thin SWCNTs and graphene with a high photoconductive gain ~105 [215]. The
fabricated photodetector achieved a high responsivity of >100 A/W and a response
time of ~100 sμ (electrical bandwidth of ~104 Hz). The high built-in potential at the
1D and 2D interface provides efficient separation of photogenerated electron–hole
pairs and decreases the recombination. Further, a fast response rate was achieved
due to a trap-free interface. Lu and co-workers explored the implementation of a
novel mechanism for exciton dissociation using graphene/MWCNT nanohybrids
[216]. The fabricated photodetector was used for infrared detection and achieved
high responsivity of ~3065 V/W and detectivity of 1.57 × 107 cm. Hz1/2/W.
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7.4 Graphene-Based Photodetectors

Single-layer graphene has a wide-ranging but minimal absorption, due to this few-
layer graphene was used to enhance the absorption. The other possibility to enhance
the absorption in monolayer graphene was reported by Kang and co-workers for
the first time [217]. They have used crumbled graphene which was intentionally
deformed to get the continuous undulating 3D surface, to induce an increase in
areal density that yields high optical absorption, hence improving the photorespon-
sivity.Mueller et al. reported graphene-based photodetector. In this asymmetricmetal
contacts and an interdigitatedmetal–graphene–metal was used on a Si/SiO2 substrate
[218]. The maximum responsivity of 6.1 mA/Wwas observed at 1550 mm. Liu et al.
fabricated a photodetector using graphene double-layer heterostructure for ultra-
broadband and high sensitivity of 4 A/W at room temperature. The device consists
of two graphene layers sandwiching a thin SiO2 barrier. The device consists of two
graphene layers sandwiching a thin SiO2 barrier.

7.5 Hybrid Photodetectors

Kim et al. reported a hybrid broadband photodetector based on carbon–carbon
composite materials ranging from 300 nm (UV) to 1000 nm (NIR) wavelength,
wherein GQDs were sandwiched between two graphene sheets (Fig. 21) [219].
SiO2/Si was used as a substrate and two metal (silver) contacts were evaporated
on top and bottom graphene layers. Although the design was symmetric, and asym-
metric I–V characteristics were observed, which was ascribed to the charging or
doping effects in the bottom layer of graphene. The fabricated device achieved the
photoresponsivity of 0.5 A/W at 800 nm and the detectivity of 2.4 × 1011 Jones.

Sahatiya and co-workers reported a graphene/MoS2 based visible light photode-
tector [220]. The internal electricity created due to graphene/MoS2 heterostruc-
ture enhances the charge carriers separation which improves the responsivity of
the photodetector. The same group demonstrated a flexible graphene-based infrared
photodetector on PI substrate with responsivity and external quantum efficiency
(EQE) of 0.4 A/W, 16.53%, respectively [120]. This project incorporates the syner-
gistic advantages of the substrate (which acts as dielectric also) and sensing mate-
rial. The same group optimized various parameters such as calcination temperature,
time-dependent electrospinning of graphene/ZnO-based composite nanofiber across
gold electrodes for UV detection which was fabricated by one-step in situ synthesis
method [221]. The fabricated photodetector showed superior performance for UV
sensing with an 1892 time increase in the conductance.
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Fig. 21 Schematic illustration of band structure describing the photodetector a A typical GQD
photodetector device and its band diagrams under b no, c positive (forward), and d negative (reverse)
biases. Electrons and holes are represented by red and blank spots, respectively, and lateral arrows
in the transport directions of holes and electrons contributing to dark- and photo-currents. Reprinted
with permission from [219]. Copyright © 2014, Springer Nature

8 Conclusion and Outlook

It is apparent from above all sections in this chapter, carbon nanomaterials due to
their unique thermal, mechanical, electronic properties have been proven to have
the noteworthy potential to be used in various evolving electronic and sensing
applications. Carbon nanomaterials which are available in different forms such
as zero-dimensional (carbon quantum dots), one-dimensional (carbon nanotubes),
two-dimensional (graphene), and their hybrids have shown significant impact
in the fabrication of electronic and sensing devices. These fabricated devices
helped in detecting various target analytes, dangerous gases, change in relative
humidity/temperature/pressure, etc., and also increasing the non-volatile memory
storage capacity by increasing the performance of fabricated electronic devices.
Before realizing commercial carbon-based electronic and sensing devices for various
applications, challenges must be addressed to avoid further complexities. Even
though propels in development and post-manufactured partition strategies have
significantly enhanced the carbon nanomaterials monodispersity, gadget-to-gadget
inconstancy stays an issue. For instance, the threshold voltages of a variety of FETs
created from semiconducting carbon nanotubes regularly differ by a few volts, which
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is, at any rate, a significant degree higher than satisfactory in contemporary ICs. These
dissimilarities can be mostly tended to by further upgrades in the faultlessness and
monodispersity of the semiconducting carbon nanotubes bandgap, yet a significant
part of the gadget inhomogeneity can likely be ascribed to extraneous factors, for
example, the impact of metal contacts, dielectric layers, fundamental substrate, and
general condition. Therefore,we predict that carbon nanomaterialswill keep on being
the subject of serious and productive exploration even as the first applications arrive
at the commercial center.
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Abstract The carbon nanomaterials have been receiving great interest in department
of nanoscience and technology an account of their extraordinary physical, chemical
and electronic properties. Carbon nanomaterials have found emerging applications in
various fields, viz. drug delivery, energy conversion and storage devices, field emis-
sion electronics, biosensors and water treatment. This book chapter is focused on
health and environmental applications of fullerenes, carbon nanotubes and graphene.
The closed cage structure, various redox states, stability, functionalization ability and
light-induced switching behaviour of fullerenes trend in development of supercapac-
itors, sensors, optical and other electronic devices. The large surface area and fast
charge transfer ability of carbon nanotubes enable their sensing ability for the detec-
tion of catechol, para-cresol and para-nitrophenol, hydroquinone, etc. that are widely
located in aqueous and diverse biological systems. The adsorption and conjugating
ability of carbon nanotubes with therapeutic and diagnostic agents signifies their
importance in pharmaceutical and medical applications. Carbon nanotubes are also
important in regeneration of tissues, diagnosis of biomolecules, extraction or enan-
tiomer separation of chiral drug molecules and analysis of various drug molecules.
The high surface-to-volume ratio and hydrophobic nature of carbon nanotubes facil-
itate strong affinities towards adsorption and removal of wide range of aliphatic
and aromatic contaminants which include pathogenic organisms, and cyanobacterial
toxins in water samples. The anti-microbial activity of carbon nanotubes helps in
killing of pathogen present in water treatment plants. The unique morphological and
structural features of graphene make them suitable for emerging energy and envi-
ronmental applications, ranging from energy conversion and storage to green corona
discharges for pollution control.
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1 Introduction

The idiosyncratic and controllable physico-chemical, electrical properties of carbon-
based nanomaterials empower new technologies for recognizing and addressing
various health and environmental challenges.

The significant optical, mechanical, electronic, chemical and thermal properties
attracted researchers to work in the field of health and environmental applications.
These applications include the removal of harmful contaminants, manufacture of
nanomembrane structures for water purification, carbon-based biosensors, targeted
cancerous cells, transport of drugs through denser tissues, etc. which mainly depend
on structure, size and hybridization of carbon nanomaterials. Variable hybridization
states classified the carbon nanomaterials into different configurations like nanodi-
amond, fullerene C60, C80,….Cn, carbon onion, carbon nanotubes (single-walled
and multi-walled), graphene, etc. These configurations have inherent features that
can be easily exploited in the enhancement of advanced technologies for various
applications.

Fullerene is curved structure molecule formed by fused pentagons and hexagons.
Among various fullerenes, C60 (Buckminsterfullerene) is the more abundant and
stable due its electronic bonding mechanism, followed by C70 and then C74, C76, C78,
C80, C82, C84, etc. [1]. Buckminsterfullerene was given higher priority to researchers
due to its significant stability and extraordinary properties. In Buckminsterfullerene,
each carbon atom is undergoing sp2 hybridization and is surrounded with three other
carbon atoms. Buckminsterfullerene is an electron-deficient alkene and readily reacts
with electron-rich species. Electron affinity (2.7 eV) and ionization potential (7.8 eV)
of C60 indicate high electron transfer capability for various electroanalytical appli-
cations [2–4]. Irradiating laser beam, laser ablation, arc discharge, non-equilibrium
plasma, etc. are some of the methods for the synthesis of C60 fullerene [5–9]; the
synthesized fullerene can be functionalized by nucleophilic, radical addition, as well
as cyclo addition reactions [10]. The high symmetric nature, low cost, stability and
mild toxic naturewith the additional uniqueproperties such as stable inmultiple redox
states, easy functionalization abilities and light-induced switching behaviour make
fullerenes as promising materials in various health and environment applications
[11, 12].

Carbon Nanotubes (CNTs) are provided with unique strength since their chem-
ical bonding is completely composed of sp2-hybridized bonds and are stronger
than sp3-hybridized bonds [11]. CNTs are allotropes of carbon (rolled cylindrical
sheets and tube-like structures) which are composed of graphite [12]. Depending
on the physical structure CNTs are classified into two types (i) single graphene
sheet rolled /single-walledCNT (SWCNT) and (ii)multilayer graphene sheets/multi-
walled CNTs (MWCNT) [13]. Laser ablation, arc discharge and chemical vapour
deposition are the most used synthesizing routes for the production of CNTs [14].
The extraordinary electrochemical and physico-chemical properties of CNTs provide
potential applications in sustainable environment, green technologies, medicine and
biosensors [15–17].
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Graphite is composed of several layers of single sheet called graphene, which
is an eco-friendly material with lower toxic levels in comparison to other inorganic
materials. Discovery of graphene was honoured with a Nobel Prize in physics in
year 2010 which reflects their importance. Graphene possesses a honey comb lattice
with arrangement of single-layer carbon atoms in a hexagonal manner and carbon
atoms in sp2-hybridized state. The extraordinary characteristics (higher surface-to-
volume ratio, high electrical conductivity, strong mechanical property, high thermal
conductivity, functionalization capability, density, chemical stability, optical trans-
mittance and high hydrophobicity [18, 19, 22]) made them immense interest in
various fields (nanoelectronics, nanocomposites, opto-electronic devices, electro-
chemical supercapacitors, solar cells, pH sensors, gas sensors and other biosensors
[20–23]).

Hence, carbon nanomaterials have attracted researchers in various applications
in health and environmental applications including biomedical sciences, biosensors,
targeted drug delivery, waste water treatments, electrochemical applications, energy
storagedevices, supercapacitors, etc.Numerous applications of carbonnanomaterials
have found an account of excellence in physico-chemical properties. In this chapter,
we focus on the importance of carbon nanomaterials, especially fullerenes, CNTs,
graphene in the biosensors, medicine and wastewater treatment applications.

2 Applications of Carbon-Based Nanomaterials
in Biosensors

A biosensor is an analytical device used for the detection of biological elements
in direct spatial contact with a transduction element that converts biological events
into quantifiable signals [24]. The reorganization of biomolecules is important in
many areas such as medicines, drug and clinical domain, food analysis, genetic
analysis, protein engineering, biomolecular sequencing, environmental monitoring,
toxicity measurement and in the detection and identification of diseases and new
drug molecules. Thus, an ideal biosensor should be high selective, high sensitive,
high service life, good reproducibility, simplicity, low cost, scalability, direct edible
(real-time monitoring) and rapid analysis of biomolecules in wide measurement
range and should have a positive impact on human health and environment [25].

The basic working principle of a sensor is as follows (Fig. 1). It consists of an
active sensing component; a signal converter and originates an electrical, optical,
thermal or magnetic output signal. The sensor component detects analyte which
causes generationof signal and is amplified if needed togenerate required information
[26, 27].

The sensitivity and selectivity of biosensors depend on the physico-chemical prop-
erties of the material used for sensing, for transducer, for enzyme immobilization
and other stabilizers, mediators used in this process. The drawback of biosensor for
large-scale utilization is an account of their low reproducibility and signal strength
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Fig. 1 The working
principle of biosensors [25]
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which depends mainly on the materials used in the construction of biosensors and
transducers, while it can be overcome by using various nanomaterials. The carbon
(1D, 2D and 3D) nanomaterial biosensors have good biocompatibility, high sensi-
tivity, good selectivity, excellent transduction for the biorecognition, decrease in
response times and lower limits of detection for detecting a wide range of chemical
and biomolecules [28].

2.1 Fullerene-Based Biosensors

Fullerene exhibits unique and favourable characteristics such as good conductivity,
wide absorption of light in the UV–Vis spectral region, easy of chemical modifica-
tion, combination of nucleophilic and electrophilic property, angle strain produce
from its structure, production of singlet oxygen, long life triple state, etc.[29].
These properties enable the potentials of fullerenes in the design of novel biosensor
alongwith enhanced sensitivity, selectivity, real-time responsiveness and rapid signal
transmission towards various biomolecules [30].

It is important to note that fullerenes are not harmful to biomolecules and are
sufficiently small to detect the analyte in a closed manner. Fullerenes are having
capability to exchange electrons with the surrounding biomolecules and to a trans-
ducer. During the identification of a biosensor, utilization of biomolecules takes place
and fullerenes act as a mediator between the target and the electrode of a biosensor.
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Fig. 2 Mechanism of sensing an analyte and the role of fullerene in a biosensor [29]

Further fullerenes can speed up the e− transfer which enhance the identification
ability and sensitivity than biological element without fullerene (Fig. 2) [29].

Fullerenes and functionalized fullerenes have potentials in detection and diagnosis
of glucose with enhanced sensitivity and selectivity. Fullerene-based materials are
also showing their importance in trace-level detection of urea with high sensitivity,
repeatability and relatively good selectivity [25]. Thus, fullerenes act as an important
component in immunosensors for the detection of diverse organic and inorganic bio-
species in the blood (cysteine, ascorbic acid, tyrosine, urea, Na+, K+ and Ca2+) that
can be produced due to metabolism [31].

2.2 CNT-Based Biosensors

The extraordinary properties such as electrical conductivity, electron mobility and
field effect mobility, small dimensions, high surface area and surface modifica-
tion capability make CNTs as the perfect candidate for biosensor application. Even
though CNT acts as biosensor, its solubility is the biggest problem. To overcome this
problem, functionalization of CNT is required [32] and is carried out in three ways:
(i) the skeleton of CNTs is linked with chemical groups by covalent or non-covalent
linkage, (ii) adsorption of different functional groups to CNTs, and (iii) the internal
cavities of CNTs are filled with Endohedrals [33]. Thus, increase in research on CNT
conjugates has been developed for detection of DNAbiomarkers, cell-surface sugars,
protein receptors, etc., with high success rate [34].

Functionalized CNTs develop the sensitivity, selectivity and response time than
conventional carbon biosensor and act as mediators between working electrode and
enzymatic molecules. The CNT biosensors are further divided into electronic trans-
ducers (cancer biomarkers or aptamers and sensing of antibodies, peptides, proteins,
enzymes, etc.,), electrochemicalCNTbiosensors (e.g. glucose, urea, dopamine, nitric
oxide, epinephrine sensing), immunosensors (α-fetoprotein (AFP) in human serum,
glucose, urea, Cardiac Troponin I (cTnI)) and optical CNT-based biosensors (detec-
tion of carbon dioxide, oxygen, alcohol, fluorescent molecules, ATP in living cells,
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Fig. 3 aATypical enzyme-based biosensor. b SWNT electrochemical glucose biosensor. cAmper-
ometric immunobiosensor. d Microfluidic chip-based optical CNT biosensor [35] (Received
copyright permission)

single-stranded DNA and cyclin A) on the bases of their mechanism towards target
recognition and transduction while some of the examples are predicted in Fig. 3.

2.3 Graphene-Based Biosensors

The outstanding electrostatic π–π stacking interaction, high surface area, immo-
bilization of different molecules, and electrochemical and optical properties make
graphene as an idealmaterial for constructing biosensors and loading drugmolecules.
Graphene-based nanomaterials are used as transducers in a biosensor, which convert
the interactions between the receptor (the organic/inorganic material) and the target
molecules (can be organic/inorganic/whole cells) into detectable measurements,
while the conjugated structure of graphene can facilitate high signal sensitivity to
the biosensor. Furthermore, graphene and functionalized graphene can quench the
absorbance influorescent biosensors. The sensitivity, selectivity anddetection limit of
graphene-based biosensors depends on synthetic methods, orientations and number
of layers between the graphene, functional groups and oxidation states of graphene
and number of functional groups. Graphene-based biosensors are of various types,
viz. immunosensors (the measure of specific conjugation reaction between antibody
and antigen), electrochemical sensors (measures any electrochemical changes at the
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interface of an electrode–electrolyte), optical/fluorescence biosensors (devices that
derive an analytical signal from a photoluminescent process) and enzyme-based
biosensor (enzyme and the transducer combination produces a signal that can be
proportional to an analyte concentration).

The sp2-bonded carbon atoms’ utilization of large surface area makes graphenes
as ideal substrates for selective detection of aromatic molecules and ssDNA by π–π
stacking interactions [36]. In electrochemical DNA biosensors, the electron loss and
conductivity changes that are caused due to change in voltage, current or impedance
reflect the hybridization of DNA. The electrochemical signals are generated by this
process and are detected in the biosensors either by cyclic voltammetry or differential
pulse voltammetry or electrochemical impedance spectroscopy (Fig. 4a).

The fluorescent DNA nanosensors are developed using hybridization of two
single-stranded DNA (ssDNA) and among them one is labelled with a fluores-
cent dye and the other corresponds to the target. Another widely used graphene-
based DNA biosensor is carried out using the fluorescence-sensing approach. In this
approach, theDNAprobe is quenched to the surface of graphene-based nanomaterials
through fluorescence resonance energy transfer (FRET) reaction that causes fluores-
cent signal to turn off (Fig. 4b). Upon hybridization of the probe with the target
DNA, graphene surface releases the fluorescent molecule along with the dsDNA
which causes fluorescent signal to turn on and can be detected.

Fig. 4 Schematic illustration of graphene-based biosensors a electrochemical and b fluorescence
detection [38]. (Received copyright permission)



268 V. Divya et al.

Graphene is also used as a biosensor in detection of fluorescein [37], DNA, Celiac
disease, HCV, HIV, catechol’s, dopamine [38], hydrogen, lead, cadmium, silver,
mercury, arsenic, acetaminophen, catecholamines, ascorbic acid, uric acid, hydro-
quinone, nicotinamide adenine dinucleotide hydrogen, carcinoembryonic antigen,
haemoglobin, myoglobin, proteins [39] and cancer biomarkers [40].

3 Applications of Carbon-Based Nanomaterials
in Medicine

3.1 Fullerenes in Medicine

The closed spherical C60 cage structure, and other exceptional properties such as
multiple redox states and their stability, easy functionalization and light-induced
switching behaviour make them promising in diverse applications. Fullerenes are
used in various applications such as development of capacitors, biosensors, catalysis,
optical, electronic devices, etc. [41, 42], while one of the most important applications
of fullerene is medicine (Fig. 5) [43].

1. Fullerene molecule can be used as an antioxidant, antiviral agents due to their
high affinity of the electron causes rapid reaction with radicals. Fullerenes
are also used as anti-ageing and anti-damage and anti-bacterial agent in the
cosmetic sector.

Fig. 5 The medical
applications of fullerene
[41–43]
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2. Fullerenes are able to conjugate with proteins, DNA and different functional
groups which possess biological affinity to nucleic acids or proteins. This
property assists the scientist to develop anti-cancer treatments.

3. Fullerene contributes a large extent in designing of various biosensors such as
glucose, urea, microorganisms, etc.

4. Fullerenes can be used in drug delivery for finding cancer cell using surface-
covered chemotherapeutic agents [25].

5. Fullerenes are world’s strongest free-radical collectors and attract electrons
due to their more available C = C and lowest unoccupied molecular orbital.
During the diseased state, fullerene helps successfully to protect cells from
toxins by the collecting free radicals from the local body in mitochondria [44].

6. The easy functionalized capacity and mild toxicity of fullerenes make them
an ideal to serve as 3D scaffolds for carrying the drug molecules. They can
be found to go to tissues and make them respond to carry drug molecules to
hydrophobic tissues in liver. The high collecting capacity and reactivity make
them conjugate to various drugs in drug delivery [45].

7. Fullerene structure is highly complementary, both sterically and chemically, to
the HIV-P active site, and hence binds effectively and inhibits the HIV protease
enzyme [46].

8. Fullerenes with additional atoms, ions or clusters enclosed within their inner
spheres are called Endohedral fullerenes, which are very useful for biomed-
ical applications [47] such as MRI, X-ray imaging, radiopharmaceutical
applications, etc. [48].

9. Fullerenes are used for osteoporosis treatment due to its preferential localiza-
tion.

10. Fullerenes and their derivatives will have a neuroprotective effect in the central
nervous system due to its therapeutic action [44].

Further, Fullerenes and their derivatives are widely employed in photosensitiza-
tion, photodynamic therapy, radio protection, toxicology and diagnostic applications.

3.2 CNTs in Medicine

CNTs have been employed successfully in medicine since from the beginning of the
twenty-first century on account of their unique properties, such as ultra-small size,
large surface area, high aspect ratio, high reactivity, distinct optical properties, conju-
gating ability with a variety of therapeutic molecules (drugs, proteins, antibodies,
DNA, enzymes, etc.) and diagnostic nature (vaccines, antibodies, biosensors, etc.).
CNTs are also proved as excellent vehicles for drug delivery which penetrates into
the cells directly and keeping the drug intact without metabolism during transport
in the body. Figure 6 depicts various applications of CNTs and other functionalized
CNTs in different fields of medicine.
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Fig. 6 Schematic representation of CNTs and other functionalized CNT applications in medicine
[48]

1. Regenerative medicine
The easy chemical functionalization of CNTs provides a platform which
customizes to a range of functions related to regenerative medicine. The bone
regeneration is being developed using CNTs that uses negatively charged func-
tional groups with calcium bonded to them. CNTs act as an ideal alternative to
the titanium or ceramic bone scaffolds due to their strength, stiffness and flex-
ibility. In tissue regeneration process, regulation of the electroactive behaviour
of cardiac or nervous cells is important, where CNT provides an excellent
platform due to their improved mechanical properties and electrical conduc-
tivity. The enhancement of physical properties with the combination of CNTs is
particularly promising for cardiac reinforcement applications. Nerve conduits
composed of PEG functionalized CNT/oligo (poly (ethylene glycol) fumarate)
(OPF) nanocomposite were generated using injection moulding technique and
are filled in the gaps resulting in spinal cord injury, (Fig. 7) while the hydrogel
enhances the cell attachment, and proliferation that conforms axon recovery
[48, 49].

2. Therapeutics
CNTs and their functional derivatives are having antioxidant nature which helps
in various biomedical applications and prevents chronic ailments, ageing and
food preservations. The –COOH groups present in carboxylated SWCNTs
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Fig. 7 (a) Schematic depiction of the spinal cord. (b) Conductive nerve conduits for spinal cord
injury treatment. (c) Structure of the conductive OPF-CNT pega hydrogel [49]. (Received copyright
permission)

increase the free-radical scavenging activity and improve antioxidant prop-
erty. The antioxidant property is very important in anti-ageing cosmetics and
sunscreen creams which protect skin against free radicals produced by the
human body or by sunlight. Many successful anti-cancer drugs (epirubicin,
doxorubicin, cisplatin, paclitaxel, etc.) have been conjugated with function-
alized CNTs. Functionalized CNTs are used for the treatment of infectious
diseases such as TB, cancer and also protect from anti-microbial and anti-fungal
infections. The tiny dimensions and accessible external modifications property
of CNTs helps them in neurosciences for the treatment of neurodegenerative
diseases, while it is found that conjugation of CNTs with therapeutic molecules
has positive effects on neuronal growth than the single drug. CNTs and their
composites (synthetic biocompatible polymers) are evaluated as scaffolds for
tissue regeneration.

3. Diagnosis and Analysis
The length scale, specific structure and unique physico-chemical properties of
CNTsmake them popular tool in cancer diagnosis and therapy [50]. Addition of
CNTs provides more accuracy and simpler manipulation than biosensors alone
in detection of glucose-oxidase biosensors for blood sugar control in diabetic
patient [51–54]. The sensitivity of the assay using SWCNT-DNA sensor was
much higher than traditional fluorescent and hybridization assays in detection
of antigen. CNTs provide a fast and simple solution for molecular (DNA or
protein) diagnosis in pathologies. [53, 55]. The organophosphoric pesticides
are also detected by immobilization of acetylcholine esterase over CNT surface
[52–54].
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4. Biomedical detection and imaging

The metallic or semi-conductive nature of CNTs depends on the different ways
of rolling a graphene sheet into a cylinder. The semi-conductive SWNTs with appro-
priate chirality will generate a small bandgap fluorescence of 1 eV, which corre-
sponds to NIR region (900–1600 nm) and is important for bio-imaging. The inherent
graphene structure provides SWNTs with specific Raman scattering signature [56],
which is strong enough for imaging of live cells and small animal models [57].
Thus, SWNTs act as a contrast agents for near-infrared (NIR) photoluminescence
imaging [58–61], Raman imaging and optical absorption agent for photoacoustic
imaging [56, 62, 63]. The strong light absorption characteristic [64] of CNTs helps
as photoacoustic contrast agents which are used for imaging of tumors in mice
[65–67].

3.3 Graphene in Medicine

The extraordinary properties, such as extreme hardness, wear resistant, high elas-
ticity, transparent nature, lightweight, excellent thermal conductivity, chemically
reactivity, anti-bacterial activity, good electrical conductivity, high density and with-
standing ability towards ionizing radiation, make graphene as a novel material for
the synthesis of new composites as well as for endless applications. Graphene is one
of the most important materials that can be used for various medical applications.
Graphene can be used frequently in the treatment of Cancer disease due to their
improved property towards fighting and destroying the diseased cells. Graphene can
also be used for developing muscle and in bone implants. Some of the medical
applications of graphene are provided in the Fig. 8.

1. Graphene as an Anticancer agent

By the injection of graphene particles into the patient they can be chemicallymodified
and attached to cancer cells. The capability of absorption of IR radiation tends to treat
the tumour directly on the damaged cell in the radiological treatment, while the rest
of the body is unaffected. Thus, graphene is used as a diagnostic tool against cancer

As An�cancer agent

Application of Graphene in medical applications

In Neural implants replace

In Dental Implant
As Therapeu�c toolIn Prosthesis

In Water Purifica�on

In DNA sequencing As a Biomarker

Fig. 8 Various applications of graphene in medical field [68–71]
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cell [68]. The functionalized graphene is used as a drug carrier for delivery of anti-
cancer chemotherapeutic drugs. In addition to these, graphene oxide microfluidic
chips are developed to arrest tumour cells from blood and to support their growth for
further analysis [69].

2. Graphene in Neural Implants

As 3D-graphene foams are predominant to traditional inert biomaterials, it is
used as neural implants for energy conversion, storage system, tissue engineering,
construction of a scaffold of neural stem cell, etc. [70].

3. Graphene in Dental Implants

The application of graphene in dental implant was initiated at the University of
Alicante and is found that the durability of material increases with the incorpo-
rating graphene. The graphene can also be used to create a layer of vertical splinters,
which can manage to form a protective surface to prevent bacteria in dental implants.
Graphene composed with the prostheses (placed on dental implants) has higher resis-
tance and structural stability, flexibility and is lighter. The use of graphene in this
field helps the patients to protect from infections and reduces the use of antibiotics.

4. Graphene as a Therapeutic tool

Graphene nanomaterials have capability to combine with medications and other
molecules lead to improve the function of the drug towards target material. The
graphene nanomaterials injected into the blood can be attached to different types of
cells of our immune system without defences attacking the intruder.

5. Graphene in Prosthesis

Rubber composed graphene is an ideal material for an efficient bionic muscle. The
electrical stimulation on this compound makes them ideal to control tension and
relaxation. The dental prosthesis is the only quick fix to restore missing natural teeth
which might improve oral functions and comfort. Graphene is a new material that
can meet the desirable features to be used for this purpose. Graphene is also useful
for making splints and that combination makes them hard and highly strengthens
materials.

6. Graphene in Water Purification

Graphene nanosheets are highly efficient and cost-effective materials for the purifi-
cation water. The graphene nanosheets are impermeable for passage of impurities
through it due to the small pore size and interactions, but allow water and provide
clear and pure water as filtrate. This shows the importance of graphene in protection
of humans from various diseases.

7. Graphene as a Biomarker

Graphene can be employed in biosensors for detection of blood pressure, blood sugar
levels, nitric oxide in oxygen, etc. Graphene is used as a biomarker in detection of
bacteria and pathology that causes sick. Graphene also acts as an immunosensor
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used for small-scale detection of growth hormone. Graphene plays a crucial role
in fighting against various diseases, especially cancer. Graphene-based biosensors
have capability to detect E. coli bacteria. As the surface of graphene is attached by a
number of drugmolecules, it can be used in drug delivery to target the diseases present
over the cell surfaces. Graphene is used in birth control and also in anti-microbial
applications [69].

Thus, graphene is an important material that enhances the potentials in various
medical applications such as cancer therapies, disease diagnostic tools, tissue engi-
neering, implants, DNA sequencing, biomarker and transfer of genetic material,
biomedical imaging and neuroscience, etc. [71].

4 Applications of Carbon-Based Nanomaterials in Water
Treatment

Water is a natural gift on the earth and is essential for human, animal and plants.
Human being uses water for all domestic and industrial purposes. Without food
humans can survive for a number of days, but water is such an essential commodity
that without it, one cannot survive. In nature, water is present in 75% of the earth’s
surface; however, much of it is not suitable for the needs due to the presence of
impurities from various sources. The process of removing all types of impurities
from water and making it fit for domestic or industrial purposes is called water
technology or water treatment.

Even though there are many varieties of materials developed for the treatment
of water such as zeolites, polymers, metal–organic frameworks, etc., carbon-based
adsorbents like carbon nanotubes, fullerenes and graphene are given higher impor-
tance since they possess high adsorption capacity due to their higher surface area and
large pore volume which are the primary requirements in achieving success in any
wastewater treatments. They are also considered to be superior in treating organic
and inorganic pollutants [72]. Thus, carbon nanomaterials play a key role in purifi-
cation of contaminated water with low cost and high efficiency. The importance of
fullerenes, CNT and graphene in water treatment is discussed in the below section.

4.1 Fullerene in Water Treatment

The high electron affinity, reactivity and capability of producing reactive oxygen
species (ROS) make fullerenes as efficient nanomaterials in water treatment.

1. By photosensitization

Fullerenes are used in engineered systems to photoactively oxidize organic contami-
nants or to inhibit microbe activities. The ability of fullerene in tailoring the surfaces
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Fig. 9 Potential
photosensitization
mechanism of C60 [74].
(Received Copyright
permission)

makes them specific to increase adsorbing capacities or to recognize specific contam-
inants [73]. C60 acts as a photosensitizer (photoactivematerial) in which the electrons
are excited within their molecular orbital leading to produce ROS in solution. Type
1 and Type 2 are the two mechanisms followed by sensitized electrons, i.e. electrons
transfer to a donor molecule, energy transfer to ground state oxygen, respectively. In
both the processes, light energy is converted into chemical energy which is utilized in
oxidizing the contaminants and microorganisms from wastewater. Figure 9 depicts
the C60 molecule sensitizer that follows Type 1 and Type 2 mechanisms.

The unique geometry of C60 molecule is responsible for efficient intersystem
crossing. Intersystem crossing occurs very efficiently due to the unique geometry of
the molecule. The addition of C60 to the aqueous system reduces the efficiency of
someof these processes.C60 molecule forms clusters in the aqueous solution resulting
in reduced ROS formation due to decrease in lifetime of triplet state [75]. Though
proper addition of functional groups can reduce the clustering and increase ROS
production, addition of these groups can lower the triplet state which is responsible
for ROS formation [76].

Fullerene derivatives (fullerol) are also important in production of ROS which
helps in disinfecting wastewater or destroy the organic compounds by avoiding the
undesirable oxidation by-products. Fullerol (C60 (OH) 2224) was prepared [77] and
a comparative study was made with known photosensitizer Rose Bengal dye (RB)
[78] on destruction of organic compound 2-chlorophenol (2-CP) irradiating under
UV light. For the same conditions maintained for both results shown that fullerol
was useful in 17% of the 2-CP destruction while RB was 28% in destruction.

2. By Anti-microbial property

Medical literature survey on role ofC60, C70 fullerenemembranes inwastewater treat-
ment reflects the deactivation of bacteria and other water-borne viruses [77] and their
anti-fouling property [79]. Fullerene derivatives (fullerol) act as an effective disin-
fectant which can decrease the activity of MS2 bacteriophage (virus) in wastewater
treatments [80]. The ceramic membranes modified with depositing a layer of C60

molecules are prepared to study their impact on bacterial (E. coli K12) attachment
and metabolic activities and it has been observed that the CTC/DAPI (metabolically
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active/total number of bacteria present) ratio has significantly decreasedon increasing
C60 molecules over the membrane. Long-term efficiency of C60 membranes was
expected in anti-biofouling activities [77].

4.2 Carbon Nanotubes in Water Treatment

The pore size and adsorbent capability have made CNTs as extensive materials in
determination of various aqueous pollutants. They have also attained significant
considerations for innovative membrane developments for wastewater treatments
[81].

The classification of CNT members is as follows:

1. Free standing CNT membranes:

(a) Vertically Aligned (VA) CNT membranes.
(b) Bucky-paper membranes.

2. Mixed CNT membranes

Free standing CNT membranes are majority membranes used in desalination of
water applications. CNTs are typically lined up as cylindrical pores by which the
fluid can be passing within the hollow interior of CNT or in between the bundles
of CNT, in the case of VA-CNT membranes Fig. 10a. In the case of Bucky-paper
CNT membranes [82] (Fig. 10b), CNTs were randomly arranged which are highly
porous with higher specific area. Mixed CNT membranes are somehow similar
to thin-film RO membranes, where a top layer is composed of both CNT and a
polymer. Figure 10b depicts the respective images of VA-CNT and mixed CNT
membranes. CNT membranes have the potential of higher performance such that

Fig.10 Representation of a VA-CNTmembranes, and bmixed (nanocomposite) CNTmembranes
with the top layer of mixed CNT membranes [83]. (Received Copyright permission)
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they can replace/improve the conventional membranes (RO, NF, UF, MF, etc.), and
hydrophobic property of CNT promotes the faster flow of water molecules since
water is a polar molecule.

1. Applications of VA-CNT membranes in water treatment

VA-CNTmembranes not only exhibit higher flow rate but also possess anti-bacterial
activity that shows appreciable performance in removing various unwanted salts
[84]. Li et al. manufactured a membrane which is useful in ultra-filtration, while
the high flux flow was made with the help of polyether sulfone (PES) and pre-
aligned MWCNT array was made by simple phase inversion, drop-casting process
[85] and the results were comparedwith the pure PES. It is observed that the prepared
membranes were so impressive that water speed through the prepared membranes
was 10 times higher than the pure PES membranes and also 3 times higher than the
mixed CNT/PES membranes.

Monolithic freestanding uniform macroscopic hollow cylindrical membrane
filters were fabricated using spray pyrolysis of ferrocene/benzene [86]. The prepared
filterswere effective and reliable in separating heavy hydrocarbon and also in removal
of bacteria.

The VA-CNTs have higher fluid transport efficiency but it is worthy to mention
that their alignment control in the membrane matrix and control of agglomeration is
still challenging.

2. Applications of Bucky-paper membranes in water treatment

a. The high thermal conductivity, good porous structure and hydrophobic
nature of Bucky-paper CNT membranes made them promising in direct
membrane distillation process. Dumee et al. reported that 99% of salt was
rejected by using Bucky-paper CNTmembranes in direct membrane distil-
lation method [87]. Bucky-paper membranes were also reported in filtra-
tion of fine particles (100–500 nm diameter) and are highly efficient in air
filtration [88].

b. Anti-bacterial properties were also strengthened on using Bucky-paper
CNT membranes. CNT Bucky-paper membrane exhibits higher removal
rate of virus MS2 bacteriophage of 27 nm through depth filtration and was
also effective in retaining E. coli cells (2 μm), damaging cell membranes
and inactivating the E. coli cells [84].

3. Applications of Mixed CNT membranes in water treatment

CNT-based nanocomposite membranes show higher resistance to BSA, protein
and bacteria fouling in various reports [89]. Comparison study was made on
bovine serum albumin (BSA) fouling mechanism over pristine membranes and
GO/MWCNTs/PVDF membranes by Zhang et al. [90]. Results were likely depen-
dent over the adhesion force of themembrane foulant. The CNTmembrane decreases
the adhesion force of membrane, enhances the pure water flux and maintains good
anti-fouling performance.
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4.3 Graphene in Water Treatment

Monolayermembranes aswell as stackedmultilayermembranes are extensively used
in desalination membrane preparations for water purification.

1. Monolayer graphene desalination membrane

Pristine graphene membranes are impermeable to water, pollutants and also to the
smallest mono-atomic molecule of 1.3 Å (Helum) [91]. By controlling the pore size,
density and functionality, current desalination membranes were showing magnitude
of higher permeability and selectivity [92, 93].

2. Multilayer membrane for desalination purpose

Monolayer membranes are effective in water permeability, while its production at
industrial scale is still challenging on account of leak-proof fabrication and there is a
difficulty in manufacturing large area monolayer graphene with controlled pore size
and density (Fig. 11a) [94]. Themultilayer graphenemembranes consist of assembled
graphene oxide sheets and are promising for desalination purposes. The multilayer
graphene membranes have high attention to the industries as the fabrication of highly
stackable, single atom thick layer of grapheneoxide canbe easily obtainedby a simple
chemical oxidation and ultrasonic exfoliation of graphite, while is cost-effective. The

Fig. 11 Schematic representation for the separation mechanism of a a monolayer graphene
membrane with nanopores of controlled size and b a multilayer graphene membrane composed
of stacked GO sheets [96]. (Received Copyright permission)
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structure channels in GO layers facilitate the permeation of water rejecting undesired
matter, while functionalization enables charge-based interactions in treating water
pollutants with lower cost. These promising reliable features of multilayer graphene
make the possibility of producing advanced ionic and molecular membranes for
effective desalination (Fig. 11b) [95, 96].

5 Conclusion and Outlook

In this book chapter, the basic concepts, importance and recent trends of carbon
nanomaterials in various applications have been reported. In specific, the role of
carbon nanomaterials in biosensors,medicine andwater treatment has been described
with various examples. The extraordinary physio-chemical property, electro-optical
nature, high surface area and easy functionalization make fullerene, CNTs and
graphene as ideal candidates for various applications.Wide research has been carried
out on carbon-based nanomaterials which is widely used classes of nanomaterials.
The research of carbon-based nanomaterials for health and environment applications
has attracted great attention due to their unique physical and chemical properties
including thermal, electrical, mechanical and structural diversity. In addition, owing
to their versatile surface properties, size and shape over the past decade, carbon-based
nanomaterials have considerable attention.
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Large Area Graphene and Their Use
as Flexible Touchscreens
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Abstract An enormous demand for advance touchscreen gadgets has drawn signif-
icant scientific attention for last few years due to the substantial developments in
the field of flexible and portable electronics. Thin coating of tin doped indium oxide
(ITO) material offers good electrical conductivity and high optical transparency and
thus, is widely adopted as the transparent conductive material for touchscreens and
optoelectronic display devices. However, limited availability of indium (In), and
brittleness of ITO thin coatings limits their use in next-generation flexible displays.
Graphene is an emerging material in this aspect due to good electrical conductivity,
high optical transparency and mechanical stretchability makes graphene a better
choice for flexible electronics and display devices. Graphene possesses sufficient
robustness to be used in the harsh environment. Though, defect free-high quality,
volume production and limited fabrication compatibility are the major challenges
in commercialization of graphene-based flexible devices. In this chapter we have
briefly reviewed the basic understanding of touchscreen technology and the impor-
tance of graphene in flexible touchscreens as well as the remaining challenges for
commercialization of graphene-based touchscreens.
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1 Introduction

Advancement in graphene-based ultrathin, flexible and conductive films has widened
the scopes of transparent and flexible device applications such as electronic circuits,
flexible displays, touchscreens, optical sensors, charge storage, energy harvesting
and the wearable biosensors. Thin oxide coating of tin doped indium oxide (ITO)
offers good electrical conductivity and high optical transparency. As a result, ITO
coatings are the most popular conducting transparent oxide which is used for touch-
screen applications. Apart from this, ITO has a huge demand in various technological
aspects like plasma screens, LEDs, OLEDs, electronic networks, solar cells, smart
heating windscreens, etc. [1, 2]. ITO thin films are very easy to handle, inert and
can be developed with available deposition methods like sputtering, chemical vapor
deposition, physical vapor deposition, etc. However, scarcity of indium (In) makes
it an expensive choice for the use in coatings technology. Simultaneously the brittle-
ness of ITO coating imposes the major limitation for its use in flexible touchscreen
gadgets [3].

Graphene is an emergingmaterial in this context, having high optical transparency,
mechanical flexibility and electrical conductivity that makes it a preferred choice for
the next-generation flexible touchscreens and optoelectronic devices. Owing to its
robustness, graphene offers physical stability in harsh environment. It has Young‘s
modulus of 0.5–1.0 T Pa, tensile strength up to 130GPa, spring constant 1–5N/m and
physical stretchability of up to 20%.These properties promote graphene as a preferred
choice for flexible optoelectronic and wearable biomedical devices. Furthermore,
graphene offers larger 2D surface that allows to make large area seamless inter-
facing with other organic materials and the substrate itself. Thermal and chemical
stability, optical transparency, thermo-resistivity and piezoelectric responsivitymake
this material a multifunctional agent [4–7]. In contrast to commercially available
indium tin oxide, graphene has various additive properties like ultrahigh electronic
mobility, variable resistivity, and high conductivity required for better performance
of the electronic devices.

The present technologymarkets demand advanced electronic deviceswith flexible
circuits and foldable displays. Graphene has ideal 2D structure that makes it compat-
ible with the modern top down fabrication approaches. Graphene is being explored
to use in electronic devices like transistor, logic circuits, energy harvesting devices,
touchscreens displays, etc. As graphene has low sheet resistance, tunable electronic
mobility, and thermo-resistivity. However, some major and critical concerns are yet
to be overcome like presence of multiple pinholes defects, micro-cracks, and over-
lapped grain boundaries in the graphene films [8]. With the help of this chapter, we
are discussing the processing and application of graphene in flexible touchscreens
including the development reported so far and the major challenges to be overcome.
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1.1 What is Touchscreen?

Touchscreen is a graphical user interface in computing display devices. Touchscreens
are input–output devices mostly integrated with optical displays. Touchscreen is
sensitive to physical touch of finger or stylus by means of either of the pressure,
electrostatic charge and optical sensing to prove an input command to the computer
[9]. The touchscreen enables users to communicate with a computer directly through
display rather than the conventional methods of a mouse, keypad or a joystick. This
has beenwidely adopted by the electronic gadgets likemobile phones, laptops, digital
game consoles, voting machines, ticket vending machines, ATMs, etc. The idea of
touchscreenwas first suggested by Johnson of theRoyal Radar Establishment in 1965
[10]. The first transparent touchscreen is being developed by Frank Beck and Bent
Stumpe at CERN in 1970 [11] and later a prototype device has been successfully
demonstrated in 1973.

1.2 Types of Touchscreen

1.2.1 Resistive Touchscreen

The first resistive touchscreen has been developed by George Samuel Hurst in 1975
but not much attention has been paid till 1982 [12]. The resistive touchscreen, which
is one of the simplest types of touch sensor technology, comprises a few stacks of
transparent layers; mainly the substrate layer, bottom side resistive layer, interme-
diate patterned insulating layer, top side resistive layer and the top protective layer,
respectively. The important part of this assembly is the isolated arrangement of top
and bottom resistive layers. These two layers facing each other are isolated by an
intermediate patterned insulating layer to avoid any unwanted contact and maintain
an air gap at possible contact regions. The bottom side resistive layer has two parallel
conductive tracks alongside and twoparallel conductive layers at top andbottom sides
of top resistive layer. A voltage is applied at either side of two layers and measured
from the other end to estimate the sensitivity of the touch [13]. When external pres-
sure is applied on the outer surface by stylus or finger the two isolated layers make
a contact at that point and this arrangement behaves as voltage divider circuit. The
x-y coordinates can be identified by measuring the voltage between electrodes of
each layer by rapid switching. The resistive touchscreens are used in multiuser harsh
environments like factories, restaurants, hospitals, ticket wending machines, ATMs,
etc. due to its high tolerance of liquid and dust contaminants. Resistive touchscreens
are relatively low-cost technology and can be operated with gloved fingers and non-
conducting rigid objects like pointer, pen, stylus, etc. Themain limitations of resistive
touchscreens are the facile degradation of the top surface with sharp objects, limited
resolution and manual pressing operation [14].
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1.2.2 Capacitive Touchscreens

Working of the capacitive touchscreens is based on the change in the capacitance
at the location of touch over the touchscreen when contacted with an electrically
conductive object such as human finger. The capacitive touchscreens are fabricated
on a transparent substrate like glass coated with the transparent conductive film like
ITO and thereafter passivating dielectric film such as PET. Touching this arrange-
ment by a conductive object creates distortion in the screen’s parasitic capacitance
or the electrostatic field that can be measured as the change in the effective capac-
itance at the sensitive area. Different approaches are used to detect the location of
touch. The electrostatic turbulence created by the touch is processed by the controller
circuit. Some capacitive touchscreens are unable to locate the touch of an insulating
object like gloved finger or stylus. This is due to the fact that touching the screen
with finger adds conductive area that add some capacitance (CF, finger capacitance)
to the parasitic capacitance of (CP) of the touchscreen. This drawback of capacitive
touchscreen limits the widespread use of these touchscreens in consumer applica-
tions like tablet PCs, smartphones, digital books and cold weather regions where
people wear gloves [13]. However, special capacitive stylus or conductive thread
gloves can be used to overcome this issue, but this added an additional accessory
to the product. The capacitive touchscreens are in development with reduced film
thicknesses that minimize the gap between the finger and the display. In parallel
plate capacitive touchscreen network, most of the electrostatic charge accumulates
between the dielectric layer and the transparent electrodes. This accumulated charge
creates an electrostatic field over the sensitive area by projecting the electrostatic field
lines. Any turbulence in these field lines due to the physical touch on the touchscreen
causes change in the capacitance of that region. Since the capacitance change is
generating due the electrostatic field turbulence, this type of capacitive touchscreens
is also sensitive to nonconductive objects. For uniform field coverage, parallel plate
capacitor network is identically printed all over the touchscreen. The capacitance
touchscreens are of two types (a) surface capacitance touchscreen and (b) projected
capacitance touchscreen [14].

1.2.3 Surface Capacitance Touchscreen

This is the basic capacitive touchscreen technology. In this type of touchscreens
one side of the panel is coated with conductive transparent thin film like ITO and
the other side is protected with a transparent polymeric layer such as PET. The
conductive coating is biased with small DC voltage at each corner. When the panel
is touched by a finger, a dynamic capacitor is formed at that region due to the charge
accumulation. The current driven from each electrode of the panel will be as per
the distance of the touch from electrode. This technique allows the controller to
sense the location of touch by calculating the ratio of current driven from all elec-
trodes. The surface capacitance touchscreens offer good durability due to its simple
architecture, however, suffer with some serious infirmities like low resolution, false
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capacitive coupling signal and excessive sensitivity to temperature that result in a
change in the capacitance due to temperature fluctuations. This sensitivity to temper-
ature creates lots of background noise; therefore, a large area capacitive coupling
is prime requirement. Surface capacitance touchscreens require frequent calibration
and their applications are limited to industrial controls, vendor machines, electronic
machine control panels [13, 14].

1.2.4 Projected Capacitance Touchscreens

The projected capacitance technology provides a significant improvement in sensi-
tivity, resolution, accuracy and response time over surface capacitance touch tech-
nology. Projected touchscreens aremade of rows and columns of transparent conduc-
tive electrodes on glass substrates. Conductive transparent thin film like ITO is used
to deposit and pattern using microelectronic processing to generate grid line elec-
trodes, see Fig. 8a. Voltage applied on these electrodes produces electrostatic field
lines. When a conductive object such as finger comes in contact with these grid
lines, leads to turbulence in electrostatic field and, therefore, changes the capac-
itance of that region. Projected capacitance touch sensing allows multiple touch
and scrolling of the touch panel as the capacitance is simultaneously measured at
every point of the touchscreen. Unlike surface capacitance, projected capacitance
touchscreen facilitates passive touch sensing like stylus and gloved finger. However,
excessive humidity, moisture droplet on the surface and dust particles can reduce the
performance of touchscreen. These issues, however, can be overcome using fine wire
track pattern on the touch panel as the fine wire tracks touchscreens have very low
parasitic capacitance and larger distance between two electrodes [12, 13]. Projected
capacitance touchscreens are of the following two types; mutual capacitance and
self-conductive layers close to each other. An inherent capacitance is generated at
the intersection of two grid lines, i.e., column and rowwhen biased electrically.When
bringing a finger or stylus near to the point of mutual capacitance or the intersection
changes the electrostatic field that reduces mutual capacitance. Capacitance change
to these points is measured by voltage of neighboring axis. The self-capacitance
touchscreen is also based on column and rows-based architecture; however, each
grid line, i.e., row or column is operated individualistically. The capacitive load or
the touch is measured as current or frequency change. The touch can be detected
anywhere on the row, if the touch has also been sensed by a column at the same
time, it is assumed that the touch is at the intersection of the row and column. The
self-capacitance allows us for faster and precise detection of the touch but created
obscurity for more than one touch. This issue is a de-sensitizing signal is applied
to all columns except one that leaves some limited area sensitive to the touch. This
sequential scanning of short regions enables precise detection on the touch panel and
the multiple touches.
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1.2.5 Surface Acoustic Wave (SAW) Touchscreen

Surface acoustic wave touchscreens use an array of saw generators and detectors
at opposite sides, X-Y plane on the top of touchscreen. Touching the panel with
finger will absorb some portion of the saw wave resulting in the loss in the response
of the respective detector. The SAW touchscreen can detect multiple touches and
the scrawling as well; however, contamination of the panel can interfere with the
function of the touchscreen [9].

1.2.6 Infrared Touchscreen

The infrared touchscreen uses infrared LED and detector array on X-Y plane of the
top layer of touchscreen. The IR-LED and detectors create horizontal and vertical
pattern on the touchscreen. The touch of an object on the screen results as an obstacle
to the IR optical beam and reduces the response of detector. The IR detector does
not need conductive material to be sense and enable all types of passive sensing.
Moreover, these do not require any patterning or the electrically conductive layer
to realize the touchscreen. The touchscreens are sensitive to dust and any kind of
IR opaque material that obstacle the infrared beam and also the parallax in curved
surfaces that generally create accidentally when user hovers a finger on the screen
while searching an option [9].

2 Synthesis and Transfer Methods of Large Area Graphene
Films

Since its discovery, various efforts have been made for growth and synthesis of
graphene such as liquid phase chemical exfoliation, mechanical exfoliation, epitaxial
growth on SiC substrate, and chemical vapor deposition. From various experimental
studies reported in this field, we concluded that CVD is the promising, reliable and
feasible method for commercial scale production of large area graphene. The liquid
phase chemical exfoliation and mechanical exfoliation methods have been widely
adopted for growing graphene films or flakes in laboratories for research purpose.
Synthesizing the graphene flakes using chemical exfoliationmethod consists of three
following steps: (a) oxidation of graphite, (b) exfoliation of graphite layers and (c)
purification. The metal salts are inexpensive exfoliation agent and produce high-
quality graphene flakes, however, produces serious defects in graphene. Production
of graphene by the mechanical exfoliation is limited due to small flake size and
reproducibility.

Epitaxial growth of graphene on SiC substrate is a relatively costly process as this
requires special synthesis facility and the semiconductor grade substrates. Harvesting
the graphene from its growth substrate is also a tedious process. Since the size of
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epitaxial grown graphene is limited by the size of the substrate itself and, there-
fore, the large-scale volume production is restricted. Thus, developing techniques
for economical large volume high-quality graphene production is highly required.
Bae et al. [14] have demonstrated the role-to-role (R2R) method production of large
area graphene film on 30 cm wide Cu foil role using CVD process. The graphene
film developed was transferred on polymeric substrate using heat and press process
and has been demonstrated as the resistive touchscreen on commercial gadgets. The
chemical vapor deposition of graphene allowsmass production of graphene to satisfy
consumer needs. Moreover, the growth of graphene is carried out in an inert environ-
ment at an elevated temperature of nearly 1000 °C so the films are of high crystallinity
and low defects.

The number of layers, however, can be controlled with the flow of hydrocarbon
precursor to the metallic catalyst, i.e., Cu or Ni. The process is based on the
thermal decomposition of hydrocarbon gases at elevated temperature. Several metal
substrates such as Ni, Fe, Cu has been used as a catalyst to get the film deposited.
Complete synthesis process of graphene using CVD procedure is involved in the
following subsequent steps; (a) diffusion of carbon atoms into metal film, (b) precip-
itation of carbon atoms during cooling, (c) formation of multiple layers on metal
surface. For the process to be carried out a chamber with optimized growth tempera-
ture and hydrocarbon precursor and preplaced thinmetal such as Cu or Ni is required.
A hydrocarbon molecule is made to decompose due to high temperature and there-
after the carbon atom is diffused into the substrate. The temperature is reducing
gradually such that the graphene layer is developed [15].

Solubility of carbon atoms on Cu is lower than the Ni that leads to the lower rate
of decomposition and thus diffusion of carbon atoms on Cu. This helps in monolayer
graphene growth on the Cu substrate. The Ni substrate is preferably used for poly-
layer-graphene synthesis. However, the growth of layers depends on the reaction time
and the cooling process. For multilayer graphene synthesis faster controlled cooling
process is required. Due to the self-limiting effect of Cu, the entire process including
adsorption, decomposition and diffusion occurs on surface only. Consequently, CVD
technique in which Cu used as metal catalyst is the preferred method for monolayer
growth of graphene [14, 15].

The domain size and crystallinity of graphene are investigated on variable
synthesis parameters for optimal quality graphene with low defects and cracks [19].
The major limitation of the process so far is the high-temperature growth and, there-
fore, do not suit the polymeric substrates. The low-temperature synthesis of the large
area graphene over polymeric substrate has been demonstrated by plasma enhanced
chemical vapor deposition technique to realize theflexible-transparent electrodes.We
have demonstrated the detailed optimization of the synthesis process of few-layer
and multilayer graphene film that meets the touchscreen standards in this work.
Effect of various growth parameters like temperature, rate of gas flow, growth time,
annealing time, etc. formation of the layer of graphene has been verifiedwith detailed
characterization of developed films.

Surface mediated reaction and precipitation are the two mechanisms of graphene
growth by a thermal CVD process in which hydrocarbon gas molecules acting as a
precursorwere introduced in the thermally reactive chamber and decompose to active
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carbon species which defuse on the active catalyst surface [14, 15]. The desired layer
of graphene grows on the surface by out-diffusion while cooling the substrate. Since
carbon atoms possess lesser solubility on Cu surface than Ni, the entire growth
phenomenon, i.e., adsorption, decomposition and diffusion take place at the surface
only (self-limiting effect) that preferentially leads to a monolayer or few-layer of
formation of graphene on Cu. We have synthesized few-layers of graphene film on
Cu substrate using acetylene as the hydrocarbon precursor. The schematic synthesis
process is illustrated in Fig. 1a.

Graphene growth was carried out on a 25 ± 1 µm thick, 99.99% pure Cu foil of
dimensions 6 cm× 12 cm. For the removal of the native oxide layer from the Cu foil,
it was initially dipped in 0.1 M Hydrochloric (HCL) solution for 10–15 s and then
rinsed in deionized (DI) water thrice. The Cu foil substrate was then dried using N2

gas flow. The quartz tube used for the synthesis process was subsequently cleaned
by acetone, isopropanol and deionized water to remove inorganic/organic impurities
from its inner wall.

Fig. 1 a Schematic
representation of the thermal
CVD process used for the
synthesis of large area
graphene, b Cu foils
containing few-layer and
multilayer graphene films
grown with different flow
time of C2H2 gas
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Continuous flow of Ar gas (200 sccm) was introduced to exhaust the atmospheric
impurities from the quartz tube and to create an inert environment before the growth.
Furthermore, if any oxide content remains on the Cu foil then it was removed by a
continuous flow of H2 gas through mixed Ar/H2 (4:1) gases. Presence of H2 gas in
the synthesis helps in surface activation via removal of native oxides from the larger
grain of catalyst surface required for high crystalline growth of graphene. The Cu
foil was kept in an inclined position at an angle of 30 °C in the quartz tube to get
uniform distribution leading to identical diffusion of carbon atoms on its exposed
surface. Initially, quartz tube was heated with a ramp rate of 450 °C/h till it reaches
850 °C. After getting this temperature an intermediate halt of 15 min was invoked in
the furnace with the help of a temperature controller to make the rising temperature
to be stable.

The thermal CVD furnace was further heated to 950 °C by lowering the heating
rate to 300 °C/hr for better and uniform growth. After the attainment of the desired
temperature, the excess supply of Ar to the quartz tube was reduced from 200 to
80 sccm. However, the supply of H2 gas to the chamber was flowing continuously
to avoid oxidization of Cu foil at high temperature. Depending on the thickness of
graphene, i.e., number of layers of graphene, acetylene (C2H2) gas which is used as a
precursor was precisely controlled to flow 5sccm. In order to have uniform dispersion
and dissociation of C2H2 molecules on the surface of Cu foil, Ar gas with a flow
rate of 200 sccmwas again flowed immediately after switching off the acetylene gas.
Figure 1b represents two Cu foils containing the different number of graphitic layers
being synthesized by the varying time of flow of C2H2 also known as the effective
growth time.

3 Large Area Transparent Graphene Transfer

Qualitative transfer of large area graphene on flexible, transparent and insulating
substrate is required to avail its inherent electrical and optical properties. However,
transferring the large area graphene from substrate of growth to secondary substrates
is a difficult process that can induce cracks, crumpling and opacity in the film. Since
after its initial physical discovery, numerous transfer processes of graphene like
PMMA coating, PDMS Curing and role-to-role transfer have been demonstrated.
The widely used method is the polymethyl methacrylate (PMMA) thin layer casting;
a uniform thin layer of PMMA is spin coated on the graphene containing metal (Cu)
surface after which the carrier metal foil is used to etched away to get the free-
floating PMMA/graphene stack in Cu etchant solution like ammonium persulfate.
This free-floating PMMA/graphene stack is rinsed in highly resistive deionizedwater
to remove the ammonium persulfate content which was used to etch the Cu foil. The
PMMA/graphene stack possesses low density and high surface area to volume ratio
by which it can float on the surface of water.

Acetone was drop casted in the water containing the floating PMMA/graphene
solution to dissolve the PMMA thin layer. The quality transfer of graphene in this
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process demands complete removal of the supporting PMMA film from the trans-
ferred graphene. However, complete removal of the polymer film from the graphene
layer is a tedious process and many times the PMMA traces are still left even after
long treatment with acetone [15, 16]. The only disadvantage of using the wet transfer
method by PMMA is it reintroduces the structural discontinuities. As the scooping
of floating graphene from DI water to the secondary substrate introduces cracks
in the graphene and the multiple folding on the edges of the transferred graphene.
Schematics of the graphene scooping transfer process has been shown in Fig. 2a. The
other methods of transferring the large area graphene film from primary substrate
to secondary polymeric substrate are the direct substrate development method in
which the polymer substrate such as PDMS is directly molded on the graphene/Cu
stack. The detailed schematic process of PDMSmolding method is shown in Fig. 2b.
The graphene/Cu sample is first mounted on a flat surface in such a way that liquid
PDMS can’t penetrate or leak inside the substrate. For this purpose, the edges of the
copper foil can be attached to the surface with a tape. Thereafter, the liquid PDMS
and curing agent is drop cast on graphene coated copper sample to get molded. After
molding and curing the PDMS on graphene samples, the samples are used to etch out
the Cu foil leaving behind the graphene/PDMS stack. Detailed process schematic of
transferring the graphene on PDMS substrate is shown in Fig. 2b [7].

However, an efficient method is still requiring for the qualitative transfer of
graphene film. The above-discussed methods have some major limitations, such as;
formation of cracks, lattice defects and flipping of graphene on edges area in free-
floating graphene scooping process. Similarly, transferring the graphene on PDMS
substrate using PDMSmolding and curingmethod degrades the electronic properties
of graphene. To overcome these issues another method called role-to-role transfer

Fig. 2 a Schematic of few-layer graphene film transfer on a secondary substrate by traditional free-
floating film scooping process, and b Schematic representation of transfer process of the large area
few-layers graphene film from the metal catalyst (Cu foil) to PDMS substrate by PDMS molding
technique
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Fig. 3 Schematics of role-to-role transfer process of graphene film grown on Cu foil to polymeric
substrate by heating and pressing. Image source Bae et al. [14]

of graphene from Cu foil to PET substrate was demonstrated by Bae et al. [14].
This method is suitable for commercial scale graphene production and transfer. In
their work Bae et al. have demonstrated the growth and transferring of monolayer
graphene of size 30-inch diagonal by subsequent etching of Cu foil in liquid etchant
[14]. A polymer support, namely, the thermal release tape (TRT) was first attached
to the Cu foil containing grown graphene by thermal compression method, after
attaching the TRT to the Gr/Cu stack the Cu foil was wet etched to get the graphene
film attached on the TRT. The graphene film from TRT was again transferred to
the polymer substrate (PET) by hot rolling compression. Schematic process of R2R
process is shown in Fig. 3. Growth and transfer process of graphene promise good
possibilities of integration of various electronic applications.

4 Characterization of Large Area Graphene Used
in Flexible Touchscreens

It has been known for over 40 years that CVD of hydrocarbons on reactive
nickel/copper or transition-metal-carbide surfaces can produce thin graphitic layers
[16]. However, the large amount of carbon source which is absorbed on copper foils
usually forms thick graphite crystals rather than graphene films. In order to over-
come this issue, a controlled amount of hydrocarbon precursor is allowed to pass
through the reactive chamber that contains metal catalysts (Cu) substrate which was
heated up to 950 °C inside the quartz tube consisting of an argon atmosphere. After
flowing reaction gas mixtures, i.e., C2H4 and H2/Ar (20:80), 10 and 100 standard
cubic centimeters per minute, respectively. The system was rapidly cooled to room
temperature, i.e., 25 °C at the rate of 10 °C/s by flowing H2/Ar. We believe that this
fast cooling rate is critical in suppressing the formation of multiple layers and for
separating graphene layers efficiently from the substrate in the later process [7, 16].

For the macroscopic transport electrode applications, the optical and electrical
properties of graphene filmswere, respectively, measured by ultraviolet-visible spec-
trophotometer and two-probe current-voltage (I–V )measurementmethods. Figure 4a
and b presents the optical transparency and electrical resistance of the films. The
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Fig. 4 a UV–Vis. Transmittance spectra of few-layer and multilayer graphene film. b Current–
voltage graph of few-layers and multi-layers graphene film obtained by 2-probe measurement
method. c AFM micrograph of multilayer graphene film on Si substrate. d Raman shift obtained
for the multilayer and the few-layer graphene film on Si substrate. e SEM of few-layer graphene
film on Silicon substrate and f TEM of multilayer graphene film flake synthesized by thermal CVD
method

optical transmittance of the developedfilmwasmeasured onShimadzuUV-3600UV-
Vis. spectrometer using two different floating graphene films of a different number
of layers, i.e., few-layer and multilayer, respectively, on a glass plate. In the visible
range of spectra, the transmittance of the film grown on a 25µm thick copper foil for
30 s was found to be 84% over wavelength 550 nm, a value similar to those found
for previously studied assembled films [7]. As the transmittance of an individual
graphene layer is 2.3%, the transmittance value indicates that the average number of
graphene layers is 8–10. The transmittance can be increased up to 93% by further
reducing the growth time and flows of acetylene, resulting in a thinner graphene film,
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i.e., few-layers of graphene. The few-layers graphene synthesized in this work show
optical transparency of 92% at 550 nm which corresponds to the average number of
layers as 3–5.

TheCr/Au electrodeswere deposited on theGr/Si samples tominimize the contact
resistance in current–voltage measurement. The minimum resistance obtained for
the few-layers graphene samples is found to be 5.3 k� between the electrical probes
placed 500µm apart. However, the resistance value for multilayer graphene samples
is found to be 9.3 k� at similar spacing. The value of sheet resistance, however,
gets an increase with increasing the number of graphene layers. Figure 4c shows
the atomic force microscopy (AFM) image of the transferred graphene layer on Si
substrates. The effective step height of nearly 6 nm has been measured by the study,
this height is consistent with that of 8–10 layers of graphene. Based on the data
collected on various isolated graphene flakes using AFM, it is estimated that ∼80%
of the graphene flakes comprise 8–10 layers of graphene. Effective control of the
layer thickness of graphene flakes can be achieved by varying the growth conditions,
such as growth temperature and methane concentration [7, 8].

Raman analysis of 2D/G and D/G band intensity ratios for the graphene layers
grown at different temperatures and acetylene concentrations is shown in Fig. 4d.
Notably, the intensity ratio of D/G peaks decreases with either the increase of growth
temperature from 850 to 950 °C at constant acetylene flow of 10 sccm or the increase
of acetylene concentration at a constant growth temperature of 950 °C, while the
ratio of 2D/G peaks does not change much. This suggests that moderate increases in
temperature and methane concentration are reliable for decreasing the defect density
and improving the crystallinity of graphene. However, with an enhanced growth
temperature above 950 °C, the D/G ratio improves along with the lowering of the
2D/G ratio. The improved D/G ratio is well understandable. Higher growth tempera-
ture can accelerate the pyrolysis of carbon species and increase the nucleation density
of graphene, leading to reduced domain size and increased sp3 defects. Besides
this, weakening and broadening of 2D peaks should indicate the variation of layer
thicknesses of a graphene flakes from few-layers to multi-layers [7, 8].

This has been further confirmed by the corresponding AFM analysis of multilayer
graphene/Si sample. A combined scan of Si and multilayer graphene is shown in
Fig. 4c, depicting a clear step height of 5–6 nm between two regions that confirms
the total graphitic layers of nearly 8–10. On increasing growth temperature from
850 to 950 °C, and the additional annealing time has improved the crystallinity of
the synthesized graphene film significantly as is evident from the detailed Raman
spectroscopy analysis, Fig. 4d. In brief, it seems that suitable growth temperature
and acetylene flow rate should play an important role in the growth of high-quality
graphene. A scanning electron microscope image of graphene films on thick silicon
substrate shows a clear contrast between areas with different numbers of graphene
layers as shown in Fig. 4e. The transmission electron microscope (TEM) image of
multilayer graphene is shown in Fig. 4f. The TEM analysis indicates that the film
mostly consists of 8–10 layers of graphene.
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5 Fabrication Techniques of Graphene-Based Flexible
Touchscreens

Broadly used touchscreens in electronic gadgets are the analog resistive and the
capacitive types touchscreens. All types of touchscreens, however, predominantly
require transparent conductive film in their construction. The resistance of conduc-
tive transparent films plays a major role in the resistive touchscreens, while in capac-
itive touchscreens the sheet resistance of the transparent film should be nominal.
Therefore, an additional conductive material can be doped in graphene to improve
its electrical conductivity for this purpose [14, 17, 18].

Bae et al. [14] have demonstrated the role-to-role synthesis and transfer of ultra
large graphene film that meets the commercial requirements. The film was multiple
transferred and chemically doped to improve the electrical and optical properties
of the graphene. The process demonstrated has scalability and process abilities to
transfer the ultra large graphene production and their transformation in flexible touch-
screen panels and are seen as the possible replacement of ITO coating. Complete
process demonstration of the work has been given in Fig. 5.

Synthesis of graphene using thermal CVD is a lengthy process due to low heating
and cooling requirements of synthesis process and the large size process setup which
limits the productionofmaterial. Ryu et al. [18] havepresented fastermethodgrowing
graphene using rapid heating of the Cu foils with halogen-based heating lamps.
This process is named as rapid thermal-chemical vapor deposition (RT-CVD). This
process supports the H2 free growth, wet etching of Cu and role-to-role transfer
that enable faster mass production of large area graphene. Schematic of the synthesis
process setup and the process graph has been shown in Fig. 6. The RT-CVD graphene
growth system allows the synthesis of high-quality graphene at lower temperature,
hydrogen free faster growth process and high uniformity. The setup consists of
halogen lamp as heating source, graphitic susceptors between lamp and the Cu foil
samples to convert NIR radiation into heat, CH4 and N2 gas inlets, and Cu foil for
the graphene growth. The relative graphical illustration of graphene growth using
thermal CVD and rapid thermal CVD process indicates that the process takes 40 min
in graphene growth in RT-CVD than the 280 min for thermal CVD that makes a
significant improvement in the synthesis time.

The high-quality graphene developed by RT-CVD is demonstrated in practical
application of multi-touch capacitive touchscreen. Developed graphene film was
transferred to transparent PET substrate using thermal release tape (TRT) and the wet
etching of Cu foil in H2O2 and H2SO4 solution. The graphene attached on TRT was
released on PET using lamination process. The transferred graphene was thereafter
patterned using O2 plasma method for developing grid line electrode of capacitive
touchscreens. Ag metallic electrodes on the panel were deposited using printing
thereafter for integrating the panel to controller circuit. Photograph of completely
assembled capacitive touchscreen is given in Fig. 7f.

The applicability of graphene as a transparent and flexible electrode has also
been demonstrated by Kang et al. [19] by developing graphene-based flexible touch
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Fig. 5 Photographs of fabrication process of graphene-based resistive touchscreen, a copper foil
wrapping to be used for the graphene growth, b thermal releasing of graphene from thermal release
tape to PET, c large area transparent graphene transferred to PET substrate, d printing the silver
paste electrode on the patterned graphene film, e flexible graphene/PET touchscreen panel, and
f fabricated graphene-based resistive touchscreen integrated on a computer. Image source Bae et al.
[14]
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Fig. 6 Schematic of RT-CVD graphene synthesis setup and comparative graphical illustration of
thermal CVD and rapid thermal CVD processes of graphene growth. Image source Ryu et al. [18]

Fig. 7 a Photograph of RT-CVD grown graphene on Cu foil, b TRT attached on graphene/Cu
sample, c graphene transferred onPET after TRTattachment and etching out theCu foil,d patterning
of graphene using selectiveO2 plasma exposure, e printing of theAg electrodes on the graphene/PET
panel, and f completely assembled touchscreen. Image source Ryu et al. [18]

sensor array for wearable applications. The array works in both contact as well non-
contact mode that has been enabled using graphene and thin geometry architecture.
The device provides high deformation sensitivity and, therefore, can be mounted
on different parts of the human body like forearm and legs of different deformation
levels. The touch sensor allows multiple touch sensing and recognition of distance
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Fig. 8 Graphene-based flexible capacitive touch sensor array. a Schematic diagram of capacitive
sensor array showing the arrangement of top graphene electrode array, bottom graphene electrode
array, transparent dielectric layer and supporting PET layers. b Photograph of fabricated graphene-
based flexible 3D capacitive touch sensor array. cOptical transmittance characteristics of the sensor
array. d Photograph of foldable, ultrathin, capacitive sensor. e Resistive and capacitive response of
the 3D sensor array under different bending radius. Image source Kang et al. [19]

and shape of the approaching object like finger before the touch. The technology
offers advance machine–human interface and other utilities for multiple sensing
applications. The devicewas initially analyzed using FEAanalysis onABAQUS. The
unit representative volume element was modeled with periodic boundary conditions
and nonlinear deformation under tensile stress in X-Y plane.

For the implementation of the touch sensor array, the large area graphene was
synthesized using thermal CVD method on Cu foil. The graphene was transferred
to PET substrate after spin casting and curing the PET on Cu foil. The Cu foil was
subsequently etched away in ammonium persulfate solution. Transferred graphene
was patterned using photolithography and O2 plasma etching. A significant improve-
ment of 30% in electrical conductivity of PET transferred graphene was achieved
after chemical doping with trifluoromethane sulfonamide. Capacitive response of
this sensor array was measured on a CV analyzer under dynamic touching action
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Fig. 9 Schematic layout of a resistive touchscreen

with finger and a touch pen. The study evolved the complete resettling of the capac-
itance after removal of the touch. All measurements were executed in controlled
ambient. The schematic diagram and real-time image of graphene-based capacitive
touch sensor array with response characteristics have been shown in Fig. 8.

Thermal CVD grown large area graphene films have gained high significance in
recent years in resistive touchscreen applications. Resistive touchscreen is simply
an arrangement of two resistive and transparent films separated by tiny insulating
patterns, when one side of the arrangement is pressed by a finger, stylus or any
passive component by which it gets in touch with other side resistive film and makes
a closed-loop for current conduction. Rate of current flow is always in proportion
with the distance of the touchpoint from the current source [17].

We are discussing our work on fabrication of large area graphene-based 16
elements resistive touch sensor array. Graphene film used to fabricate the sensor
array had been deposited using thermal CVD synthesis process by acetylene (C2H2)
gas as hydrocarbon precursor. The graphene film had been patterned using fine tip
laser beam over PDMS substrate. As discussed previously, the resistive touchscreen
is an arrangement of two resistive films facing each other with intermediate patterned
isolation layer. The schematic of a graphene (Gr) film-based resistive touchscreen is
shown in Fig. 9.

We patterned the top and bottom graphene using laser engraving, to make each
element operates individually without electronic control. The layout used to pattern
the bottom electrode, Fig. 10a, top electrode, Fig. 10c and the intermediate PET
isolation layer, Fig. 10c. Electrode 1 is used as the reference electrode to provide
electrical current to the sensor array. Electrode 2 is the set of sixteen individual
electrodes that makes closed-loop for switching arrangement for current flow upon
the physical touch by finger or stylus. The final arrangement of both electrodes and
the intermediate PET isolation layer is shown in Fig. 10d. The current flow within
each loop can be measured by connecting an ammeter in series with top electrode
and the ground. Patterning of graphene film was carried out using laser engraving
of the large area graphene film on flexible PDMS substrate. Electrical connections
were drown using silver pasting, Cu wires of thickness 100 µm were connected on
each pad.

The characterization setup of graphene-based touch sensor array uses a dual source
power supply of voltage up to 30 V and current up to 5 A. Source and measurement
unit, Keithley 2450 SMUwas used to detect the output current from the sensor under
touch condition. The sensor array was biased through electrode 1 at 15 V, whereas
the negative terminal of the power supply was kept at ground. The discrete electrodes
of all devices from the top electrode panel were kept at ground potential through an
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Fig. 10 Layout of different graphene-based electrodes used for the fabrication of the touch sensor
array

ammeter in series connection to the power supply. The resistive sensor fabricated
in this work offers maximum current of 7.8 µA at biasing voltage of 15 V. The
graphene film used in this work and the current response characteristic of the touch
sensor are shown in Fig. 11. Current responsivity of the sensor, however, need to
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Fig. 11 a Graphene transferred on PDMS substrate, b ON–OFF characteristics of the fabricated
graphene touch sensor array
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be improved by reducing the polymer residue effects and the electronic structure-
controlled processing [20, 21]. Scaling down the dimension of the sensor array can
also significantly increase the current conductivity as the larger area array causes
larger electrical resistance.

6 Conclusion

Graphene can be seen as the possible replacement material of ITO in commercial
displays and devices due to its ideal electrical, optical, mechanical properties and
economical production approaches. Graphene is, therefore, emerging for low cost,
flexible-transparent applications. The demand of an alternative material for ITO
coating is reported due to the high cost of indiumand its adverse effect on environment
and human health.Moreover, the brittleness of ITOcoatings restricts their use in next-
generation flexible devices. Graphene possesses sufficient robustness to be used in
harsh environment with excellent stretchability, but defect free-high quality, large
volume production and limited fabrication compatibility are some major challenges
in commercialization of large area graphene applications. In this chapter we have
discussed briefly the use of graphene in flexible touchscreens. For this purpose, brief
overviewof touchscreen technology and its types is included. The large area graphene
synthesis and transfer and characterization procedure reported by different research
groups have been discussed. The fabrication techniques of graphene-based resistive
and capacitive touchscreens are also presented. In the overall study of the chapter it
can be concluded that most of the work reported on the graphene-based touchscreens
is limited to the laboratory label only, and yet several challenges are there to be get
over to bring the technology to the market level. Major of these challenges are
the production of highly conductive graphene films in large volumes, production
of defect free-high uniformity graphene films, long term stability and durability
of the graphene films and device process feasibility of these films. However, the
issues and challenges are still existing, but some technically feasible approaches
are also emerging. Resolving these issues will bring the advent of graphene-based
touchscreens to the advanced level.
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Abstract Recent progress on the synthesis and scalable manufacturing of carbon
nanotubes (CNTs) remain critical to exploit various commercial applications. Here
we review breakthroughs in the alignment of CNTs, and highlight related major
ongoing research domain along with their challenges. Some promising applications
capitalizing the synthesis techniques along with the characteristics of CNTs are
also explained in context to the recent developments of CNT alignment. The prime
objective of this chapter is to provide an up-to-date scientific framework of this
niche emerging research area as well as on the growth of CNTs either by in-situ
or ex-situ synthesis techniques followed by its alignment during growth or post-
growth processing. This chapter deals with various mechanism of CNTs alignment,
its process parameters, and the critical challenges associated with the individual
technique. Numerous novel applications utilizing the characteristics of alignedCNTs
are also discussed.
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1 Introduction

Currently, carbon nanotubes (CNTs) and its quasi-one-dimensional (1D) nanostruc-
tures are found to be the most technologically significant material system due to
its superior mechanical, optical, and electrical behaviour, which enable its poten-
tial to fabricate various electronic devices such as wearable sensors, biochemical
sensors, water purification systems, energy storage, and harvesting devices [1–3].
Unique intrinsic electrical, thermal, mechanical, and optical properties of CNTs are
attributed to its very high aspect ratio (length-to-diameter) along with the presence
of strong covalent bond followed by the electronic configuration [4–6]. However,
reports are available in the literature where electron mobility of aligned CNTsmatrix
is observed to be 43 times larger than the random configuration [7]. Moreover, well-
aligned CNTs composite film exhibits 6 times higher strain than its random coun-
terpart [8]. Furthermore, Thotenson et al. [9] reported the mechanical property of
highly ordered CNTs. The storage modulus of highly ordered CNTs is determined
to be 40% as compared to its randomly distributed network. It may be mentioned
here that proper alignment and uniform distribution of CNTs are responsible for
reproducibility [10]. Also, random network CNTs-based devices usually consist
of broad size (length and diameter) distribution of CNTs and different inter-tube
junctions. These factors lead to the change of CNT electrical resistance, metal/
CNT contact resistance, and inter-tube junction resistance, which are most likely
the reasons for inadequate sensing responses. It is worth mentioning that selective
alignment of CNTs on silicon substrates may help in solving such issues in the
present sensor and device fabrication technologies. Selectivity and sensitivity of
CNTs-based sensors can be increased with the precise positioning of CNTs. There
are many techniques available to align such nanostructures, which include dielec-
trophoresis, dip-pen nanolithography (DPN), fluidic manipulation, self-assembly,
nanorobotic manipulation, microcontact printing, etc. [11–15]. Controlled position
management and alignment of CNTs have always been the bottleneck for their appli-
cations [16]. The techniques to align CNTs can be broadly categorized as (1) in-situ,
where alignment is done at the time of CNT growth, and (2) ex-situ, where CNTs are
originally synthesized followed by their alignment during the particular application
such as device fabrication and gas/biosensors. Chemical vapour deposition (CVD)
technique is found to be used most frequently during in-situ alignment method, in
which the growth of the nanotubes can be controlled over specifically positioned
catalyst nanoparticles on device structures [17].

Through the above discussion, it is evident that the in-depth study about the real-
ization of individual technique, exploring the underlying science and technology of
each process is still needed. This motivates further research to explore the funda-
mental mechanisms for various recent CNTs alignment techniques and CNTs-based
devices. Herein, we represent a comprehensive review focusing on state-of-the-art
progress made on CNTs alignment mechanisms via physical and chemical routes,
discussing the underlying principle, and envisaging the potential of the individual
method for various CNTs networks.
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2 In-Situ Alignment Techniques

In-situ alignment method defines directly growing the CNTs on a substrate. This
method does not require any sonication or oxidative purification. The invention of
CNTs has drawn considerable attention in many research activities as physical (elec-
trical, thermal, electronic, andmagnetic) andmechanical features. These key features
make CNTs ideal, not only for extensive areas of applications but also for the funda-
mental scientific and engineering studies [18]. The exact magnitudes of these prop-
erties are observed at the nanoscale range that mainly depends on the chirality and
diameter of nanotubes along with its single or multi-walled structures. The CNTs
having strong anisotropy properties are essential to replicate the alignment of its
specific orientation for their further scientific applications. The anisotropic trend of
specific CNTs is better conceived and preserved when all CNTs are associated in the
equal direction as an array.

Few sets of techniques are also available to align CNTs array in the programmed
orientation. These techniques depend on several mechanisms which are also valid for
other conditions. These techniques are mainly classified into two sets, depending on
when the alignment is done. In the in-situ method, the alignment is attained through
the growth of CNTs, whereas in the case of ex-situ methods, the CNTs are developed
in random alignment and orientations are completed through the device combination
subsequently. These classifications are not perfect, however, the changes between
systems are of great significance for extensive manufacturing. On the other hand, the
in-situ methods directly bear the advantages of simplicity and straightforwardness.
Moreover, the ex-situ methods are free from the restrictions of growth on substrate
material and temperature. Furthermore, simplicity and efficient processing always
favours a manufacturer. The in-situ system allows direct alignment of the CNTs.

Therefore, the majority of in-situ alignment systems/techniques discovered until
now are summarized below. In contrast, in-situ methods of CNTs synthesis such
as arc-discharge, laser ablation, flame, and hydrothermal are discussed [19, 20].
Herein, efforts have been made on in-situ CNT orientation/alignment through chem-
ical vapour deposition (CVD) and plasma-enhanced chemical vapour deposition
(PECVD) techniques using catalytic nanoparticles in different orientations.

2.1 Chemical Vapour Deposition (CVD)

In this method, a thin film of the catalytic metal is deposited using sputtering or
evaporationmethods followed by annealing to form nanoparticles of size 10–100 nm.
The decomposition of a carbon-based gaseous precursor is catalyzed by deposited
nanoparticles, which act as the nucleation sites for the growth initiation of CNTs.
Mostly used catalysts nanoparticles include transition metal oxides (Fe, Co, and
Ni) and typically the carbon precursors are alcohols, carbon monoxide (CO), and
methane (CH4). CVD method is considered suitable for scaling up to commercial
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level synthesis [21]. Locations of catalyst nanoparticles would also define the aligned
growth of CNTs. The schematic of a typical in-situ CVD-based alignment method
is shown in Fig. 1 [22].

The growth process of CNTs can be controlled by suitable carbon precursors and
varying the reaction conditions, viz., catalysts, substrate temperature, heating ramp,
precursor flow rate, or an external field. Further, the synthesis process of catalyst
nanoparticles decides their size, which is responsible for the aligned growth of single
and multiple CNTs. CVD is a chemical technique to yield the high performance and
high-purity of solid specimen materials. This technique is often utilized in semi-
conductor thin films manufacturing. Large-scale of aligned CNTs were produced
through the thermal CVD using iron nanoparticles as a catalyst in mesoporous silica
[23]. During CVD growth of CNTs, the substrate is polished with a nano-layer of
particles (metal acts as a catalyst), as in the form of commonly iron, nickel, cobalt,
gold, stainless steel, platinum, or a suitable combination of each other. The CNTs
have been grown-up vertically on the substrates utilizing thermal CVD when the
density of the catalyst is much higher. The catalytic CVD growth procedure employs
crowding influence. CNTs are grown-up from the catalyst nanoparticles deposited
on the substrate. The aligned CNTs are nearly perpendicular to the silica surface
and generate an aligned array of isolated tubes through an inter-tube spacing (nearly
100 nm). The nanotubes growth rate might be controlled through the orientation of
pores. Aligned nanotube packets were also grown-up (over thin films) via CVD tech-
nique using a catalyst (cobalt) on a silica substrate [24]. During nanotube synthesis,
CVD method paves the best potential for industrial growth due to lower expenses.
The advantages of CVD techniques are simple arrangement setup, easy operation,
and further scale-up at the lower cost. It is also capable to grow nanotubes directly
on a preferred substrate. Tons of the CNTs are commercially produced using CVD
technique. Thus, the CVD technique is found to be used extensively and significant
development has been made in the past decades.

On the other hand, the CVD takes advantage of lower preparation/synthesis
temperatures than other techniques (laser ablation and arc-discharge). It still needs

Fig. 1 Schematic
representation of the
conventional procedure to
prepare catalyst
nanoparticles or nanoislands
followed by CVD growth
(Copyright (2007) [22])
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a growth temperature in the range of 600–950 °C. To grow the CNTs at lower
temperatures, a plasma-based CVD technique is employed. The CNTs array could
be grown on the glass specimen using plasma at 660 °C [25]. According to literature,
the industrial-scale/large-scale of aligned CNTs array have already been developed
through CVD and PECVD techniques [26–30].

2.1.1 Vertical Alignment

The CNTs could grow vertically on the substrates using the CVD method when
the catalyst density is higher enough. For the process of catalytic CVD growth, the
crowding effect is employed.As a result, theCNTs are grown by the catalyst nanopar-
ticles and deposited on the substrate. The nanoparticles are made of the solid-state
dewetting method [20, 31, 32]. The proper polycrystalline thin film was deposited
through the physical vapour deposition, thermal evaporation, and magnetron sput-
tering techniques. Once the thin film of a catalytic specimen is excited in a vacuum,
voids appear at the grain boundary triple junctions and grow larger through the
surface energyminimization.DuringCNTgrowth through theCVDprocess, catalytic
nanoparticle sizes are generally in the range of 0.5–10 nm. It involves precise thin
films with nominal particle spacing.

Initially, the CNTs grow from these closely spread catalyst elements. In general,
it is considered that the Van der Waals force among densely CNTs causes to produce
vertically to the substrate. The assured growth conditions facilitate a reduction in the
growth or density of CNTs [33]. The crowding effect also influences the alignment
process for closely packed CNT arrays.

Several reports are available on the enhanced growth of CNTs from the catalyst.
Higher growth in the proper oxidative agents (oxygen, water) into the gas ambient
to catalyst particle surfaces is attained through the balancing between carbon growth
and the sp2 graphitic construction on the catalyst elements. The oxidants could not
eliminate from the carbon growth; however, it may also scratch the graphite layers
when it is used at high concentrations. It also eliminates unnecessary water to miti-
gate negative effects (NE) on the CNTs growth in the incubation phase [20, 33, 34].
Controlling of oxidants stage in the growth situation mainly subjects to the config-
uration of deposition apparatus. When an appropriate alignment is performed, it is
expected to grow long-aligned arrays of CNTs in the millimeter range.

The CNTs can develop into vertical groups along the pre-designed coordinate and
shape.Moreover, these aligned growths are independent of the substrate morphology
(macroscopic). Figure 2 display a scanning electron microscopy (SEM)) and atomic
force microscopy (AFM) images of single-walled CNT (SWNT) arrays with several
sets of characters. Alignment of these SWNT arrays is encompassing the crowding
influence the growth.

Moreover, the thin-film dewetting method utilizes a higher density of catalyst
particles. Besides, there are also different ways to deposit as-synthesized catalyst
nanoparticles at higher density on growth substrates using solution-based, sublima-
tion, deposition methods, etc. [35–37]. Thus, the CNTs are grown at higher areal
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Fig. 2 Molecular O2-assisted growth of vertical SWNT towers and sheets, a SEM image of vertical
SWNT sheets (upper part, top to bottom thickness 20, 5, 1 μm, 500, 300, and 100 nm) and SWNT
towers (lower part, left to right width 20, 5, 1 μm, 500 and 300 nm) after 30 min of growth, b AFM
image of the patterned catalyst strips (bright 300 and 100 nm-wide regions) composed of densely
packed Fe nanoparticles used for the growth of the 300 and 100 nm-thick vertical SWNT sheets
(pointed to by arrows) in a, c AFM image of two 300 nm width patterned catalyst squares used
for the growth of the smallest towers (tilted due to high aspect ratio and pointed by an arrow) in
a, d SEM image of square and circular towers of vertical SWNTs and e SEM image of lines of
vertical SWNTs; [33], Copyright (2005) National Academy of Sciences, USA

density having close spacing. Crowding influence plays a pivotal role to vertically
align all separate CNTs.

2.1.2 Horizontal Alignment

Dai’s group reported the growth of SWNTs using CH4 as a precursor in the CVD
method [35]. Rogers et al. used CVD for large-scale synthesis of horizontally aligned
CNTs using the patterned iron catalyst and CH4 [38]. In-situ growth of horizontally
aligned CNTs could be achieved through external guidance/forces such as electrical
field, magnetic field, and gravity. These forces utilize the polarization property of
SWNTs. Dai et al. demonstrated the use of an electric field for the growth of aligned
SWNTs [39].
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The CNTs can grow horizontally on the substrates through thermal CVD along
with epitaxy approach. Epitaxy method is a very appropriate technique to align
CNTs horizontally. There are several epitaxial CNTs growth techniques [40]. (i)
the lattice-directed growth epitaxy through the atomic rows, working on atomically
flat planes; (ii) the ledge-directed growth epitaxy through the atomic steps, working
on vicinal planes; and (iii) the graphoepitaxy through nanofacets, working on the
nanostructured planes.

Lattice-Directed Growth

As-prepared CNTs are generally shorter in size. Long SWNTs are horizontally
aligned in parallel planes (a-plane and R-plane) sapphire. For lattice-directed
progress/growth, the sapphire without miscut is generally used as a substrate. The
initial surface layer of the O2 particles of sapphire substrate might be depleted in
the CVD method and surface is terminated by aluminium atoms. The CNTs grow
along with the surface atoms [20, 41–43]. The better growth of SWNTs along lattice
directions is ascribed to higher density of charges of atomic rows caused by Van der
Waals and electrostatic forces.

Ledge-Directed Growth

The development of highly dense and aligned arrays of long SWNTs was initially
achieved on the c-plane sapphires using CVD technique [44]. The c-plane sapphire
wafers produce a discontinuity in the c-plane to yield an atomic step of vicinal α-
Al2O3 (0001) surfaces (Fig. 3). Ledge-directed growth causes CNTs alignment along
the edge direction. The uncompensated surface elements at the step edges make the
electrostatic interactions and it increases Van der Waals forces at the step edge,
causing the CNTs to align [44].

Graphoepitaxy

Graphoepitaxy usually results in incommensurate orientation/alignment of the crys-
tals [45]. The ledge-directed growth, wafers, c-plane sapphire is miscut and automat-
ically polished to yield an atomic step near particular directions and height. In this
growth process, annealing of the sapphire substrates is undertaken at a higher temper-
ature. Further annealing facilitates thermodynamically unstable atomicmovement by
reducing the surface energy followed by bunching of atomic movement into faceted
nanosteps spaced through the flat c-plane terraces (Fig. 4a). Figure 4b–d displays the
AFM images of graphoepitaxial growth of the CNTs at nanosteps surface of annealed
miscut c-plane sapphire [45].

Atomic steps direction along [10
−
10] result in the growth of graphoepitaxial

nanotube along [10
−
10] direction (Fig. 4b). The nanosteps height is three times greater

than the unit cell (1.3–3.8 nm).
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Fig. 3 a AFM image of the
SWNTs (scale bar: 1 μm),
b Asymmetric
double-exposure
back-reflection XRD
indicating relevant low-index
directions and the resulting
step vector(s). The green and
red triangles indicate the
reference reflections arising
from the first exposure (2 h)
and second exposure (1 h,
after 1808 sample rotation),
respectively, and (c) AFM
micrograph of the α-Al2O3
substrate surface (annealed
at 1100 °C, scale bar:
100 nm). The darker blue
region shows low terraces
that edges correspond to the
micro-steps. Inset indicates a
segment study along the red
line [44].

2.2 Plasma-Enhanced Chemical Vapour Deposition
(PECVD)

PECVD technique utilizes plasma to improve the chemical response rates of a
precursor and deposit thin film in the form of vapour (solid form) on the substrate.
The PECVD processing permits the deposition at lower temperatures compared to
the CVD technique, the growth temperature of CNTs is slightly reduced through the
plasma during the PECVD process [46, 47].

The chemical reactions involve the deposition process after the formation of
plasmas. The plasma is usually made through direct current or radio-frequency (RF)
release between both electrodes, where space is filled by reacting gases. The physical
characteristics of the developed CNTs are simply affected by the PECVD than that
of CVD deposition method. Additional process factors/parameters could vary in the
PECVD process. Also, the hydrogen content, etching rate, step coverage, etching
ability along with stoichiometry could be tuned throughout PECVD growth. There
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Fig. 4 Graphoepitaxial growth at several annealedmiscut c-plane on sapphire substrates, a the SEM

micrograph of straight nanosteps along the [10
−
10], b the AFM micrograph of the CNTs grown on

nanosteps along [10
−
10], c the nanosteps along the [11

−
20] and d much faceted sawtooth-shaped

nanosteps along the [10
−
10]. Arrows symbol in c and d represent grown CNTs. Reprinted (adapted)

with permission from [45]. Copyright (2005) American Chemical Society

are several ways to synthesize the CNTs for PECVD [47, 48]. PECVD is classified as
RF-PECVD, DC-PECVD, microwave-PECVD, etc. PECVD scheme employs many
combinations of the plasma heating source. During DC-PECVD process, the gas
precursors are decomposed using DC plasma (without heating source) and formed
radicals are simply deposited on the substrate surface. Here, the growth temperature
of the substrate is higher compared to room temperature. A substrate is heated by
plasma depending on the energy and intensity of plasma. Through literature, it is
evident that during PECVD processes, the substrate is generally heated by external
heating. In general, the infra-red (IR) lamp/electric furnace is used as an external
heating source. In the case of back-heated PECVD process, the substrate is heated
through the resistance heater under the substrate-holding stage to manipulate the
growth temperature precisely [49, 50]. For the hot-filament PECVD process, the hot
filament is hanging above the substrate acting as a heating source [20, 25, 51–53].
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2.2.1 Vertical Alignment

The CNT arrays having in-situ alignment are mostly grown by PECVD tech-
nique. Initially, CNT arrays were aligned in-situ along vertical direction on the
glass substrates by DC-PECVD technique [25, 51, 54, 55]. Several other kinds
of PECVD techniques, like hot-filament PECVD, RF-PECVD, electron cyclotron
PECVD, microwave-PECVD, etc., are the mature techniques to grow the aligned
CNTs. In this section, we will briefly discuss DC-PECVD as well as the deposition
conditions and experimental setup. Additional PECVD techniques are also quite
similar to the DC-PECVD technique. In these PECVD procedures, the DC electric
fields, and radio-frequency/microwaves fields yield plasma to primarily lower the
growth temperature of CNTs.

The schematic experimental scheme of DC-PECVD instrument is depicted in
Fig. 5 [16, 56]. Inside vacuum chamber (denoted as 1), a rod-form of molybdenum
anode (denoted as 2) suspends vertically around 1.5–2 cm above horizontal molyb-
denum cathode plate (denoted as 3) that also assists as a model stage. The diameters
of the plate and rod are 4 and 0.25 mm, respectively. Below the cathode plate, a resis-
tive plate heater (denoted as 4) is powered through the external AC voltage source
(denoted as 5). Both electrodes are associated with the outer power supply (denoted
as 6), theMDX-1KMagnetronDrive, that runs on continuous powermode or current
and voltage. Feedstock gases are passed to the chamber through a single gas pipe
(denoted as 7) containing flow controllers (denoted as 8, 9). Chamber evacuation is
done through the mechanical pump (denoted as 10).

The evacuation speed and pressure are physically organized through a gate valve
(denoted as 11) that throttles the evacuation channel. Additionally, a pressure sensor
(shown in Fig. 5) is connected in the chamber along with a thermocouple in the
quartz tube. A cathode is attached for temperature monitoring.

Fig. 5 a The DC-PECVD setup, and b three-dimensional representation of the PECVD growth
chamber to align CNTs [16] (reprinted by permission of the publisher Taylor &Francis Ltd, https://
www.tandfonline.com)

https://www.tandfonline.com
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The DC-PECVD method for the vertically aligned CNTs array contains four
simple stages, such as evacuation, heating, plasma formation, and cooling. In this
procedure, the specimen samples are loaded in the sample chamber. The chamber
stage is evacuated near the base pressure of 10–2 Torr. Then theNH3 is subjected to the
chamber to reachdesiredpressure (about 8Torr) and then the heater is turned to slowly
raise stage temperature. The characteristic growth temperatures are 450–600 °C and
usually extended in 15–30 min.

The pressure is optimized through themovable gate valve.DCvoltage (about 400–
700 V) is used in the gap between electrodes to ignite electrical discharge (plasma)
over the specimen. The plasma current density may vary in the range of 0.1–0.5
A. The C2H2 is then subjected to grow the CNTs. The flow rate of NH3 and C2H2

are taken as 4:1 that makes the lowest quantity of amorphous carbon formation.
As discussed, apparatus and the process having significant straightforwardness are
adopted by several researchers around the globe. It also assists to push forward the
research and development of aligned CNTs in a significant manner.

2.2.2 Horizontal Alignment

PECVD process successfully synthesizes the horizontally aligned CNTs. This tech-
nique is complicated and accurate horizontal alignment with closely packed densi-
ties is required to achieve precise functionalities. The CNTs array could be aligned
through post-synthesis alignment, inwhich an external force orientates the nanotubes
in liquid medium [57–60]. Minor manipulation has been described by the processing
that involved an ultimate order and needs time-consuming electronmicroscopymoni-
toring system [61]. However, despite of in-plane alignment of CNTs, they haveminor
or nonlinear directions.

The catalyst activity was confirmed through the samples grown by thermal CVD,
horizontal PECVD, and in-situ alignment techniques [20, 62]. The grown CNTs
having a length of 3 μm along with the diameter of ~75 nm (by the PECVD) and
~77 nm (by the thermal CVD). To examine the interaction between as-prepared
CNTs (by thermal CVD) and the local electric field. DC electric field (~6 V/μm)
was applied during post-growth. In a few cases, the CNTs intensely interacted with
the electric field and became progressively dispersed up to 20 μm, by the minor
alignment. Variations in the alignment during electrode production, the alignment
could be attributed to the electric field and gives linear growth. On the other side, the
low-linear densities reveal a major limitation of the local electric field alignment, and
it is the essential condition for microelectrodes patterned on the substrate. However,
new techniques to align CNTs horizontally through the PECVD reactor were briefly
explained.

Figure 6 shows an optical image of the apparatus during characteristic deposition.
The specimen samples were electrically isolated from the heating stage (graphite
spacers) tominimize parasitic charging of degenerately dopedSi. The device contains
double-polished stainless steel electrodes of dimension 1.5 mm × 70 mm × 70 mm.
The gas/cathode inlet is electrically grounded, and gas/anode outlet is associated
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Fig. 6 a The horizontal aligned PECVD process; b Typical potential conditions (700 V/50 W,
700 °C, 200:50 sccm, 3 mbar) and variation in a DC glow gas discharge plasma. Setup collected
and reproduced from [59]

with a vacuum system attached with a computer-controlled variable high-voltage
setup (DC supply; 0–1000 V). The separation between the electrode could be done
by adjusting the spacers (ceramic). Heating of the specimen sample is done through
the graphite (0.13 mm × 10 mm × 100 mm) stage and electrically isolated by
cover-sheet.

It is assumed that the CNT alignment is accomplished through anisotropic torque
induced in a narrow plasma sheath [63]. For collision-less, quasi-neutral, there is
the Child’s relation between the ion sheath of glow potential (Vp) and electron
temperature (Te).

The relation between sheath width (S), cathode potential (V0), and charge carrier
density (n) can be expressed as Eq. (1) [64, 65]

S =
√
2

3
λD

(
2e

(
V0 + Vp

)
k Te

)3/4

(1)

Debye length (λD) is expressed as Eq. (2)

λD =
√

ε0kTe

nee2
(2)

Herein, ε0 represents the permittivity of free space, k the Boltzmann’s constant,
and the term e represents an electronic charge. Debye length was observed to be
~22 μm, which is less than the dimensions of the apparatus (~1 mm).

3 Ex-Situ Alignment Techniques

The complex process for growing quality CNTs at a lower temperature compatible
with working devices is expensive and challenging and remains a subject for intense
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research. Ex-situ techniques are preferred over in-situ ones due to the dependency on
the substrate material, catalytic nanoparticles sizes, growth temperature, etc. in case
of the latter alignment methods. In the ex-situ alignment method, different electric
fields, magnetic fields, and force fields are used to assemble the CNTs at predefined
locations.

3.1 Dielectrophoresis

The most commonly used ex-situ technique is dielectrophoresis [66]. In this method,
CNTs are polarized in a solvent by the application of a suitable field (between two
electrodes) and due to the dielectric variation between CNTs and the solvent, the
polarization field placed the CNTs in the direction of electric field leading to their
alignment in a common direction [12, 67–70] (Fig. 7).

Banerjee and co-workers have optimized the parameters such as electrode geom-
etry, applied bias, frequency, load resistance, and type of the nanotube sample for
aligning the SWNTs in device architectures by alternating current (AC) dielec-
trophoresis. The alignment of the SWNTs was achieved using pre-patterned micro-
electrodes up to a certain extent. The floating potential was used to guide the
nanotubes across devices along predefined and predictable direction [67] (Fig. 8).
Stokes et al. reported a facile low-temperature growth approach to assemble local-
gated carbon nanotube field-effect transistors (CNTFETs) devices from solvent [68].
Thismethod finds its compatibility with the current process lines of themicrofabrica-
tionmanufacturing technology. In a report, controlled deposition of CNTs from solu-
tion onto microfabricated electrodes using dielectrophoresis technique is achieved
[12]. Reports are available in the literature where the self-limiting dielectrophoresis
technique is employed to capture single or multiple of SWNTs and multi-walled
CNTs (MWNTs). This method is found to be superior compared to its traditional

Fig. 7 The principle of
dielectrophoresis deposition
and alignment of a carbon
nanotube (© 2011 Xue W, Li
P. Published in [short
citation] under CC BY 3.0
license. Available from:
https://dx.doi.org/10.5772/
16487, [66])

https://dx.doi.org/10.5772/16487
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Fig. 8 Aligned CNTs after applying an AC voltage between the opposite electrodes (Reproduced
from [67], with the permission of the American Vacuum Society)

counterpart without using any resistor [69]. Development of SWNTs-based FETs
using semiconducting materials such as Sb2Te3 or Bi2Te2Se as the source/drain
contact materials is reported by Xiao and Camino [70]. In the literature, efforts had
been made to align metallic CNTs having paramagnetism behaviour in the direction
of long axes [71].
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3.2 Self-assembled Monolayers

In the ex-situ alignment method, the end-functionalized CNTs are arranged in the
form of ordered structures on a chemically modified substrate. Liu et al. prepared the
gold surface with thiol group followed by attachment of carboxylic (–COOH) func-
tionalized SWNTs [72]. Similarly, patterns of polar group-based self-assembled
monolayers (SAM) for the positioning of CNTs and non-polar SAM layers for passi-
vation have been successfully used by Rao et al. [73] and Wang et al. [11], respec-
tively. The direct assembly of CNTs was demonstrated over –COOH self-assembled
monolayer followed by patterning via a dip-pen nanowriting (DPN) process over
gold substrates using 16-MHA (Fig. 9). Functionalized patterns are initially created
on a substrate followed by the alignment of CNTs over them.

In literature, it is reported that adsorption kinetics about rotational and sliding
motions of SWNTsplay a pivotal role to define thefinal alignment.Based ondiffusion
and free energy, the authors proposed a design to describe the motion of SWNTs
sliding above SAM [74]. Lee et al. reported a novel method for the fabrication
of 100 nm low-noise sensors using aligned SWNT architectures. Superior device
performance in terms of significantly high sensitivity along with low signal-to-noise
ratio(SNR) is reported. The authors found increasing SNR with decreasing channel

Fig. 9 SWNTs assembled into rings and nano letters. (Left)AFM tappingmode topographic images
(upper) and height profiles (lower) of SWNT rings in a 5 X 5 array are shown. (Right) A zoomed-in
view of one SWNT ring (lower) and a molecular model of a coiled SWNT (upper) (Copyright
(2006) National Academy of Sciences, USA [11])
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Fig. 10 A schematic
diagram depicting the
procedure to align CNTs
over polar SAM Reproduced
from [74], with the
permission of AIP
Publishing

width which differs from the characteristics of sensors fabricated by bulk-film or
random structures [75]. The procedure of CNT alignment usingmolecular patterning
is shown in Fig. 10.

3.3 Langmuir–Blodgett (LB) and Langmuir–Schaefer (LS)
Assembly

Langmuir–Blodgett (LB) technique has also been used to fabricate the monolayers
of aligned SWNTs [76] and SWNTs-based electrochemical sensors [77]. In a report,
the LB method is used to grow densely packed monolayers of aligned SWNTs
having non-covalent functionalization from organic compounds. The monolayer
SWNTs allowmicrofabrication during device integration and facilitates high currents
(∼3 mA) SWNT devices having narrow channel width. This method is found to be
a generic technique to grow various bulk materials with different diameters [76]. Yu
et al. reported a highly sensitive and selective electrochemical technique of protein
cancer biomarker detection using SWNT immunosensors [77]. Prostate-specific
antigen measurement was carried out in complex biomedical samples, viz. human
serum and tissue lysates. The limit of detection was determined to be 4 pg/mL. The
authors claimed that SWNT immunosensors have the potential to detect other rele-
vant biomarkers leading to multiplexed detection, point-of-care detection of cancer
and other diseases, pathological testing, proteomics, and biological systems.

Functionalization of SWNTs using ODA after purification is reported by Jia et al.
[78]. Low density and highly aligned SWNTs were grown by the LB technique.
The authors proposed a model to discuss the alignment of the SWNTs. SWNTs
having high aspect ratio tend to orient in dipping direction on the application of
compression. Good quality multiple layers of SWNT LB films were also grown
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[78]. Reports are available in the literature where CNTFETs having highly dense and
well-fashioned CNT channel were grown at room temperature using LBmethod. The
current, transconductance, and subthreshold swing ofCNTs deviceswere determined
to be 1.8× 10–6 A, 3.19× 10–6 S, and 164mV/dec, respectively. The carrier mobility
was found to be 30.81 cm2/(V-s). The authors compared the performance between
CNTFETs and CNTs-based thin-film transistors device and observed a significant
enhancement in mobility, drive current, and switching speed [79]. Several reports are
also available on the recent progress for the synthesis of alignedSWNTs), particularly
in the horizontal direction [80–82].

Multiple Alzheimer’s disease core biomarkers detections in human plasma using
densely aligned CNTs are reported by Kim et al. [83]. The close-packed aligned
CNT-based sensormodule showed2.29 times higher sensitivity compared to random-
architecture CNT device array caused by the low density of nanotube junctions and
the uniform number of CNTs [83].

Thin-film deposition by Langmuir−Schaefer (LS) method has drawn interest due
to its precise control over molecular packing along with the bidimensional arrange-
ment of the nanostructures. In the literature, this techniquehas been adopted to deposit
thin films for applications in organic electronics, sensors, transistors, and biotech-
nological devices. Sgobba et al. [84] reported the functionalization of aligned CNTs
with organic conjugated polymers. The authors transferred the SWNT blend onto
different solid substrates using Langmuir−Schaefer deposition technique. In another
report, the LB technique is used to achieve lower density and highly oriented SWNTs.
Functionalization of SWNTs is done by octadecylamine after purification. A model
is proposed to explain its compression-induced alignment [78].

3.4 Microfluidic Techniques

Lee et al. [85] adopted an alignment technique using thermally enhanced microflu-
idic template and fabricated suspended bridges for nanoelectromechanical switching
application. This alignment scheme paves a way to fabricate dense films and align-
ment method realization, which is scalable and processable to produce CNT nanos-
tructures. The resistivity of aligned CNTs film is determined as 2.2 × 10−3 �-cm,
high Young’s modulus of 635 GPa along with yield strength of 2.4 GPa. In this work,
the lithographic process was employed for large production of CNT-based devices
as shown in Fig. 11.

Ye et al. reported thermally enhanced fluidic alignment of SWNTs for a very
high degree of alignment in large scale [86]. The authors reported a good degree of
alignment having the G/D band ratio up to 30.
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Fig. 11 Microfluidic alignment and device fabrication technique a flow chart for device fabrication
(i) fabrication of microfluidic channel using photoresist (ii) alignment process of CNT followed by
lift-off (iii)–(v) oxygen plasma etching technique to remove sidewall (vi) fabrication of anchor using
photoresist (vii) etching of sacrificial layer b schematic of aligning technique using microfluidic
template and c measurement of contact angle before the alignment to ensure hydrophobicity of
the photoresist channel (top) and superhydrophilic a-Si surface (bottom) that are suitable for CNT
alignment. In a, the left column represents a cross-sectional image, whereas the top view is on the
right. Evaporation of CNT solution is carried out at 80 °C to align CNTs towards fluidic channels
(Copyright with permission from [85])

3.5 Mechanical Techniques

There are few other alignment methods including robotic arm-based alignment,
controlled flow of nitrogen-based alignment, spin-based alignment, etc. [14, 87]
Nanoassembly can suitably be achieved by nanomanipulation. Several methods of
nanoassembly include the fabrication of nanoscale building blocks, its character-
izations, proper positioning, alignment of building blocks, nanometer-scale reso-
lution, and connection processes. Nanorobotic manipulations characterized by the
degree of freedom, better positioning and alignment controls, multiprobes actuation,
and a real-time observation system are found suitable to assemble nanotube-based
devices in 3D space [14]. The report is available in the literature for the fabrication of
SWNT architecture-based FETs using effective solution possessing method and the
on/off ratio is reported as high as 900,000. In this work, tuning of the spin-assisted
orientation and SWNTs density are controlled by different surfaces, which changes
the interaction between surface functionalities into the device channel. As a result,
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separation in nanotube chirality, manipulation of density, and alignment occur into
self-sorted SWNT platform during device fabrication [87].

3.6 Selective Removal

In the category of ex-situ alignment, there are few reports on the fabrication of aligned
CNTs devices using a top-down approach by selectively removing the CNTs from the
substrates, except those aligned between the electrodes. It is a kind of facile approach
to effectively differentiate the semiconducting SWNT arrays onto the surface by
cleaning metallic SWNTs using sodium dodecyl sulphate (SDS) solution. Moreover,
this method eliminates the metallic SWNTs from horizontally aligned nanotube
arrays using SDS solution. The authors found a very long and good quality 90%
semiconducting horizontally aligned SWNT arrays [88]. In a recent report silicon
shadow mask-based chemical-free technology is used for sorting of semiconducting
SWNTs as well as for alignment between electrodes as shown in Fig. 12 [89, 90]. The
cost-effectively prepared aligned semiconductingSWNT-based devices are useful for
different biochemical sensors, logics, and electronic circuits. It may be mentioned
here that the technique is simple, cost-effective, and easy to scale formass production
of aligned CNT-based devices.

4 Applications of Aligned CNTs

The extraordinary properties of CNTs include high electrical and thermal conduc-
tivity, high mechanical strength, and optical polarizability [91]. Due to such excep-
tional properties, CNTs are potentially suitable for diverse realistic applications in
physical, chemical, biological sciences including electronic, magnetic, optical, and
optoelectronic applications [92–95]. The characteristics of CNTs are very sensitive
and depend on the positioning, alignment, chirality, and length of CNTs.Most impor-
tantly, the alignment of CNTs is exclusively significant for various applications and
the maximum output of the device would not be possible without alignment. Aligned
CNT arrays have certain properties in comparison with a random network of CNTs
and have applications in field emission displays (FEDs), nanoelectrode arrays, super-
capacitors, FETs, fuel cells, solar cells, and biochemical sensors [18, 96–101]. In
this section, detail description of the applications of the well-aligned CNT arrays is
done.
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Fig. 12 a FESEM image of the spray-coated random dense network of SWNTs between two
electrodes; b zoomed-in image of the green circle in a; c FESEM image of sample AL1 after
bath sonication in 4 wt % SDS solution for 15 min, which shows that the SWNTs are not end-to-
end connected with the electrodes due to large gap size; d FESEM image of AL2 indicating the
minimum gap of ∼1 μm between the electrodes; e the almost complete absence of SWNTs beyond
the electrode area as well as SWNTs with their single end connected/clamped with the electrodes;
f SWNTs end-to-end connected with the two electrodes (Copyright with permission from [90])

4.1 Field Emission Display

CNTs-based FEDs are the next-generation display devices having a high current
density at low turn-on field with low power consumption and quick response time
[102–105]. The high aspect ratio of CNTs and its atomically sharp tip curvature
increases the local field and reduces the turn-on field for effective electron emission.
Also, the extensive electrical, thermal conductivity, and long-term chemical and
temperature stability are some of the significant factors responsible for electron field
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emission. The superior electrical and thermal conductivities of CNTs lead to rapid
charge transfer between the substrate and CNTs.

The field emission behaviour of the CNTs could be measured in vacuum using
a diode configuration where CNTs are placed as a cathode and metallic material is
used as an anode as shown in Fig. 13.

The field emission (FE) property of a field emitting material (CNTs) could be
explained using Fowler Nordheim (FN) mechanism. FN mechanism was proposed
in the year 1928 with a complete explanation of electron field emission on the basis
of quantum tunnelling phenomena [106–108]. The characteristic properties of any
CNTs-based FEDs depend on various FE parameters which are responsible to influ-
ence the behaviour of the device. These parameters include current density (J), effec-
tive emitting area (α), field-enhancement factor (β), andmaterial’swork function (�).
The effective emitting area is directly related to the current density as the maximum
area provides maximum current density and indicates the size of the FE device [109].
Another promising parameter, i.e., β is an enhancement in the local electric field at
the emission sites and can be estimated by the geometrical shape (ratio of length and
radius) of electron emitters. Therefore, it shows the microscopic or localized electric
field at the tip of the emitters and hence, electric field lines concentrated at a small
radius of curvature results in considerable higher localized field potentials. In case
of the work function of CNTs field emitters, the maximum emission of the electron
occurs at the tip of CNTs and therefore, it is known as the local work function which
is responsible for the properties of CNTs field emitters.

The field-enhancement factor can be determined by using the FN plot, where the
relation between ln

(
J
V 2

)
versus 1

V gives the value of field-enhancement factor (β) as
Eq. (3)

β = B∅
3
2

m
(3)

Fig. 13 Schematic of field
emission setup
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Fig. 14 a JE curve and b FN plot

Here, B is a constant, ∅ is known as material’s work function whereas m (slope)
can be calculated from FN plot (as shown in Fig. 14b).

The value of β is extremely important to understand that how the field could be
enhanced at the tip of CNTs field emitters and the value may vary approximately
between 10 and 104.

The field emission properties of CNTs can also be affected due to the prox-
imity of neighbouring CNTs where electric field over one CNT is screened by the
neighbouring nanotube. This phenomenon is known as a screening effect [109–111].
Therefore, densely packed CNTs arrays do not reveal the enhanced field emission
properties because of the screening effect. Lin et al. worked on vertically aligned
CNTs bundles and optimized the square and hexagonal pattern of these bundles to
obtain high current density with a low turn-on the field [112].

Due to the screening effect, the whole CNT film does not take part in the field
emission and therefore, an effective emitting area takes part in the emission of the
electrons [109, 112] which can be derived from Eq. (4)

J = i

α
= A

∅ E2 exp

(
− B∅ 3

2

E

)
(4)

Here, J is the current density, α is the effective emitting area, A and B are constant,
E is called the electric field whereas ∅ is the material’s work function. If a graph is
plotted between current density (J) and electric field (E) known as JE curve (Fig. 14a),
then exponential increments in current density with respect to the applying electric
field can be shown. Therefore, the turn-on the electric field and corresponding current
density could be observed using JE curve as shown inFig. 14awhereas Fig. 14b shows
the FN plot to calculate the field-enhancement factor (β).

Vertically aligned CNTs have been proved to be an ideal emitter which emits
electron at low turn-on voltage and generates a highly saturated current density
along with a high field-enhancement factor. Gupta et al. reported that pillar-shaped
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Fig. 15 Schematic of
dual-layer deposition of
CNTs

vertically aligned CNTs exhibit a current density of ∼4 mA/cm2 at low turn-on
field ∼1.2 V/μm suitable for futuristic thin film-based display applications [113].
Chhowalla et al. showed that CNTs with short length (0.7μm) and stubby type struc-
ture with diameters 200 nm are best for field emission characteristics with emission
current density of 10 mA/cm2 and the threshold voltage of 2 V/μm. In this work,
they have explained that the best field emission characteristics can be obtained from
vertically aligned CNTs forest with a shorter length and intermediate diameters
[114]. Our group [115] has also worked on field emission studies of CNTs where it
has been observed that vertically alignment of CNTs plays an important role in the
enhancement of field emission properties. It has also been shown that the field emis-
sion measurement of as-grown vertically aligned CNTs forest was observed to be
extremely superior with turn-on field of 1.91 V/m at the current density 10 mA/cm2

wherein field-enhancement factor is calculated to be 7.82 × 103 [115]. In another
work, it has been shown that the current density of vertically alignedCNTs can further
be enhanced by depositing a double layer of vertically aligned CNTs as shown in
Fig. 15 [116]. Since the aspect ratio of CNTs is the ratio of length-to-diameter, the
length of CNTs should be large and thereby the aspect ratio would be high. Hence,
the field emission current density was found to be increased from 1.4 to 3.0 mA/cm2

[116]. Field emission properties of aligned CNT arrays can also be enhanced using
some effective techniques such as plasma treatments in H2 [117], in O2, and N2

environment [118].

4.2 Gas Sensors

CNT-based gas sensor has drawn intense research interest due to its effective elec-
tronic transport and thermopower properties [99]. CNT gas sensors have several
advantages over conventional metal-oxide-based sensors such as room temperature
operation, high sensitivity, selectivity, low power consumption, most reliable with
the miniaturized device and have revealed trace level detection (ppm and ppb) of
various toxic gases such as NH3, CO, NO2, CH4, H2, SO2, and H2S. Most of these
CNTs sensors have been fabricated using a random and aligned network of CNTs
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whereas some researchers also used individual CNTs in FETs configuration [99,
119, 120]. However, the aligned network of CNTs has shownmore promising results
in terms of high sensitivity (2) [90], selectivity, quick response, and recovery time
including stability of the device for a longer period (Fig. 16).

Fabrication of CNTs-Based Gas Sensor and Sensing Mechanism

The gas sensing setup consists of a gas chamber with a heater, small fan, needle
for the gas injection at trace level inside the gas chamber, and the whole setup is
associated with data acquisition system along with a computer. The schematic of gas
sensing setup is shown in Fig. 17.

The fabrication of the gas sensor is a verymuch sensitivework in termsof synthesis
of materials, electrode preparation, and proper connection with the source meter, etc.
The fabrication of CNT sensor consists of silicon (Si) as the desired substrate, an
oxide layer (SiO2), electrode preparation, and CNTs network. The schematic of the
fabricated CNT-based sensor has been shown in Fig. 18. The schematic diagram
(Fig. 18) also reveals the interaction of gas molecules with the surface of CNTs and
then change in the charge carriers corresponding to nature (reducing/oxidizing) of the
gas. The gas sensing phenomenon is defined as the adsorption of the gas molecules
on the surface of CNTs and therefore, change in the electrical resistance takes place.
During the interaction of the gas molecules, chemisorption /physisorption, or even
both the processes may occur depending on the nature of target gas. The reducing
gas species such as NH3 usually donate electrons to the CNT surface, on the other
hand, the oxidizing gas species like NO2 accept electrons from CNTs surface during
the interaction process and therefore accordingly change in resistance takes place
[121, 122].

Fig. 16 NO2 gas sensing response comparing the performances of aligned (AL3) and random
network (R1, R2, and R3) SWNT-based chemiresistors (Copyright with permission from [90])
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Fig. 17 Schematic of the gas sensing set up

Fig. 18 Schematic of the
interaction of the analytes
with the surface of CNTs
[121] (Copyright Elsevier
2019)

There are some basic parameters for an ideal and efficient gas sensor which
include huge response/sensitivity, stability, quick response & recovery time, low
analyst consumption, selectivity, and room temperature operation.

(I) Sensitivity and response: The sensitivity and response are the initial and
most important parameters to evaluate the performance of any gas sensor.
The sensitivity of the sensor can be defined as the corresponding change in
electrical resistance (�R) for variation in analyte concentration (�c). Hence,
the sensitivity can bemeasuredwith the help of the slope of a calibration graph
as S = �R/�c. The sensor response, on the other hand, can be defined as the
ratio of change in resistance before and after gas exposure, i.e. (Rgas/Rair),
where Rgas represent the resistance of the sensor in target gas atmosphere and
Rair denotes the resistance in the air [123].

(II) Response time and recovery time: CNTs-based gas sensors are always
known for quick response and recovery time after exposure with toxic gases.
The response time (Rres) of a sensor can be defined as the time in which
approximately ~90% resistance change (increase/decrease) is observed after
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exposure with target gas. On the other hand, the recovery time (Rrecv) is the
time in which resistance of the sensor recovered (~90%) to its original value
after the removal of the target gas.

(III) Stability of the sensor: It can be defined as the ability of a gas sensor to show
consistency in sensitivity, selectivity, response, and recovery for a certain
time, i.e., the results of the gas sensormust be reproducible for some particular
period.

(IV) Selectivity: It is another important characteristic of a sensor that deter-
mines the ability of a sensor to distinguish among the group of analytes
or specifically can detect a single analyte.

(V) Limit of detection (LOD): Limit of detection of a gas sensor can be defined
as least concentration (at ppb and ppm level) of the analyte (gas) that can be
sensed under specific conditions such as temperature.

(VI) Operating temperature of the sensor: The working temperature of a gas
sensor corresponds to its maximum sensitivity. Usually, the sensor response
increases with increasing temperature because the adsorption or diffusion of
the target gas is usually temperature dependent. CNTs-based gas sensors are
generally operated at room temperature.

Hence, aligned CNTs gas sensors have been observed to be very promising and
fulfil all the characteristics of an ideal sensor. Because they possess very high surface
to volume ratio along with excellent properties. Also, a large number of target gas
molecules are adsorbed on the surface of CNT structures due to the defects sites
present and therefore characteristic properties of the sensor are enhanced multiple
times. Although all characteristic properties of a sensor are observed from pristine
CNTs still, more efforts are being employed to further improve the efficiency of a
gas sensor. These efforts include functionalization of CNTs surface with binding
legends like polymers. Snow et al. showed the detection of toxic gases using PEI-
functionalized SWNT array [99]. In another work, Snow et al. showed a novel SWNT
chemi-capacitor for gas sensing [124].Nguyet et al.workedonhybrid heterojunctions
of MWNTs and on-chip grown SnO2 nanowires to detect NO2 gas [125].

4.3 FET Devices

Due to1Dstructure, remarkable electronic properties, excellentmobility, andballistic
transport CNTs are considered to be very promising material and a substitute of
silicon-based FETs. Moreover, the bandgap of CNTs is directly related to its chiral
angle and diameter and therefore it can be varied with controlling these parameters.
That’s why CNTs are being considered as a promising material for future devices
and the fabrication of CNTFET devices would be an excellent alternative for all
transistor devices [126] (Fig. 19).

The current technology of FET devices with CNTs has shown extraordinary
performance and outperformed the Si-based metal oxide semiconductor field-effect
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Fig. 19 Schematic of the
CNTFET

transistors (MOSFETs) [127, 128]. It has been revealed by various groups [129, 130]
that CNTFETs behave like conventionalMOSFETs. Although there are some impor-
tant differences like due to the 1D structure of CNT, the scattering probability is less,
and therefore, the CNTFETs which are having channel length < the mean free path
of the charge carrier, probably would activate in the ballistic regime, whereas it does
not occur in MOSFETs based on Si technology even if the length is in the nanometer
range. Another difference between CNTFET and conventional MOSFET is that the
CNTs structure are chemically satisfied carbon atoms and there is no dangling bond
present at the surface. Thus, there is no requirement for vigilant passivation on the
interface between the CNTs channel and the gate dielectric. Hence, these properties
make CNTFET devices very promising, unique, and interesting [130].

Aligned CNTs have been used to fabricate FET devices and observed to be ultra-
sensitive for adsorption events on their surface. The aligned arrays of CNTs enhance
the device performance in comparison to the random CNTs network having same
density and can provide high current outputs and large active areas as suggested by
Kang et al. [38, 131]. Hence, the aligned CNTFETs are expected to work with excel-
lent speed thereby enhancement in device mobilities and fabrication of the devices
would remarkably be very small. Besteman et al. showed the first SWNT-based FET
device to demonstrate a change in conductance after exposure with glucose [132].
In 1998, Trans et al. [133] demonstrated a room temperature FET device using
SWNTs. Just after this, Martel et al. (IBM group) also showed an SWNTs-based
FET device and indicated that channel conductance can be improved by an exter-
nally applied gate voltage in a similar way as in MOSFET [130]. Rutherglen et al.
fabricated an aligned CNTFET device which operates at gigahertz frequencies and
revealed its performance close to GaAs technology [134]. Cao et al. reported aligned
CNTs-based RF transistor, which shows a remarkable direct current performance,
high transconductance, and higher current saturation along with superior linearity
performance [135].

4.4 Biosensors

Biosensors are the type of devices, modules, or machines which can be used for the
detection of changes in its environment like the detection of different gas molecules
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and tracking of chemical signals in biological cells. A sensor consists of two main
components, namely, an active sensing element and a signal transducer. The sensing
element detects the changes in its environment or detect the selective analyte and
passes the signal to the transducer, then the transducer converts those chemical signals
into an output signal generates which can be electrical, optical, thermal, or magnetic.
These outputs can be used by the user to determine the concentration of the detected
analyte in a given sample or environment [136]. A biosensor is a type of sensors
which generally monitor the biological processes or recognize various biomolecules
and modified them into electrical signals depending on the concentration of target
analyte [137]. Figure 20 shows a schematic diagramof a liquid-gatedCNTFET-based
biosensing platform. The CNT channel between source and drain acts as a sensing
element. According to the required detection of antigen, the corresponding antibodies
are immobilized on the functionalized CNTs via suitable coupling chemistry.

The first biosensor was reported in 1956 by Clark et al. who is also known as the
father of biosensors [138]. In biosensors, the sensing element is a biological mate-
rial like proteins such as antibodies, enzymes and cell receptors, oligo-nucleotides,
polynucleotides, microorganisms, or even whole biological tissues [136]. Biosensors
could be used for both in vitro as well as in vivo biosensing. For the electrochemical
detection of DNA, the first sensor was fabricated by Cai et al. [139].

Although there are several classical techniques used for biosensing, they cannot
be miniaturized. Aligned CNTs are nanomaterials and have unique electrical and
electrochemical properties; therefore, they can be used as electrodes and transducer
elements in biosensors and can also be miniaturizing the whole biosensor. Aligned
CNTs can overcome the dispersion problems of CNTs, prevent the degradation of the
biological compound on electrodes like enzymes, reduces tube-to-tube resistance,
easily be functionalized, immobilized and offers good electrical contact without the
use of any binders andwithout losing their stability whichmakes them an appropriate

Fig. 20 Schamatic of
liquid-gated CNTFET-based
biosensor
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material for highly stable, cost-effective, flexible and miniaturized biosensors with
very good performance [136, 140–143].

Based on the process of transduction and the mechanism of the recognition of the
analytes, CNT-based biosensors can be broadly classified into the following classes
[144]:

• CNT-based electronic and electrochemical biosensors
• CNT immunosensors
• Optical CNT biosensors

Electrochemical biosensors become popular because they are cost-effective, user-
friendly, small in size and give fast response as compared to other sensors. The
electrochemical biosensor consists of three types of electrodes, namely, counter,
working, and reference electrode [144].

Immunosensors are the devices those work based on the affinity of antigens
and antibodies. Various recombinant antibodies and antibody fragments are used
as sensing elements and antigens, and biomarkers are the target analytes that are
recognized by the antibodies because of their affinity. In recent years, aligned CNTs
immunosensors have been fabricated by immobilizing or functionalizing recombi-
nant antibodies or antigens onto itwhich increases the binding capacity and sensitivity
as compared to the traditional biosensors [144].

Optical biosensor, as the name itself, suggests, detects the target molecules
or analytes based on the change in the emission of light. There are different
readout approaches by which optical biosensors can be used to detect the analytes
such as absorbance, reflectance, surface plasmon resonance, luminescence, fluores-
cence, phosphorescence, lifetime, quenching, and fluorescence energy transfer [144].
Colorimetric biosensors and photometric light intensity biosensors are also a part of
optical biosensors. Aligned CNTs and functionalized aligned CNTs have enhanced
properties due to which they can be used for CNT-based optical biosensors.

Aligned CNTs have enhanced performance than randomly oriented CNTs.
Golizhadeh et al. used vertically aligned carbon nanotube nanoelectrode array
(CNT-NEA) and high density vertically aligned CNT as electrochemical glutamate
biosensor. The recorded detection limit was 10 nM for glutamate [142]. Chen et al.
proposed a novel FET-based biosensor using horizontally alignedCNTs for the detec-
tion of PSA (Prostate-Specific Antigen) proteins. The limit of detection proposed by
them was 84 pM, which was lower than the clinically relevant level of PSA in
blood, i.e., 133 pM [140]. Gao et al. used aligned MWNT as electrodes platform
for inherently conducting polymer (i.e., polypyrrole-based glucose oxidase system)
based biosensors to detect glucose. This biosensor proves to be a highly selective
and sensitive biosensor for glucose [145]. Golizhadeh et al. prepared a glutamate
biosensor which was based on the GLDH/vertically aligned CNTs without any elec-
tron mediator [142]. Fayazfar et al. developed an impedance-based biosensor using
gold nanoparticles/ aligned CNTsmodified as electrodes for the detection of DNA of
the TP53 gene mutation which is one of the most common genes in cancer research
[146]. Zhu et al. reviewed work on a novel biosensor for the detection of glucose in
several beverages by using aligned CNTs and a conjugated biosensor [147]. Zhao



336 P. B. Agarwal et al.

et al. combined platinum nanoparticles with aligned CNTs electrodes having high
electrocatalytic activity and develop a sensitive amperometric glucose biosensor with
a very fast response time of 5 s [148]. Yang et al. developed herbicide atrazine
biosensor by using glucose oxidase assembled on aligned CNTs on the surface of
copper electrodes and determined atrazine in environmental water samples [149].

4.5 Energy Applications

Recently, the demand for small, lightweight, and long-lasting portable energy storage
devices has been increased due to their promising use in mobiles, camera flashes,
power electronic toys, security alarm systems,Uninterruptible Power Supplies (UPS)
systems, solar power, hybrid electric vehicles to wearable are other electronic appli-
cations [150–152]. Therefore, the need to developmore advanced and efficient energy
storage devices has triggered the pace of research to meet the above future energy
demands. The latest research shows that CNTs-based energy generation and storage
devices specifically in solar cells [153], fuel cells [154], Li-ion batteries [155], and
electrochemical capacitors (ECs) [152] exhibit great improvement in processability,
scalability, and efficiency of these devices.Due to remarkable, electrical conductivity,
mechanical properties, chemical stability, and high specific surface area, CNTs are
considered to be the best materials particularly as electrode materials or conduc-
tive fillers for future energy applications [153–155]. Although CNTs as excellent
electrode materials in supercapacitors can be extensively used as compatible elec-
trochemical active materials. But, particularly, a vertically aligned forest of CNTs is
significantly suited as they permit ions to pass freely through the electrolyte between
two electrodes. Wang et al. [156] showed that highly aligned CNTs are capable to
use them as current collectors in Li-Ion batteries. It has also been demonstrated by
Park et al. [157] that vertically aligned CNTs doped with CO3O4 nanoparticles as an
anode material reveals a superior reversible capacity (627 mAh/g). Supercapacitors
are another energy storage device where CNTs could be extensively used as electrode
material. Supercapacitors have the capabilities to store more energy and deliver it
very quickly and efficiently for a long period in terms of its life cycles. Dogru et al.
reported that vertically aligned CNTs can be used as electrodes material wherein
internal resistance of the electrodes as well as charge transfer resistance between
electrolyte and electrodes is negligible due to synthesis of CNTs on aluminium foil
[158]. Also, CNTs as electrode materials can be restricted to an extremely lesser area
and thus increase the electrode–electrolyte contact and decrease the overall weight
of the device. Hence the gravimetric performance of the energy storage devices is
enhanced. Niu et al. [159] in 1997, first suggested that CNTs could be the future of
supercapacitors. Later in 2000 [160], Barisci et al. used SWNTs-based electrodes
observed a redox response from cyclic voltammetric (CV) plot and revealed that due
to the functional groups and impurities, the pseudocapacitance has occurred. Pan
et al. reviewed the effects of physical and chemical properties of CNTs including



Carbon Nanotube Alignment Techniques … 337

purity, size, shape, defect, annealing, and functionalization on the super capacitance
[161].

CNTs have also proven a crucial role in solar cell devices because they have
high mobility, superior strength, chemical inertness, and most importantly CNTs are
photoactive [162]. There has been a lot of work to accomplish a mature technology
based on CNTs solar cell devices. Li et al. reported an improved efficiency of the
solar cells fabricated using aligned CNTs/Si hybrid nanostructure and observed a
high fill factor with low ideality factor [163].

4.6 Nano Electromechanical System (NEMS)

The furtherminiaturization ofMEMSdevices to nanoscale comes under the regimeof
nanotechnology and is knownas nanoelectromechanical systems (NEMS).Currently,
NEMS devices have been identified as the topic of innovative research and gener-
ated a huge interest among researchers because of its wide range of scientific and
technological applications at commercial level. These are the devices which effec-
tively integrate electronic as well as mechanical functionality on the nanoscale, for
example, integration of CNTFET with actuators, motors or pump. More specifically,
NEMS devices have been extensively used in signal processing [164], mass detection
[165], and actuators [166].

Among various nanomaterials, CNTs have shown very promising applications in
NEMS devices because of their extraordinary properties which include low mass,
high Young’s modulus, high thermal conductivity, and high surface to volume ratio.
These applications include resonators, FET devices, NEMS switches including high-
frequency oscillators, nanomotors, etc. The ultrasensitive mass can be detected by
CNT-based NEMS resonator or also known as a mass detector. Since in CNTs,
the mass of a single nanotube is ultra-low, hardly in the range of few atto-grams.
Therefore, a very tiny number of atoms deposited on the surface of CNT make up
a notable fraction of the total mass. The highly rigid nature of CNTs makes them
superior for high resonance frequency and hence, due to ultra-low mass and high
resonance frequency, CNTs are proposed to show an extraordinarymass responsivity.
Lassagne et al. reported a CNT mechanical resonator for ultrasensitive mass sensing
and demonstrated a high mass responsivity and a good mass resolution at room
temperature [167].

In NEMS devices, it is also important to consider that alignment of CNTs is
crucial while fabricating the device because the high surface area and low contact
resistance make CNTs a perfect electrode material in electrochemical systems. Eom
et al. reviewed in their work about the development of NEMS devices and discussed
in detail that how these devices have superior capabilities to detect not only bio or
chemical molecules but also used for the detection of physical quantities like elastic
stiffness, surface stress, molecular weight. The developed devices also can detect the
surface elastic stiffness for the molecules which are adsorbed on the surface of CNTs
[168]. In another work, this group has described the CNTs resonance behaviour on
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the adsorption ofDNA. They developed a new process based onmultiscalemodelling
to understand the characteristic of DNA adsorption on the CNTs surface [169].

Laocharoensu et al. demonstrated an efficient and controllable CNT incorporated
Au/Pt nanomotor which enhanced the oxidation of the hydrogen peroxide fuel [170].
Zettl’s group also reported a CNT-supported shafts for rotational actuator [171].
Hence, it is expected that these next-generation NEMS devices could also open the
door for powerful nano-vehicle systems in the near future.

5 Challenges and Future Prospects

Despite rapid development in CNT alignment technique, further research and
development need to be undertaken to circumvent the challenges associated with
CNT-based technology. However, some critical issues are as follows [1]:

1. Controlled growth and fabrication of aligned CNTs having a uniform diameter
and chiral nature using the CVD technique.

2. Removal of metallic residue from CNTs with high packing density.
3. Prone to aggregate and misalign due to strong randomized inter-nanotube

interactions.
4. There is a gradual upsurge to optimize each nanotube separately.
5. Ensure strong bonding between nanotubes and subsequent materials for

sustaining sufficient loads.
6. The loads must be distributed uniformly to avoid misalignment followed by its

fragmentation.
7. Because of insolubility in organic solvents, the addition of polymers such as

epoxy with nanotubes results in increased viscosity, facilitating difficulty in
subsequent device processing.

Moreover, the challenges about the smooth interface between nanotubes and
polymer composites as well as transferring loads from the matrix to nanotubes
must be intriguingly taken care. Furthermore, the non-uniform distribution of loads
due to concentric MWNTs along with bundle-like arrangements in SWNTs can be
addressed by direct formation of 3D composite structures of aligned interlaminar
CNT arrays onto the fibre stacks of SiC. This structure favours enhancing the inter-
laminar strength and fracture toughness to a great extent. It may be mentioned here
that amid very high aspect ratio, CNTs are not considered as a suitable substitute as
reinforcing material [172].

Future roadmap on aligned CNTs should be focused on scalable, developing
newer approaches and mechanisms to integrate with the existing process lines and
thereby to circumvent the challenges mentioned above. Owing to its lightweight
and superior characteristics, nanotubes may be considered as a suitable material to
replace carbon fibres. Simple design, lightweight, non-flammable nature coupled
with profound improvement in the structural and thermal barrier, it has great poten-
tial for automobile application. Thus, it is evident that CNTs are the extraordinary
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material having a plethora of applications including nanotube capacitors, hydrogen
storage, biochemical sensors, FET, NEMS, computer, instruments, etc.

6 Conclusion

In conclusion, recent progress on possible approaches to align CNTs is summa-
rized in this chapter. Important concepts along with the underlying mechanism of
fabricating aligned CNTs devices from in-situ and ex-situ methods were elucidated.
Numerous modified approaches have been adopted for large-scale production of
CNTs for commercial applications. It is evident that controlled in-situ growth of
aligned CNT arrays having desired orientation, diameter, length, location, and site
density alongwith reasonably low costmakePECVDandCVDmethods, a promising
growth technique compared to the other available methods. CNTs may align into
1D or 3D orderings based on catalytic nanoparticles distribution on substrates. The
dimension, composition, surface characteristics, phase purity, and crystallinity play
a crucial role in the functionality of these nanostructures. Potential applications
towards a large number of electronic devices such as gas sensors, nanobiosensors,
FETs, FEDs, optoelectronics, electromechanical, and electrochemical devices were
discussed. It is pertinent to further study the reliability and performance depen-
dence on the number of CNT layers of above-mentioned devices. Rapid progress
on CNT technology makes a feasible solution for the development of numerous
CNTs-based devices, which needs to be commercialized in the long run. However,
this material may play a pivotal role in transforming chemical/biomolecular species
into electronic/digital signals to bridge the gap between nanoelectronic and biolog-
ical information processing systems in future. Although there have been widespread
research reports on the alignment of CNTs, underlying physics of growth and prop-
erties, still substantial efforts need to be carried out to develop more mechanism
and mature technology to minimize the effect of matrix interference from actual
samples, non-specific bindings, precise morphology manipulation along with device
homogeneity. Since research interest in this domain is rapidly growing, hence this
review may open a new avenue to further explore this niche area to enrich scientific
knowledge, research excellence and innovative technology having a high societal,
industrial and strategic impact.
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Reduced Graphene Oxide Photodetector
Devices for Infra-Red Sensing

Vinayak Kamble, Soumya Biswas, V. R. Appu, and Arun Kumar

Abstract Infra-Red (IR) radiation is the thermal radiation which is characterized by
the temperature of the emitting source. Hence, IR photodetectors could be used for
a number of applications such as surveillance in defence, non-contact thermometry,
non-contact human access control, bolometers and terahertz, etc. Infra-Red spans
over a vast range of wavelengths, i.e. from 1 μm to several tens of μm. While
there are several materials used for sensing the IR radiation, broadly the underlying
physical principles of IR detections could be classified into three distinct categories
i.e. photothermoelectrics, photovoltaics and photogating. The heating effect of IR
radiation brings about the thermopower considerations in case of non-uniform illumi-
nation or inhomogeneity of the sample leading to photothermoelectric effect. While,
in case photovoltaics, the generation of photocurrent as a result of exitonic contribu-
tion modulates the conductivity of the device. However, in photogating, the Fermi
energy of the sensor material is controlled through optical illuminations. In this
chapter, we restrict ourselves to photovoltaic and photothermoelectrics in case of
reduced graphene oxide and its composites. Graphene and its derivatives, such as
graphene oxide, graphene nanoribbons, graphene quantum dots, etc., have revealed a
wide range of novel physical properties and led to a spectrum of functional devices.
Because of its small yet tunable bandgap through controlled reduction, graphene
oxide is a potential choice for IR detection devices. Here in this chapter, we discuss
its physical attributes which could be utilized for IR detection.
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1 Introduction

Photodetectors are the devices which respond to the light energy incident on it. The
response is usually measured in electrical signals, i.e. either current or voltage [1] . In
a typical photosensor device, the material is deposited with two metal electrodes for
electrical measurements. A constant bias voltage is applied to these metal electrodes
and the resulting current is measured in the absence as well as the presence of any
light, called dark and illuminated current, respectively. Often, the bias is also swept
to measure the I–V characteristics in dark and under illumination. In the transistor
configurations, there exists a third terminal, i.e. gate, which is realized either through
the bottom SiO2 layer (200–300 nm) on the Si substrate or a metal contact deposited
on top (called top gate). The idea of a gate is to tune the channel conductivity through
the application of electric field (positive or negative bias). For instance, the Dirac
point (lowest conductivity) for p-type semiconductors is obtained for negative bias
and vice versa for n-type semiconductors [2, 3].

In an ideal setting, the current is continuously monitored as a function of time
under a constantly applied bias and the the change in current is monitored upon
illumination with desired wavelength(s) of light. The responsivity or response is
calculated as change in current (�IPh) upon illumination to that of power (P) and
area of the device (A), as shown in Eq. (1) [1, 3].

R = �IPh
P.A

(1)

Thus, the unit of response or responsivity is ampere/watt.
Such response can bemeasured as a function of thewavelength of light to estimate

the bandwidth (span of frequencies) of the response of the photodetector. Besides, the
noise of the detector is quantified in terms of the spectral power density as a function
of the frequency bandwidth of the noise. For practical applications, it is ideal that
the device shows a high signal-to-noise ratio with large bandwidth. However, this
quantity is seldom reported in many of the research papers.

Normally, it is observed in most materials that the change in photocurrent is posi-
tive upon illumination (i.e. rise in current). This indicated that the rise in current of the
device is due to photogenerated carriers in semiconductors. Here, the electron-hole
pairs are generated upon illumination with light of photon energy higher than that of
the bandgap [1]. However, when Infra-Red (IR) light is incident on amaterial because
of the thermal energy density of the radiation, there may exist some local heating
in the sample. This rise in temperature may also contribute towards the increase in
carrier density (in semiconductors) through thermally generated charge carriers in
addition to the photogenerated ones. Thus, one also has to consider the Temperature
Coefficient of Resistance (TCR) of the material. Such devices are called bolometer
which are sensitive to temperature changes, for example, vanadium dioxide [4, 5].
Besides, the heating effect due to the IR exposure introduces a thermoelectric contri-
bution to the current if the exposure is partial or non-uniform.Thus, all these processes
collectively participate in the photodetection using semiconductor devices.



Reduced Graphene Oxide Photodetector Devices … 351

While the photodetector term refers to the detection of light of any wavelength,
we restrict ourselves to the detection of IR wavelengths throughout the scope of the
chapter. The IR radiation is the thermal radiation as emitted from any given body in
equilibrium at a finite temperature (T > 0 K). The governing equation of the relation
between the wavelength of thermal radiation and its temperature is given by Wein
displacement law. The emission spectrum wavelength maxima (λmax) of any given
body is related inversely with the temperature of the body, i.e. λmax ∝ 1/T. Thus, for
bodies with temperature in the range 10–100 emitt thermal radiation in the IR region
of the electromagnetic spectrum.

These photodetector devices are highly useful for multiple technological,
domestic and strategic applications such as contactless access doors, smart devices
for Internet of Things (IoT), UV detectors, etc. Particularly, IR-sensitive devices are
useful for non-contact access as they can sense human radiations which happens
to be in mid-IR. These are also of prime importance for defence applications for
surveillance [3].

2 Structure of Graphene and Its Derivatives

Although it was known for years that graphite consists of a stack of two-dimensional
(2D) layers, there was no experimental evidence of someone isolating such sheets
individually. In fact, Landau, the famous condensed matter physicist, in one of
his papers said that the isolation of such 2D sheets would not be possible as they
would be thermodynamically unstable, despite their presence as a part of bulk three-
dimensional solid. However, in 1991, a Japanese physicist, Prof. Ilijima [6], could
isolate what is now called multiwalled carbon nanotubes (MWCNTs) and subse-
quently single-walled carbon nanotubes (SWCNTs). These were ultra-small (a few
nanometres thick), hollow tubes of only carbon atoms [7, 8]. About a decade people
celebrated this discovery and used CNTs in pretty much everything from electronic
devices to high-strength fibre composites [9–13].

In the year 2004, Prof Andre Geim and Prof. Konstantin Novoselov of the Univer-
sity of Manchester published a paper which discussed the effect of electric field
(FET) on single-atom-thick sheets of carbon, which showed ultra-high conductivity
and tunability in Fermi level with the application of electric field [14]. For this, the
duo won the Nobel prize in Physics in the year 2010. The first decade of the century
unequivocally celebrated the new allotrope of carbon which was discovered in the
form of 2D sheet of carbon atoms. This discovery of Prof A. K. Geim and Prof Sir
K. S. Novoselov which they called ‘Graphene’, was arranged in a hexagonal lattice
which attracted enormous attention since then [15–17]. This is due to its remarkable
physical, chemical, and mechanical properties such as high electrical conductivity,
high thermal conductivity, high carrier motilities and ultra-high mechanical hardness
alongwith flexibility. Because of these unusual combinations of properties alongwith
ultra-thin nature, graphene has turned out to be a potential novel electronic material
in a vast range of applications [18–23].
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Fig. 1 The schematic diagram of showing a the hexagonal structure of graphene, the unit cell of
graphene in b real and c reciprocal space and the band structure of graphene showing Dirac cone
with position of Fermi energy for ambipolar, p-doped and n-doped graphene

We introduce ourselves to the graphene layers in terms of their structure and
morphology. As shown in Fig. 1, the graphene sheet is a single-atom-thick layer
of sp2-hybridized carbon atoms which is essentially building block of most of the
carbon allotropes. These carbon atoms are arranged in a regular hexagonal arrange-
ment called a honeycomb lattice [24]. Wherein each hexagon is naturally composed
of six carbon atoms (like benzene) and the interatomic distance between the two
neighbouring carbon atoms is, b = 1.42 Å, while the linear distance between the
alternate carbon atoms is, a = √

3b = 2.45 Å [25], as shown in Fig. 1. The unit cell
of graphene layer has been shown in Fig. 1b using the yellow parallelogram which is
marked by the two unit cell vectors a1 and a2; whose magnitudes are |a1| = |a2| = a.
These unit vectors make an angle of 60° with respect to each other. The unit cell
contains two carbon atoms each.

The reciprocal lattice (k-space) of graphene is also a honeycomb lattice. The
reciprocal lattice parameters are b1 and b2; are given by

ai .b j = 2πδi j (2)

where, ai and b j are real and reciprocal space vectors, respectively, and the i, j = 1,
2. In other words, the 2πδi j is equal to 1 when indices are same and 0 when indices
are mixed.

The k-space unit vectors are having a magnitude of
∣
∣b1

∣
∣ = ∣

∣b2
∣
∣ = b = 4π

√
3a;

making an angle of 120° with each other as shown in Fig. 1c.
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Thus, by virtue of the symmetry of the honeycomb lattice, the electronic bands
of graphene layers exhibit linear dispersion in the vicinity of the Fermi level (EF)
i.e. E ∝ k. This characteristic band structure is called a “Dirac cone”, and results in
unusual characteristics for the charge carriers such as relativistic nature, ultra-high
mobility, etc. [24–26]. At ground state, i.e. 0 K the electrons are completely occu-
pying the valance band states making a null electrochemical potential for graphene.
However, as the temperature is raised the carrier gets thermally activated to the
available continuous levels and thus results in an n-type nature.

It has been demonstrated that graphene has zero electronic bandgap. However, the
presence of some function groups can change the dominant type of charge carriers
as well as may open up a finite bandgap close to the Dirac point. The calculations
performed by several researchers indicated this band opening can result from oxygen
functionalization or patterning the graphene sheets into lower dimensional structures
such as nanoribbons or quantum dots. This patterning might involve a stringent
lithographic process and hence are little tedious. On the other hand, solution-based
chemical methods offer a controlled synthesis of different graphene nanostructures
as well as controlled oxidation/reduction.

The graphene can be obtained from graphite by simple mechanical exfoliation
or chemical exfoliation methods. The chemical exfoliation involves oxidation of
graphite into graphite oxide (GO) followed by reduction to give reduced graphene
oxide as shown in Fig. 2.

Graphite oxide is a brown-coloured solid and is an insulator. GO is known as a
non-conductor due to the disconnected network of its conjugated carbon domains
by oxygenated groups including alcohols, epoxies and carboxylic groups [27]. The
bandgap of GO is estimated to be more than 2 eV [26, 28]. Because of the presence
of intercalated oxygen-containing functional groups, the interlayer spacing of GO is

Fig. 2 The schematic showing the process flow for obtaining reduced graphene oxide sheets from
as grown 2D sheets or bulk graphite material
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much larger than that of the graphite. GO has a d-spacing of typically 7.46 Å and the
corresponding diffraction peak is observed in XRD at a much lower Bragg angle of
about 10–12° [29].

When most of the oxygen-containing functional groups of GO are removed either
via heat treatment or via chemical reduction, the electrical properties are largely
restored similar to prior to the oxidation, however not completely restored as some
residual functional groups may remain. The extent of reduction of GO is quantified
in terms of various characterization techniques such as X-ray diffraction (the peak
at 10° disappears), X-ray photoelectron spectroscopy (the photoemissions observed
in C 1 s spectrum are diminished except 284.5 eV), and Raman as well as Infra-Red
(IR) spectroscopy [28, 30]. Other techniques are not mentioned in this chapter as it
is out of scope, while IR spectroscopy is mentioned in detail in subsequent sections.

The reduced graphene oxide (RGO) which is obtained by chemical exfoliation
has a small electronic bandgap of 10–200 meV [28]. This bandgap corresponds to a
near band edge absorption in IR range with a wavelength of 5–25 μm. This could be
further extended by additional reduction reducing the bandgap to approach to zero
like pristine graphene. This narrow electronic bandgap in RGO is thus very suitable
for the detection of electromagnetic radiation of these near, mid- and far IR extending
to even Tera Hz waves [31–35].

3 Synthesis of Reduced Graphene Oxide

Several techniques forGO reduction have been reported, including thermal annealing
in vacuum or inert atmosphere, electrical reduction, chemical reduction by hydrazine
or acids, and reduction by IR or even UV light. The most commonly used methods of
RGO synthesis are by solution-based method resulting from exfoliation of graphite
powders with strong oxidizing reagents using modified Hummers’ method [36].
Finally, graphene oxide is reduced into graphene-like material. Previous works
have reported the reduction by using reducing agents such as sodium borohydride,
hydrazine, etc. However, these chemicals might be mild to highly toxic to human and
environment [3, 4]. This has, therefore, stimulated a number of researches in recent
years to develop simpler and more benign methods for the reduction of graphene
oxide. The details of strategies employed to reduce graphene oxide to restore its
conductivity are out of scope of this chapter and interested readers are suggested
to look at other texts available [24, 30, 37]. However, we would like to emphasize
here that graphene oxide reduced using chemical routes show diverse degrees of
reduction and types of residual functional groups depending on the reducing agent
used and temperature of the reaction. On the other hand, the other strategy to reduce
GO is heating the GO to high temperature which gives RGO [38]. Similar heating-
induced reductions have been reported using different heating mechanisms such as
microwave heating or localized heating using intense IR lights [39, 40]. There has
been consistency in the type of residual functional groups with thermally exfoliated
graphene oxide and it is discussed in detail in the next section.
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4 Infra-Red Absorption of Graphene Oxide and RGO

Depending on the method is employed in reduction process, the nature of residual
functional groups in RGO differs and hence the IR spectra would have some quali-
tative change. Both the scenarios are discussed in this section. The typical spectra of
IR absorption 400–4000 cm−1 correspond to wavelength absorption of 2.5–25 μm
in mid to far IR.

4.1 Thermally Reduced Graphene Oxide

Graphene Oxide when heated at high temperatures, not only exfoliates but also loses
the oxygen-containing functional groups. Thus, thermal oxidation of GO is one of
the simple and popular strategies to obtain the RGO. The degree of reduction is a
strong function of heat treatment temperature. Spray pyrolysis is one such popular
technique which involves thermal reduction of GO.

Acik et.al. [41] have studied the Infra-Red absorption spectrum of graphene oxide
as a function of thermal reduction temperature in vacuum. As seen in Fig. 3, the
single-layer graphene oxide shows absorption bands ascribed to carbon bonded to
various oxygen-containing functional groups summarized in Table 1.

As shown in Fig. 3, Acik et.al. [41] reported that upon annealing the RGO at high
temperature, as the temperature increases, the oxygen-containing functional groups
are slowly desorbed and the corresponding IR absorptions (mentioned in Table 1)
peaks disappear. It is clear from Fig. 3c that by 300 °C, most of the functional groups
are desorbed except for the strongly bonded oxygen present at the edges which shows
a strong peak at 850 cm−1. Further, it was also deduced from the simulations that
isolated C−O−C asymmetric stretchingmode observed at about 1200 to 1300 cm−1,
gradually decreases in wave number as the oxygen number increases. This mode
further asymptotically reduces to about 850 cm−1, which corresponds to the edge
oxygen species in an infinite series similar to edge oxidized graphene nanoribbons.

4.2 Chemically Exfoliated RGO

Similar to thermally exfoliated GO, the chemical methods of reduction of GO show
that most of the IR absorption peaks observed in case of GO are disappeared in
case of RGO. However, as mentioned earlier presence of individual peak is sensitive
to the reducing agent employed to carry out this reduction process. Nonetheless,
additional peaks of C-N are bond absorption are seen in the reports where nitrogen
containing compounds are used for reduction such as pyrroles, hydrazine, etc. [28].
Rest energies of particular IR absorption are similar to those of RGO obtained by
thermal route.
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Fig. 3 The Infra-Red absorption spectra of (a) single-layer of graphite oxide and (b) that of the
same after reducing it in vacuum at 850 °C showing strong absorption band at 800 cm−1. (c) The
IR absorption spectra of GO annealed at 175, 350, 500, 750 °C showing diminishing absorption
bands. (d) The total integrated absorbance (cm−1) at 60 °C, plotted in samples at various annealing
temperatures showing the gradually decreasing trend marking the removal of said functional group
from GO sample (Reproduced from [41] LICENSE #: 4901770786349 Order Date: 09/04/2020)

Table 1 Summary of the Infra-Red absorption bands observed in spectrum of thermally annealed
graphite oxide with their corresponding wave numbers (from [41])

Sr no Functional group name Functional group structure Wave number (cm−1)

1 Hydroxyl (including all
C−OH vibrations from
COOH and H2O)

−OH 3050–3800 and ~1070

2 Ketonic groups C=O 1600–1650, 1750–1850

3 Carboxyl −COOH 1650–1750

4 Epoxide C−O−C (ring) 1230–1320 (asymmetric
stretching) ~850 (bending)

5 sp2-hybridize C=C 1500–1600 (in plane)

6 Etheric groups C−O−C 900–1100
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5 Electrical Response of RGO and Its Heterostructures

It was soon after the discovery of graphene, various electronic devices based on
graphene and RGOwere reported, for instance, transistors, gas sensors and photode-
tectors. The early reports on photodetection using graphene try various mate-
rial and device configurations for the photodetectors. Some of the representative
device designs and their responses are summarized in Table 2. Predominantly the
devices can be classified into two categories, i.e. RGO as single-active material and
heterostructures based on graphene.

5.1 RGO as a Single-Active Material

In a usual setup, two metal electrodes (Au, Pt, Ag, etc.) are deposited onto the
Graphene flakes using lithography or RGO suspension is drop casted in to the prede-
posited electrodes. RGO shows a large change in its conductivity when illuminated

Table 2 Summary and comparison of RGO-based IR Sensors from the literature

RGO as single-active material

Sr no Graphene form Configuration Response (mA/W) at
given wavelength

Year References

1 Graphene
Nanoribbon (GNR)

Transistor (top gate)
modelling

50–250 A/W 2008 [42]

2 Reduced Graphene
Oxide

Thin film (large area,
two probe)

0.01 mA/W at
808 nm

2010 [43]

3 GNR Transistor Modelling 2009 [44]

4 Semi reduced RGO Film with two probe 0.18 A/W at
1,550 nm

2018 [45]

5 RGO film Film with two probe 0.04 mA/W for
1064 nm

2018 [46]

6 RGO sheet
Thermally oxidized

Transistor 0.7 A/W at 895 nm 2013 [47]

7 RGO film Two probe on
flexible substrate

1.5 mA/W at 940 nm 2020 [48]

8 RGO film Two probe on
flexible substrate

800 mA/W at λ >
780 nm

2016 [49]

9 RGO film Free standing RGO
film with two probes

96 mA/W at 1064 nm 2017 [50]

10 RGO film Film with two probe 0.3 mA/W at 808 nm 2018 [51]

11 RGO Two probe 4 mA/W at 1550 nm 2011 [52]
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Fig. 4 The comparison of bandwidth of RGO and Graphene-based photodetectors with that of
others (Adopted from [35])

with IR light.1 Joung and Khondar [28] showed as the oxygen-containing func-
tional groups reduce on graphene oxide (i.e. reduction in sp2 hybridized carbon), the
conductivity increases. Viz a viz the direct point shifts fromnegative gate bias to posi-
tive gate bias signifying a change over from p-type conduction in GO to ambipolar
conduction in heavily reduced graphene oxide. Further, they also demonstrated that
the conduction in RGO is not band like rather it happens with variable range hopping
of Efros-Shklovskii type through localized states [28] (Fig. 4).

Kurra et al. [53] have shown that the dominant type of mechanism being either
photoconduction or bolometric is predominantly dependent on the synthesis method
in pristine graphene. The graphene which is made by pyrolysis of hydrocarbons over
nickel metal shows a large number of defects and photoconductive type of response.
While that of the sufficiently thin graphitic film made by mechanical exfoliation and
Chemical vapor deposition showed a rise in resistance upon exposure to IR radiation
which is typical of a bolometric response.2 Similar, bolometer like (positive TCR)
response was shown by RGO annealed at 900 °C, in a study reported by Liang [54]
This is very good agreement with the discussion above, as reducing at 900 °C would
result in the removal of almost all the oxygen-containing functional group and finally
end up making a graphite-like graphene flakes. Since, the graphite acts more like a
dirty metal whose resistance increases upon heating, while that the graphene incor-
porated with hydrocarbon residues acts like a semiconductor where the carriers are

1Some of the researchers also found the response for shorter wavelengths of near IR and part of
visible spectrum as shown in Fig. 5. However, we restrict ourselves to IR region only for the scope
of this chapter.
2The bolometric response depends on the Temperature Coefficient of Resistance (TCR) and TCR
is positive in metals. Hence the rise in temperature causes rise in resistance of bolometer.



Reduced Graphene Oxide Photodetector Devices … 359

excited under the illumination of suitable light wavelengths. However, their wave-
lengths reported by various researchers are quite diverse and suggest that these are
highly processing condition-specific which govern the surface functionalization of
graphene or RGO.

Thus, because of the heating effect of IR radiation the two mechanisms
might be involved in the IR sensing using RGO are photothermoelectrics and
Photoconductivity.

5.1.1 Photothermoelectricity (PTE)

When there exists a temperature gradient in a solid, an electrical potential is generated
between the hot and cold ends of solid depending on its thermopower (S). The photo-
induced temperature can be estimated using the input power and the specific heat of
the material.

Qheat − Qloss = C.m.�T = Pi (3)

where Qheat − Qloss is the heat supplied to heat lost to the surrounding, C is the
specific heat of material, m is mass of material, Pi is the input radiation power and
�T is the rise in temperature. Thus some part of the incident radiation power is
utilized in the rise in temperature and a fraction is lost to surrounding depending
on the emissivity of material. This rise in temperature causes the �V of potential
gradient across the sample which is governed by Eq. (4).

�V = −S.�T (4)

S is usually of the order of few μV/K and varies inversely with that of carrier
concentration (n) of a material.

S = 8π2k2B
3eh2

m∗T
( π

3n

)2/3
(5)

Here, kB is Boltzmann constant, m* is the effective mass and e is the charge on
electron, h is Planck’s constant, T is the absolute temperature and n is the carrier
concentration. It is discernible from Eq. (5) that the seebeck coefficient for RGOwill
be higher than that of pristine graphene due to relatively low electrical conductivity
(and carriers concentration) [55]. Thus, a thermoemf generated will be higher for
RGO when exposed to non-uniform heating such as local IR exposure.

Seebeck coefficient can also be obtained by Eq. (6) [35].

S = 2π2kBTe
3eTF

(6)



360 V. Kamble et al.

Fig. 5 a The thermoemf response measured along the sample length (s) showing time response
and b The steady state photovoltaic responses’ saturation voltages showing non-linear dependence
on the laser spot positions symmetric about the center. From [57]3

where TF is the Fermi temperature i.e. EF/kB is the temperature of the electrons
at energy of Fermi energy and Te is the temperature of electrons at a given energy.
This expression holds for large carrier density limit where the carrier scattering is
independent of change in carrier density. Assuming that on the site of illumination,
some of the carriers attain a temperature which is slightly higher than that of lattice
temperature, then the thermoemf generated varies as n−2/3 and thus, the resulting
current varies as P2/3

i [35].
Xu et al. [56] studied the field-effect transistor geometry of graphene-based

devices and found that the photocurrent generation is due to thermoelectric voltage
arising at the interface of single and bi-layer graphene. This was confirmed by
the spatially resolved photocurrent mapping. The photocurrent so obtained was
expressed as

Iph = S × �T

R
(7)

where, the numerator on RHS is actually given by Eq. (4).
The wavelength used was 635 nm and measurements were done under no bias

condition between source to drain. Thus, the current measured upon illumination
was solely due to the internal diffusion of carriers setup due to unbalanced thermal
gradient. Moreover, it was observed that the photocurrent due to PTE effect increases
as temperature decreases (largely a linear dependence). This is consistent with the
fact that the thermopower decreasing with increasing temperature for mechanically
exfoliated graphene which is assumed to have no or insignificant surface oxidation.

Moon et al. [57] showed that the photo response of RGO film showed systematic
photo-induced voltage as shown in Fig. 5. This built in electric field resulted in a

3Reproduced under Creative Commons Attribution 4.0 International License.
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photocurrent in the device with a responsivity of 0.27 mA/W for 633 nm. Similar
study of PTE effect in RGO was reported by Ghosh et al. [43] In such cases the
photovoltage produced and hence the photocurrent varies symmetrically about the
centre of the electrodes andhadmaximumvalue towards the edges. (as seen inFig. 5b)
This was explained with the help of enhance charge carrier extraction efficiency near
the electrodes and possible loos of one of the charge carriers due to recombination in
due course of reaching to the other electrode. However, if the generation sit is equally
far from both the electrodes, the photovoltage is rather low indicating loss of both
types of charge carriers to recombination. The hypothesis of recombination-based
loss has been claimed from the deviation of exponent of power from unity as it is
ideally unity for efficient charge carrier extraction solely due to photoconductivity
as discussed in next section. Moreover, in a device there may be two competing
processes like photothemoelectrics and photoconductivity [58].

5.1.2 Photoconductivity

Photoconductivity is also often referred as photovoltaics which in a broader sense
implies the generation of photoexcited carriers within a material. The applied elec-
tric field accelerates the photocarriers towards the opposite polarities of the bias
where it is collected and measured. The observed photocurrent is expected to have a
linear dependence with respect to the incident optical power i.e. Iph α Pi. The exact
expression for the photocurrent is given by Eq. (8);

Iph =
[

ηi

hν

W

L
τcq(μe + μh)V

]

Pi (8)

where, ηe is the internal quantum efficiency, hν is the photon energy, w and L are the
width and length of the exposed area, μe and μh are the mobilities of electron and
hole, respectively. V is applied bias voltage. Thus, the photocurrent depends crucially
on the average lifetime of the charge carrier τc and mobilities. Thus, the device
geometry i.e. the spacing between the electrodes and recombination rate determines
the efficiency of charge carrier extractions. There are two ways of estimating the
charge carrier extraction efficiency; namely internal and external quantum efficiency
given by Eqs. (8) and (9), respectively.

I QE, ηi = IPh
q.φabs

(9)

EQE, ηe = IPh
q.φin

(10)

The quantities φin and φabs are the incident photon flux and absorbed photon flux,
respectively, where,
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φabs Absorbed photon flux = φin − (transmitted + reflected) (11)

For example, for IR light of wavelength (λ) 1500 nm.
Energy E = hc/ λ = 0.827 eV

No of Photons/area =
Incident power

Energy of each photon
(12)

EQE = ηe = I Ph

q.φin
= I Ph × E

q × Popt
= E

q
× slope

Here, slope refers to the slope of the graph current versus IR power i.e. nothing
but the responsivity of the device.

Chang et.al. [47] showed that the photoresponse of pristine (as prepared) RGO
(~10 mA/W) is enhanced by about an order of magnitude (~700 mA/W) with
increasing heat treatment time 20, 40, 90 and 260 min at 150 °C (see Fig. 6). This
result essentially highlighted the as prepared GO sheets having larger O:C ratio
showed little or smaller response. On the other hand, after thermal reduction at low
temperature as some of the oxygen-containing functional groups are lost (supported
byXPS data) the conductivity of RGO is partially restored. The response is measured
in three terminals (i.e. transistor) fashion and the silicon oxide beneath graphene is
used as bottom gate. The graphene flake here acts as a channel. The Dirac point for
all the RGO sample however is found to be in negative gate voltages and thus marks
all of them to be hole doped (p-type) systems. Moreover, no significant change is
observed in this Dirac point with increased reduction as it is rather broad unlike
conventional sharp profiles.

Effect of electrode metals Other than the primary photogeneration process, the
nature of electrical contact metal also has significant effect on the overall device
performance [59]. For instance, if the work function of the metal used is smaller

Fig. 6 a The photoresponse of RGO as a function of thermal reduction time at 150 °C for incident
irradiation power is 14 mW/cm2. b The response of as synthesized RGO flakes. (Reprinted with
permission from [47] Copyright (YEAR) American Chemical Society)
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or larger than that of the RGO flakes, decides whether there exists a barrier at the
interface. The work function of RGO has been nominally take as 4.5 eV as reported
in most studies [57, 60] and the data for the work functions of metals have been
obtained from standard texts [2]. Assuming that the RGO has a p-type conductivity,
i.e. hole conductor, the nominal values of contact potential difference (CPD)which is
the difference in the Fermi energy of RGO and that of the metal, tells us whether the
contact is Schottky or ohmic in nature. Thus, as can be seen in Figure (a) for some of
the commonly used electrode metals, RGO is expected to form Schottky with silver,
aluminium, titanium while it is ohmic for tungsten, gold, platinum and palladium.
Thus, if it forms a Schottky barrier, in a double Schottky contact as shown in Fig. 7c,
under the application of a bias, one of the side will have a forward bias and other
will have a reverse bias for holes. While, the band bending this case is favourable for
electron flow on either sides as seen in Fig. 7d. Thus, under illumination depending
on the charge carrier generation site, it will be difficult of holes to move to the side
having a reverse bias condition. Thus, the charge separation is not symmetric in this
case. This could be one of the reasons for more pronounced photothermoelectric
effect for RGO having Ag contacts predominantly [43, 57].

Effect of substrate Tian et al. [50] shown that the response is increased in suspended
graphene films than that of the one on glass substrate. The RGO films which are free
standingwithout any substrate showed 7 fold increase in the response upon removing
the substrate as shown in Fig. 8.

Fig. 7 a The variation of contact potential difference(CPD) for different metals and the nature of
contact they form with RGO. The typical band alignment with b Au and c Ag metal electrodes
showing ohmic and Schottky contact for RGO, respectively. d The formation and movement of the
photogenerated carriers under applied bias (2 V)
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Fig. 8 The schematic showing a supported and b released or substrate free RGO film with Cu
electrodes and c the effect of substrate on the photocurrent response of RGO film with d magni-
fied view depicting the response times in either cases (From Ref [50] under Creative Commons
Attribution-NonCommercial 3.0 Unported Licence)

The origin for the enhancement in the response for the free standing film was
credited to the enhanced photothermal response of the film due to reduction in the
thermal mass. While this is indeed true that low thermal mass shall increase the
heating effect in the film and thereby shall have higher photothermal contribution
in the film, given the smaller gap (200 μm) between of the interdigitated electrode
spacing it is rather unlikely to have large temperature gradient within the electrodes.
Thus, the contribution due to thermopower shall be insignificant. However, due to
rise in temperature, there may be higher conductivity of RGO and subsequently upon
cooling the resistance shall be back to baseline. In addition to this, in absence of the
substrate, the carrier mobilities in graphene and other 2D materials increases due to
reduced phononic interaction of substrate. This rise in mobility may have an added
contribution in addition to those discussed above.



Reduced Graphene Oxide Photodetector Devices … 365

5.2 Heterostructures Based on RGO

There are numerous reports on the photodetector device designs and particularly their
broadband response using heterojunction of graphene and other semiconducting or
metallic materials. Table 3.

As seen from Table 3, the heterojunctions not only have high responsivity
(photocurrent produced per unit power) but also show broad spectral range of
response ranging from UV to NIR. Moreover, it can be particularly generalised
that for making the heterojunction which shows a broadband response (not just IR),

Table 3 Some of the device architectures of RGO heterojunction with other materials and their
response

RGO heterojunction with other materials

Sr no Graphene form Configuration Response
(mA/W) at
given
wavelength

Year References

1 Reduced Graphene
Oxide/n-Si

Vertical heterojunction – 2016 [61]

2 RGO nanosheets on Si
nanowires

Vertical heterojunction – 2014 [62]

3 3D
RGO–MoS2/Pyramid
Si Heterojunction

RGO sandwiched
between MoS2 sheets
and placed on Si
pyramids

10.6 mA/W at
1550 nm and
11.8 mA/W at
1310 nm

2018 [63]

4 Germanium
-Graphene/Zinc-Oxide
Heterostructure

Ge Quantum Dot
Decorated
Graphene/Zinc-Oxide
Heterostructure

9.7 A/W,
1400 nm

2015 [64]

5 Monolayer Graphene
(MLG)/germanium
(Ge) heterojunction

Graphene layer on the
copper foil attached to
Ge wafer by Silver
paste

51.8 mA/W,
1400 nm

2013 [59]

6 Layered
Graphene-Black
phosphorous
heterostructure

Graphene put on BP
layer and placed on a
Si/SiO2 wafer

3.3 × 103

A/W, 1550 nm
2017 [65]

7 CdS nanorod
array/reduced graphene
oxide film
heterojunction

RGO layer is placed
on the CdS nanorods
array grown on the
Fluorine doped Tin
Oxide layer on glass
substrate

0.58 mA/W,
1450 nm

2018 [66]

8 ZnO Nanowire
Array/Reduced
Graphene Oxide

RGO layer on ZnO
nanowire array

0.55 mV/W,
1064 nm

2015 [67]
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a material with suitable bandgap is used. Suitable bandgap refers to small bandgap
of 0.7 to 1 eV for Si, Ge and MoS2, black phosphorous (BP), etc., for NIR and long
wavelength visible region, but wide bandgap oxides such as ZnO, TiO2, etc., for the
UV and short wavelength visible region.

The mechanism of detection can be represented as follows,
Under the illumination of IR (or visible light) the electron hole pairs are generated

by breaking the excitons in the material other than RGO like Si, BP, TMDs, etc.
these photogenerated carriers drift towards opposite polarities of the applied bias.
Many reports use RGO as contact material or one of the heterojunction constituents
for efficient recovery of electrons given its p-type nature with relatively low work
function.

Certainly there is a large improvement in the responsivity in heterojunctions as
compared to those of RGO as single active material exhibiting the change in current.
For instance, the response reported Liu et.al. [65] the heterojunction made between
RGO and black phosphorous (BP), showed a large response of the order of 103 A/W
for very low incident photon power of a few nanowatts. Further, the response time is
drastically lowered and spectral region on interest was tuned by varying the thickness
of BP whose bandgap changes from bulk to few layers.

6 Summary and Outlook

To summarise, we have reviewed the structure of reduced graphene oxide (RGO)
and the tunability of its electronic conductivity, carrier type and Fermi level through
external stimulus such as temperature and electromagnetic radiation, particularly
Infra-Red light. It is observed that when IR light is shined on RGO sheets depending
on nature of device symmetry the device shows a combination of photothermoelectric
and photoconductive response. For very small device sized and symmetric configu-
rations, the device could be purely photoconductive where resistance decreases upon
illumination due to photo-carrier generation. On the other hand, for highly reduced
RGO (with minimal sp2 fraction) shows more of photothermal effect, i.e. Bolometer
type response which depends on the thermal mass and temperature coefficient of
resistivity. In addition, the diverse spectrum of heterojunction formed between RGO
and other semiconductors show much larger response with instantaneous timescales
as a result of junction barrier formation at the interface which has built-in electric
field.
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Characteristic Response Transition
of Reduced Graphene Oxide as Hydrogen
Gas Sensor-The Effect of Temperature
and Doping Concentration
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Abstract Catalytic palladium nanoparticle modified reduced graphene oxide (rGO)
prepared in the laboratory showed a characteristic variation in hydrogen response
when the operating temperature was raised from 30 °C to 125 °C. When exposed to
a particular hydrogen concentration, the response comprising of initial increase in
device resistance (response-1) followed by decrease (response-2) was observed up
to 75 °C. Beyond 75 °C a transition in hydrogen response was observed, and only
the response-1 prevailed from 100 °C. This transition temperature was reduced to
50 °C, when rGO was pretreated with ammonia solution at a temperature of 100 °C.
On pretreatment with lower ammonia concentration, the response-2 was completely
eliminated. Furthermore, without treatment with palladium nanoparticles, rGO films
(both untreated and ammonia treated) showed negligible response toward various
concentrations of hydrogen in the studied temperature range (30 °C–125 °C). The
material characterization and sensing results were analyzed in detail and a suitable
sensing model was proposed to explain the performance of these sensors.

Keywords rGO · Palladium · Dual response · Transition · Hydrogen sensor

1 Introduction

In the field of Condensed Matter Physics, one finds that after every interval of
time there comes a material which becomes the paramount of that decade. The
same happened in the case of Graphene, the mother of 2-dimensional materials.
Attributing to its phenomenal properties, Graphene is known to be a real stunner in
the field of research. It has a wide range of applicability, which is why researchers all
over the globe are outworking in this field. The remarkable nanoscale properties of
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graphene have been a breakthrough in the field of nanomaterials and nanotechnology.
A plethora of research is enduring in the field of mass production of graphene and
how this graphene could be capitalized in the field of technology. The flap in this field
has also captivated the governments to invest in bulk. This commotion in the minds
of researchers commenced ever since the isolation of graphene by Andre Geim and
KonstantinNovoselov at theUniversity ofManchester [1].Graphene having aromatic
nature can include functional groups in its structure. This can lead to band gap tuning
that is beneficial for different applications. The reduced form of graphene oxide bears
much resemblance with graphene rather than graphene oxide in respect that all the
functional groups have been removed with some oxygen traces. Researchers all over
the globe have continuously worked to find ways of synthesizing graphene on large
scale by various methods [2–4].

The role of graphene and its derivatives in hydrogen related applications is gaining
prominence. For instance, an alternative to fossil fuels is hydrogen, which is highly
inflammable and explosive in nature. Therefore, safe use of hydrogen requires accu-
rate gas sensors. Reduced graphene oxide (rGO) based resistive sensors are found to
be very practical in this regard due to tremendous material properties of rGO such
as large surface to volume ratio, low energy adsorption sites, good electrical and
thermal properties, etc. Also it is economical to use rGO due to its large-scale low-
cost synthesis. Moreover, the gas sensing properties like sensitivity and selectivity
of rGO can be improved by functionalizing with metallic nanoparticles [5–8].

In recent years, a lot of work has been done in the field of hydrogen sensors based
on rGO. A room temperature sensor based on thermally reduced (partially) rGO
sheets shows excellent response to hydrogen gas. The temperature at which rGO
sheets are reduced affects the density of states (DOS) distribution of band gap and
band size which further affects sensitivity [9]. Pd doped rGO films were studied in
the temperature range 30 °C–75 °C, and the sensor response was found to increase
with the increase in temperature [10]. Room temperature response was observed by
alternating current dielectrophoresis (DEP) method toward 200 ppm hydrogen with
Pt decorated graphene oxide (GO) sensor [11].

Hydrogen sensing properties of rGO/ZnO nano-composite was reported, in which
1.2 wt% of rGO/ZnO nano-composite films deposited on alumina substrate showed
highest sensitivity to hydrogen at 150 °C [12]. This high sensitivity is attributed to
good conductivity of rGO and the p-n hetero contact between p-type rGO and n-type
ZnO. Effect of nitrogen doping on rGO films decorated with Pd nanoparticles for
hydrogen storagewas reported byRamaprabhu and group in 2012 [13]. They reported
a 66% increase in hydrogen intake of nitrogen doped graphene. The hydrogen intake
capability further increased up to 124% on decoration of nitrogen doped graphene
with Pd nanoparticles [13].

In this work, we highlight the response difference between palladium loaded
pure rGO and palladium loaded nitrogen doped rGO in hydrogen. Special emphasis
is given to the nature of response and its characteristic variation with the change
in operating temperature. The data is thoroughly analyzed and a suitable sensing
scheme is proposed to support the experimental results.
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2 Materials Preparation

Natural graphite flakes (>99%), sulfuric acid (H2SO4), potassium permanganate
(KMnO4), hydrogen peroxide (H2O2), distilled water, hydrazine hydrate (N2H4),
hydrochloric acid (HCl), 0.04% ammonia solution (NH3), ethylene glycol (99%),
sodium tetra chloropalladate (II) hydrate (99.9999% metal basis) (Na2PdCl4),
polyvinyl pyrrolidone (PVP Mw = 40,000), sodium hydroxide (NaOH Mw = 40
gm/L) were purchased from Sigma Aldrich and Alfa Aeser.

2.1 Synthesis of Reduced Graphene Oxide(RGO)
by Chemical Exfoliation

The rGO is synthesized by chemical exfoliation technique. In this method graphite
flakes (1.5gm) were mixed with 25 ml H2SO4 in a 250 ml volumetric flask kept in
an ice bath. Volumetric flask along with ice bath was kept on a magnetic stirrer for
5 min maintaining the temperature in the range 0–5 °C. Potassium permanganate (3
gm) was added to the solution over a period of 10 min with constant stirring and
maintaining the temperature <20 °C. The solution was then stirred on a magnetic
stirrer for 3 h at 35 °C. Distilled water (100 ml) was added carefully to the solution
with constant stirring and maintaining the temperature <100 °C in the next 10 min.
30 ml of 30% hydrogen peroxide was directly added to the above solution under
stirring condition. 100 ml of 10% HCl was added to the solution and then washed
and filtered with distilled water. The filtrate was oven dried at 40 °C for 3 h. The
dried filtrate was graphene oxide. Colloidal solution of as obtained graphene oxide
was thereafter poured into distilled water with constant stirring on a magnetic stirrer
for 35 °C for 30min. Then hydrazine hydrate (10ml) dispersed in 30ml of water was
added to the colloidal solution of GOwith constant stirring for 3 hr. The solution was
filtered and the filtrate obtained was reduced graphene oxide (rGO). The filtrate was
oven dried at 35 °C overnight and powdered rGO was extracted from filter paper.

2.2 Synthesis of Nitrogen Doped rGO

The as-prepared rGO was thermally treated with three concentrations of ammonia
(NH3) at 100 °C. In two round bottom flasks each containing 0.1 gms of rGO, 5 ml,
and 11 ml of 0.04% NH3 solution, respectively, were added, and the flasks were
tightly capped. Thereafter the flasks were put in a constant temperature oven and the
temperature of the oven was maintained at 100 °C for 15 h. After this heat treatment,
the contents of the flasks were cooled to room temperature.
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2.3 Synthesis of Pd Nanoparticles

ThePdnanoparticleswere prepared by polyolmethod. In thismethod 0.1 gms sodium
tetra chloropalladate was reduced at 100 °C by 20 ml ethylene glycol in the presence
of 0.033 gms PVP, which acts as the capping agent to avoid agglomerated growth of
the nanoparticles. During synthesis the solution was constantly stirred and 175 μl of
NaOH (1 M) solution was slowly added to the reaction mixture (@ 25 μl for seven
times within a total time period of 90min) with the help of micropipette. The color of
the solution changed from dark brown to black and stirring and temperature condi-
tions were maintained until the solution color was completely black. The solution
was then kept in oven for 24 h at 100 °C for the growth of nanoparticles. Thereafter
the solution was cooled and centrifuged at 5000 rpm. Black colored Pd nanoparticles
were obtained and the yield was repeatedly washed with distilled water.

3 Characterizations Results & Analysis

X-ray diffraction studieswere performed usingBrukerD2Phaser diffractometer. The
scanning was done in the 2θ range of 10°–60° with step size of 0.0203°. The Raman
spectroscopicmeasurementswere performedwithLabRAMARAMIS (Horiba Jobin
Yvon) using a low intense (to avoid sample damage) laser source (473 nm) excitation.
High resolution transmission electron microscopy images were obtained using Titan
ST 80-300 (Thermo-Fisher Scientific).

3.1 X-Ray Diffraction (XRD)

The structural information and interplanar spacing (or d-spacing) values are obtained
from XRD. For pure rGO sample three peaks are observed at 2θ positions 12.68°,
26.15°/26.35° and 54.24°, which correspond to (001), (002)/(002) and (004) planes
respectively (Fig. 1). Normally the diffraction peak at 26.5° is due to graphite and
the corresponding d-spacing value is ~0.336 nm. So the high intensity peaks at
26.15°/26.35° for pure rGO sample are perhaps due to unreacted graphite flakes.
The calculated d-spacing values are 0.34/0.337 nm for the 26.15°/26.35° peaks and
are close to the d-spacing value of graphite. The peak at 12.68° is due to the reflec-
tions from the GO layers and the calculated interplanar spacing value of ~0.696 nm
(Table 1). The increase in the value of interplanar spacing indicates the success of the
chemical exfoliation and incorporation of functional groups in the layers. The peak
corresponding to 54.24° is also due to the graphitic (004) plane. The existence of
(002) and (004) graphite reflections probably indicates the use of excess graphite in
the starting reaction, which leads to incomplete chemical exfoliation. Further studies
are necessary to quantitatively control the reactant amounts. Two low-intensity peaks
at 31.15° and 77.5° may be due to higher order GO reflections.
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Fig. 1 X-ray Diffraction spectra in 2θ range a ~10°–80° b −10°–16° (G-Graphite; GO-Graphene
oxide; rGO-reduced graphene oxide)

Table 1 Parameter
calculated from XRD

Sample Peak 2θ Position (in
degree)

d-spacing (nm)

rGO (001) GO 12.688 0.696

N-rGO (5 ml) (001) GO 12.716 0.695

(002) rGO 21.52 0.412

(002) rGO 24.62 0.361

N-rGO (11 ml) (001) GO 12.728 0.694

(001) GO 14.01 0.631

(002) rGO 24.5 0.3629

Nitrogen doped rGO (5ml) shows diffraction peaks at 2θ positions ~12.7°, ~21.5°,
~24.6°, ~42.5, ~54.2 and ~77.2°, in which the ~12.7o and ~77.2° peaks are GO signa-
tures and the diffraction peaks near ~21.5° and ~24.6° can be considered as rGO
signatures (Fig. 1). The peak at ~42.5° and ~54.2° correspond to graphitic reflections
(JCPDS 75-2078). The unique features of nitrogen doped rGO XRD are (i) Sharp
decrease in the intensity of the graphitic (002) peak (ii) shift in the (002) peak posi-
tion toward lower 2θ values (iii) increase in the peak broadening of the (002) and the
existence of multiple peaks (iv) very high (001) GO intensity. All these facts indicate
that the chemical exfoliation is also progressing during ammonia treatment. In fact,
upon doping with nitrogen there is possibility of three structural configurations, i.e.,
graphitic N-configuration, pyridinic N-configuration, and pyrollic N-configuration.
These configurations arise due to the substitution of some of the carbon atoms by
nitrogen atoms and the configuration change is dependent on the ammonia concentra-
tion. Also, these structures can tune the attachment of surface functional groups and
tune the layer separation due to the difference in electronegativity between oxygen
and nitrogen. Such modulation of the surface functional groups probably results in
the broad (002) nitrogen doped rGO peak.

With the increase in ammonia content from 5 ml to 11 ml, the diffraction peaks
are at 2θ positions ~12.7°, ~14°, ~24.5°, ~41.8, ~43.03°, and ~77.2°. The important
difference is additional GO signature at 2θ = 14°. This can be attributed to the
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formation propensity of different structural configurations arising due to nitrogen
incorporation in the carbon rings. Also, the observation of this peak at high 2θ
position (14°) probably indicates that the oxygen content in those 2-dimensional
patches is relatively less.

It is seen that the d-spacing values change upon ammonia pretreatment. In fact d
~0.35 nm is standard desirable value for few layer graphene. Table 1 shows that the
d-spacing reduces (and approaching 0.35 nm) upon the conversion of GO to rGO.
Increase in ammonia content affects the oxygen content in layers, which enhances the
transformation ofGO to rGOand formation of nitrogen induced configurations.Also,
in presence of ammonia further layer nucleation at nitrogen substituted positions is
likely. However, high ammonia concentration can lead to the squeezing of the layers
because the d-spacing of rGO is less than GO. The variation of d-spacing due to the
existence of both GO and rGO for a particular sample is revealed from the calculated
d-spacing. The existence of graphitic signature for the undoped sample indicates
the fact that excess graphite is used in the starting reaction. Although the graphitic
signature is reduced in ammonia doped samples, yet it is not eliminated completely.

3.2 High Resolution Transmission Electron Microscopy
(HRTEM)

The HRTEM images along with SAED (Selected Area Electron Diffraction) patterns
of pure rGO, N-rGO (5 ml) and N-rGO (11 ml) are shown in Figs. 2, 3, and 4, respec-
tively. Veil type morphology with occasional folds of the 2D layers is quite obvious
from the HRTEM images (Figs. 2a, 3a, 4a). The magnified images (highlighting the
layers and their separation) of the synthesized materials are shown in Figs. 2b, 3b,
and 4b. The SAED patterns shown in Figs. 2c, 3c, and 4c are used to calculate the
d-spacing. It is clear from the images in Fig. 2 that there is a gradual transformation
from graphite to GO and then to rGO. This is evident from the variation in the d-
spacing values as highlighted in the Fig. 2b and calculated from Fig. 2c. The values
of d-spacing calculated for 1st, 2nd, 3rd, and 6th bright rings (in SAED pattern) are
0.98, 0.552, 0.37, and 0.118 nm, respectively, and they correspond to GO (Fig. 2c).

Fig. 2 HRTEM images of pure rGO a low magnification b high magnification and c SAED pattern
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Fig. 3 HRTEM images of N:rGO (5 ml) a low magnification b high magnification and c SAED
pattern

Fig. 4 HRTEM images of N:rGO (11 ml) a low magnification b high magnification and c SAED
pattern

The 4th and 5th bright rings having d values 0.33 and 0.205 nm, respectively, corre-
spond to graphite. In fact the value of d-spacing calculated from XRD for pure rGO
sample for the first peak is 0.696 nm, which is close to the HRTEM results; also, the
graphite peaks near ~26° and ~44° are observed in the XRD spectrum of pure rGO.

The d-spacing calculated from Fig. 3c reveals partial conversion of GO to rGO
(maximum d-spacing is ~0.695 nm). Additionally the graphite signature in N:rGO
(5ml) sample is less. The pleated morphology as shown in Fig. 3a probably indicates
the formation of high density multilayer graphene. This is in contrast to the pure rGO
sample, where the morphology lacks this corrugated edges.

Upon increasing the ammonia amount to 11-ml, the maximum d-spacing is
~0.378 nm (calculated fromFig. 4c),which is a clear indication of the high conversion
rate of GO to rGO. This can also indicate the existence of nitrogen-based structural
configurations, which probably tunes the interlayer separation due to the electroneg-
ativity difference. The graphite signature in N:rGO (11 ml) sample, although less is
still present. The rings are not diffuse but very clear and spotty in nature. Hence the
multilayer stacking of graphene is appreciably better in comparison to the previous
two samples. In fact the 2D graphene flakes are very clearly visible in Fig. 4a.

Apparently it seems from XRD and HRTEM studies that there is a hierarchy in
the maximum d-spacing value and it is highest for the pure rGO sample and it is
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Fig. 5 Pd NPs a HRTEM image b Particle size histogram and c SAED pattern

minimum for the N:rGO (11 ml). This indicates that the conversion efficiency of GO
to rGO is high in N:rGO (11 ml) sample, while it is low in pure rGO sample. The
N:rGO (5 ml) has an average conversion rate.

The HRTEM images were also obtained for Pd nanoparticles synthesized by
polyol method and the size and shape of the nanoparticles were determined (Fig. 5).
It is observed that nanoparticles are near spherical in shape (Fig. 5a). The particle
size as obtained from the histogram is ~6.12 nm (Fig. 5b). The spotty nature of the
SAED reveals excellent crystallinity of the synthesized Pd nanoparticles.

3.3 Raman Spectroscopy

The Raman spectrum of rGO mainly consists of three peaks, viz., D-band, G-band,
and 2D-band (Fig. 6). Information regarding the layer stacking and defects are
obtained by extracting peak information close to actual positions of D-band, G-
band, and 2D-band commonly observed at 1350 cm−1, 1580 cm−1, and 2700 cm−1,
respectively, for carbon materials [14].

Fig. 6 Raman spectra of
rGO, N-rGO (5 ml), and
N-rGO (11 ml)
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Table 2 Parameters calculated from Raman data

Sample name Peak position (cm−1) ID/IG IG/I2D

D-band G-band 2D-band

rGO 1362.1 1579.7 2722.59 0.432 2.318

N-rGO (5 ml) 1356.99 1883.53 2723.44 0.296 2.347

N-rGO (11 ml) 1361.08 1579.7 2738.74 0.245 2.458

The ratio of the intensities of the bands is tabulated inTable 2. The ratio of intensity
of D-band to the G-band describes the defects present in graphene structure, while
the ratio of the intensity of G-band and 2D-band reveals the layer morphology of
graphene. The ID/IG value closer to zero indicates less disordered structure of rGO.
The high value of IG/I2D ratio indicates multilayer graphene as the standard value for
IG/I2D is between 0.3 (for monolayer graphene) and 3.1 (for graphite) [15, 16]. For
the studied samples the calculated value of IG/I2D indicates an increase in multilayer
graphene stacking upon nitrogen doping. The reduction in the ID/IG value upon
nitrogen doping probably indicates an improvement in ordered layer stacking with
less morphological defects in the layers (Table 2).

4 Device Fabrication and Sensor Study

The synthesized materials (rGO, N-doped rGO, and Pd nanoparticles) were first
dispersed in water. The Pd loading was done by mixing rGO and N-doped rGO, with
a drop of Pd nanoparticle solution. The thin films (thickness ~ microns) of individual
mixtureswere thendrop casted on clean glass substrates byputting a single dropof the
mixed dispersion and subsequent drying on a hot plate at 90-100 °C.Resistive devices
were fabricated bymanually printing two parallel conducting lines (separation 2mm)
using silver paste and attaching two fine copperwireswith the conducting silver paste
lines. Thereafter the samples were again dried at 90–100 °C for baking the silver
paste.

The hydrogen sensor studies were performed with an indigenously fabricated
glass chamber in which gas mixture was introduced using mass flow controllers
(Alicat Scientific, USA). The temperature of the chamber was controlled by digital
PID temperature controller (make Schneider). The sensor data was recorded by a
computer interfaced digitalmultimeter (Keithley 6487 picoammeter/Voltage source).

4.1 Hydrogen Sensor Study

Films of pure rGO andN-rGOwere found to be insensitive to hydrogen in the studied
temperature range (RT−125 °C).Maybe the required energy to adsorb and dissociate



380 A. Kashyap et al.

the hydrogen molecules on rGO and N-rGO surfaces was insufficient. Upon Pd NP
decoration of the rGO and N-rGO films, the devices responded to hydrogen. Hence
it is apparent that the required activation energies for hydrogen dissociation are
available. The nature of response in Pd decorated films was found to depend on the
basematrix (rGOorN-rGO) and theoperating temperature. Interestingly the response
of devices based on only Pd NP to hydrogen was appreciable at RT, and thereafter the
performance completely deteriorated. However, the Pd decorated films of rGO and
N-rGO showed steady performance in the studied temperature range (RT−125 °C).
In addition, on a comparative scale the response (%) of the Pd NP decorated rGO or
N-rGO devices are better than devices based on only Pd NP at 30 °C. This implies
that the rGO or N-rGO layers are actively participating in the sensing process in Pd
NP decorated rGO or N-rGO devices.

Two independent responses (Response-1 and Response-2) are shown when the
devices are exposed to hydrogen. These are typical nomenclature used in this discus-
sion to indicate the variation of device resistance during hydrogen exposure (i.e.,
during the device response). “Response-1” indicates the rise in film resistance (or
device resistance) upon hydrogen exposure. The “Response-2” indicates the subse-
quent decrease in film resistance (or device resistance) after initial increase in resis-
tance while the gas (hydrogen) supply is still ON. Figure 7a shows this typical
dual response of Pd NP devices at RT. Interestingly the Pd decorated films of rGO,

Fig. 7 a Response of Pd NP resistive device to hydrogen at 30 °C. b–d Response of Pd decorated
rGO resistive device to hydrogen
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although showing dual response, are also manifesting a transition to single response
beyond a certain operating temperature (ttransition). The response patterns are shown
in Fig. 7b–d. Upon nitrogen doping of the rGO matrix, the temperature of transition
to single response changes, and this transition temperature is reduced to 30 °C, for
doping done with 5-ml ammonia solution (Fig. 8a, b).

The response parameters are calculated from the experimental data and tabulated
in Tables 3 and 4. It is apparent from these tables that the transition temperature
changes with the change in the base matrix, for instance, ttransition = 100 °C for Pd
NP decorated rGO, ttransition = 30 °C for Pd NP decorated N-rGO (5-ml), and ttransition
= 50 °C for Pd NP decorated N-rGO (11-ml). Also, the variation of response (%)
implies that the double response is favorable for low temperature applications, while
the single response is apparent for high temperature applications.

Fig. 8 a Response of Pd decorated N-rGO (5-ml) resistive device to hydrogen b Response of Pd
decorated N-rGO (11-ml) resistive device to hydrogen

Table 3 Response parameters for resistive devices based on Pd NP and Pd NP decorated rGO in
1000 ppm hydrogen

Sample t (°C) Response %Response Response time (s) Recovery
time (s)Response-1 Response-2 Response-1 Response-2

Pd NP 30 °C DR 0.085 0.32 12 26.5 1511

Pd NP:
rGO

RT DR 0.01 2.36 3 75 4344

30 °C DR 0.47 1.15 13.5 84 2803.5

50 °C DR 0.5 0.8 8.5 30 Very
slow

75 °C DR 0.76 0 23 0 24.5

100 °C SR 1.46 – 37 – 47.5

115 °C SR 1.37 – 57 – 25

125 °C SR 1.42 – 21.5 – 201

DR-Dual Response; SR-Single Response; RT-Room Temperature
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Table 4 Response parameters for resistive devices based on Pd NP decorated N-rGO (5-ml) and
Pd NP decorated N-rGO (11-ml) in 1000 ppm hydrogen

Sample t (°C) Response %Response Response time (s) Recovery
time (s)Response-1 Response-2 Response-1 Response-2

Pd NP:
N-rGO
(5-ml)

30 °C SR 0.66 – 17 – 89.5

50 °C SR 0.77 – 86.5 – 126

75 °C SR 2.68 – 79.5 – 283.5

100 °C SR 5.68 – 90 – 46.7

125 °C SR 7.94 – 86 – 314

Pd NP:
N-rGO
(11-ml)

30 °C DR 0.18 0.32 13.5 89.5 806.5

50 °C SR 0.34 – 38.5 – 45

75 °C SR 0.65 – 44.5 – 74.5

100 °C SR 0.84 – 60 – 117

125 °C SR Performance deteriorated

DR-Dual Response; SR-Single Response

4.2 Proposed Sensing Mechanism

The Pd NPs act as highly active catalytic centers to capture hydrogen molecules and
convert them into hydrogen atoms. Since pure Pd NP device responds to hydrogen at
30 °C, it is apparent that splitting of hydrogenmolecules happens easily in the studied
temperature range (RT-125 °C) for all category of devices; maybe the hydrogen
capture and splitting by the Pd NPs is enhanced at elevated temperatures beyond
30 °C. The deterioration of pure Pd NP devices at high temperatures is probably
due to the thermal expansion of the nanoparticles and has been elaborately discussed
elsewhere [17]. In this study it is observed that materials such as rGO and N-rGO are
unable to split hydrogen molecules in the studied temperature range and this maybe
attributed to the lack of activation energy to dissociate the molecules. Hence the Pd
decoration is necessary. However these layers of rGO (or N-rGO) actively participate
in the sensing if hydrogen atoms are available and this is obvious from the fact that
the response (%) of Pd decorated rGO is higher than devices made with only Pd NP.
Therefore it is apparent that the undoped and doped rGO layers actually control the
sensing mechanism.

The rGO or N-rGO normally intercalates the hydrogen atoms in between the
layers. In fact, intercalation of H atoms is dependent on the temperature and the
interlayer separation. It is reported that thin-film hydrogenation of graphene leads
to hydrogen coverage from both sides of the graphene sheet [18]. So crowding of
hydrogen atoms is likely if the interlayer separation is less and vice versa. Therefore
it is apparent that for a particular gas concentration, the ease of hydrogenation of
rGO (or graphane formation) is affected by the layer separation. The hierarchy of
interlayer spacing in the samples is studied with the help of material characterization
results (XRD and HRTEM) and elaborately discussed in previous sections. Apart
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from interlayer separation, temperature provides the necessary activation energy
that controls the adsorption coverage by the hydrogen atoms. For catalytically active
surfaces, the required energy is less, and hydrogenation of rGOor graphane formation
proceeds easily at low temperatures; however, in other cases, high temperature may
be required.

Therefore based on the above facts, the transition from double response to single
response can be thought of as transition from bulk transport to surface transport,
respectively. This can be justified on the basis of change in electronic status of reduced
graphene oxide. It is reported that upon hydrogenation of graphene, it becomes an
acceptor and there is a transition from sp2 to sp3 bonding (Fig. 9) [19, 20]. Such a
phenomenon is also likely for rGO. So, when the operating temperature is low, the
hydrogen adsorption is low, and hence the transformation from donor to acceptor
is also low. Hence the rGO matrix is partially compensated due to induction of
acceptor characteristics at low operating temperatures. In such a situation there is
an increase in resistivity of the bulk as generated charge carriers are neutralized by
the in-situ formed graphane (which is an acceptor). With the increase in tempera-
ture the hydrogen adsorption and subsequent intercalation increase, and hence the
acceptor characteristics of the base matrix. Therefore it is apparent that the bulk is
getting completely shieldedwith respect to electronic conductionwith the increase in
temperature, and the charge carriers prefer the relatively lower resistive surface path.
This is reflected in the response curves because response-2 is completely eliminated
at elevated temperatures.

The transition temperature is also dependent on the base matrix. Nitrogen doped
graphene provides a relatively better reactive surface for catalysis and sensing appli-
cations [18]. Also, the layer separation is small in nitrogen doped samples (as
discussed in XRD and HRTEM). Hence, the hydrogenation is high in nitrogen doped
graphene, which easily induces acceptor characteristics. So the transition tempera-
ture is reduced to 30 °C for 5-ml ammonia treated rGO. However, large amount of

Fig. 9 Hydrogen sensing mechanism a without Pd NPs b with Pd NPs
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ammonia (11-ml) can lead to the formation of pyridinic N-configuration and pyrollic
N-configuration that can affect the hydrogenation of the layers. Hence the transition
happens at higher temperature (50 °C) compared to 5-ml treated rGO. However, the
transition temperatures of ammonia treated samples are still lower than that of pure
rGO.

5 Conclusion and Outlook

The sensing results indicate versatility in the application prospectives of rGO (or
N-rGO) layers. This is attributed to the dual nature of response that was observed
for Pd decorated rGO (or N-rGO) films. In fact, the double response device charac-
teristic is relatively faster with respect to single response. Therefore such materials
can be preferred for low temperature gas sensor applications. Also, considering the
magnitude and variation of response (%), the single response device characteristics is
relatively better than the double response.Hence thesematerialswould be suitable for
more efficient gas adsorption applications at relatively lower temperatures. Although
the response times and recovery times are large, yet the results indicate a possibility
of tuning the time of response and recovery by improving the 2-dimensional material
characteristics. The characterization results clearly reveal that the synthesized rGO
(or N-rGO) layers have mixed characteristics. For instance, rGO, GO, and graphitic
signatures are apparent from the material characterization results. Hence, the sensing
performance is likely to improve, if the mixed material (i.e., presence of different
material phases) are avoided. In fact, further optimization of the synthesis parameters
is expected to yield higher sensing performance.
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Carbon-Based Electrodes for Perovskite
Photovoltaics

Arun Kumar, Naba Kumar Rana, and Dhriti Sundar Ghosh

Abstract It has long been concluded that solar energy holds the best potential for
meeting the planet’s long-term energy needs, however, as of now, more than 70% of
the global energy demand is still being fulfilled by non-renewable sources. Recently,
perovskite solar cells (PSCs) have attracted enormous interest because they can
combine the benefits of low cost and high efficiency with the ease of processing. In
the last decade, PSCs have seen a remarkable improvement in terms of efficiency,
however, there are still some hurdles in its path before they can be commercialized.
Themajor obstacle being their long-term stability in harsh environmental conditions.
In addition, the use of vacuum deposited transparent conductive oxides and noble
metals as an electrode is also hindering its prospects. Among potential candidates,
carbon-based materials provide a good alternative because of their suitable work
function, high- carrier mobility, electrical conductivity, stability, and flexibility. The
chapter discusses detailed information about different carbon-based materials and
their properties which make them a front-runner in future generation PSCs. We will
also discuss different advantages like flexibility, photostability, thermal stability, and
scalability which will lead to a pathway toward the commercialization of PSCs using
carbon-based electrodes.

1 Introduction

Since the last decade, PSCs (perovskite solar cells) have been showing significant
growth in power conversion efficiency (PCE). These cells have recorded a remark-
able rise in PCE from 3.8% to 25.2% in a very short duration as compared to other
technologies [1]. Apart from this, the perovskite materials have attracted keen atten-
tion from researchers around the world due to their all-round properties like tunable
bandgap, high absorption coefficient, high carriermobility, long diffusion length, and
low exciton binding energy.Also, the fact that perovskite as an active layermaterial in
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solar cells is easily processable via well-known techniques, viz., evaporation, spray,
and solution processing makes it a perfect versatile material. The inexpensive mate-
rials together with scalable low-cost processing make them industrial friendly and a
suitable candidate for low-cost fabrication. In addition, compatibilitywith roll-to-roll
printing, doctor blading, and screen printing further makes it capable of large-scale
production. Owing to these fascinating properties, PSC technology constantly drags
researcher’s interest toward it. Chemically, perovskite is a material having a structure
of ABX3, where A can be CH3NH3I, HC(NH2)2, Cs among others; B is usually Pb
and Sn; while C is a halogen like Cl, Br, or I. The perovskite material which is most
commonly being used in PSCs is CH3NH3PbI3. It exhibits a bandgap of 1.57 eV
which is quite suitable for light harvesting and thus an efficient solar cell operation.

Among numerous device architectures, the most widely used device architecture
for PSC is FTO/TiO2/perovskite/spiro-OMeTAD/Au. Here, fluorine-doped tin oxide
(FTO) acts as a transparent electrode and titaniumdioxide plays the role of an electron
transporting layer (ETL). Spiro-OMeTAD which stands for 2,2′,7,7′-Tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,9′-spirobifluorene is used as a hole transporting layer
(HTL). Finally, gold (Au) is the other electrode, usually a thick layer and opaque,
which collects the holes. The light enters the device from the FTOside and reaches the
perovskite layer where it creates an electron–hole pair. Although the perovskite layer,
as mentioned above, is inexpensive and can be deposited via a variety of low-cost
methods, there are other layers in the device which are expensive and require vacuum
deposition. The organic material Spiro-OMeTAD is very expensive and unstable and
requires inert atmosphere handling and fabrication for stability. Also, the use of
noble metals like Au and Silver (Ag) as back electrodes thereby raises the cost due
to the material itself and their deposition requiring high energy-consuming vacuum
deposition techniques. Such material also hinders the scalability of these devices. In
addition, the use of brittle indium tin oxide (ITO) and FTO as a transparent electrode
in a device makes PSCs not particularly suitable when it comes to flexible cells.
Apart from cost, it has also been observed that the use of Au and Ag as electrode
degrades the device performance due to migration of halogen ions resulting in the
formation of metal halides and also by the migration of metal into perovskite layer
through HTL [2, 3]. Honestly speaking, long-term stability is the biggest hurdle that
PSCs are facing right nowwhen it comes to commercialization. The stability of PSCs
toward light, heat, and moisture is the biggest issue to resolve before it is considered
for widespread commercialization.

Many attempts have been made to enhance the stability of PSCs which includes
using inorganic materials in place of the organic ones, using stable interfacial
layers, using 2D/3D hybrid perovskite active layer, HTL-free device architecture,
use of encapsulating layers, and incorporating carbon-based materials. Of all these
approaches, the use of carbon-based materials comes out to be more promising in
terms of long-term stability improvement. Along with that, the excellent properties
like high conductivity, low-temperature processing, low cost, mechanical strength,
abundance, high carrier mobility, and chemical stability in harsh environment make
them an attractive material to be used in PSCs. Moreover, the suitable work function
allows it to be used as an anode in PSCs while the hydrophobic nature of carbon
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materials helps to enhance the stability by reduction of moisture penetration. Also,
carbon not only serve as an electrode but can also act as a hole extractor [4] leading
to cost reduction and stability improvement.

As mentioned, one of the ways to include carbon-based materials in PSCs which
can in turn also improve long-term stability, reduce cost, and induce scalable produc-
tion of PSCs is to replace traditional electrodes with carbon-based electrodes. The
first PSC with a carbon-based counterelectrode was demonstrated by Ku and co-
workers [4] in 2013 showing a PCE of 6.64%. They used an HTL-free architecture
with carbon black/graphite as an electrode. To the best of our knowledge, the PCE of
carbon electrode-based PSCs has reached 19.2% till now [5]. Over 1-year stability
under 1-Sun illumination has already been shown by carbon-electrode-based PSCs
[6]. Long-term stability under high thermal stress of 100 °C has also been observed
with PSCs using a carbon-based electrode [7]. High stability has also been observed
under adverse moisture conditions [8]. Apart from the improvement of long-term
stability, carbon electrode-based PSCs are also promising candidates for flexible and
scalable photovoltaics [9, 10]. Taking all these parameters into account it will not be
wrong to claim that the commercialization of PSCs will be possible in the near future
with the help of carbon-based electrodes. In the subsequent sections, wewill describe
different carbon-based electrode candidates, their properties, fabricationmethod, and
detailed literature survey of work done using the material for incorporating them in
PSCs.

2 Suitable Carbon-Based Electrode Materials

2.1 Graphene

Graphene is a two-dimensional allotrope of carbon that forms the basic structure
of other allotropes like graphite, carbon nanotubes, etc. It belongs to the polycyclic
aromatic hydrocarbon family. The tensile strength of graphene is 130 GPa which
means it is a hundred times stronger than steel along with a lower surface mass
of 0.763 mg/m3. The considerable properties that make it compatible with PSCs
are its high transparency and high electrical conductivity. If we talk about optical
properties, graphene shows transmittance of more than 97% at 550 nm [11]. It has
to be mentioned that higher transmittance is an essential criterion for a materials to
be used as a transparent electrode. Graphene also has high carrier mobility (both
electron and hole), more than 15000 cm2V−1s−1 which is a hundred times more than
noble metals like gold [12]. Also, it has high conductivity values around 108 S/m
[13] which helps in fast as well as an efficient collection of charge carriers and also
lowers the probability of recombination. Apart from that, its high flexibility makes
it a good choice while fabricating flexible cells (Figs. 1 and 2).

In general, graphene is synthesized using CVD technique on a copper foil.
Methane as a carbon resource and hydrogen gas as a reducing agent are used. To
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Fig. 1 Structure of single- and double-layer graphene

Fig. 2 Transfer process for graphene. Reprinted with permission [11]

transfer the synthesized graphene layer to the desired substrate, a supporting polymer
layer of poly (methylmethacrylate) PMMAor poly (3-hexylthiophene) P3HT is spin-
coated over graphene on copper foil and annealed for half an hour at a temperature
of around 90 °C. In this way, polymer-coated graphene is obtained by etching Cu foil
in aqueous ammonium persulfate followed by washing with DI water. This polymer-
coated graphene can be transferred to graphene-coated Cu foil followed by etching,
and this step can be repeated to increase the number of graphene layers coated. Now,
this polymer-coated graphene is transferred to the desired substrate polyethylene
terephthalate (PET)/polyethylene naphthalate (PEN) and the polymer is removed by
rinsing it with acetone or chlorobenzene for three times [14].
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2.1.1 Graphene as Transparent Electrode

ITO and FTO are mostly being used from years as transparent electrodes in photo-
voltaic devices due to their superior trade-off between good transmittance and low
sheet resistance, but due to their higher cost which increases even more due to the
presence of rarematerial availability (indium), high-temperature fabrication (require-
ment of annealing), and poor flexibility owing to its brittle nature, other materials are
being exploredwhich can replace them.Among them,metal nanowires have emerged
as a potential candidate to replace ITO/FTO owing to their superior trade-off between
transmittance and sheet resistance which is even better than ITO and FTO. Graphene
because of its versatile mechanical and opto-electrical properties as explained before
can be a good competitor as a transparent electrode. Although the transfer of good
quality graphene over a large area is still a challenge, many researches are working
on the integration of graphene with PSCs.

In 2016, Liu and co-workers [14] fabricated the first flexible PSC using the
graphene electrode as transparent electrode. Instead of glass, a 20 µm PET substrate
was used to make the device flexible and light in weight. The device architec-
ture was graphene/P3HT/CH3NH3PbI3/PCBM/Ag (Fig. 3). Here, the graphene
layer was deposited using CVD technique and transferred using both P3HT
and PMMA as a supporting substrate. A better transfer was observed with
P3HT and a PCE of 11.5% along with which a high power per unit weight
of 5.07 W/g was achieved, which is considered good for wearable electronics.
When tested for bending stability, these devices showed only 14% degradation
after 500 bending cycles. In the same year, Sung and co-workers [15] fabricated
inverted PSC using graphene as a transparent electrode. The device architecture for
this was graphene/MoO3/PEDOT:PSS/CH3NH3PbI3/C60/BCP/LiF/Al. Here, single-
layer graphene was grown using CVD technique. MoO3 changes the work func-
tion of graphene from 4.23 to 4.71 eV which reduces the energy barrier between
HTL and graphene that results in better charge collection. Also, MoO3 coating

Fig. 3 Device architecture of PSCs using graphene as transparent electrode. Reprinted with
permission [14, 19]
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reduces the water contact angle from 90.4° to 30.0° which leads to better absorp-
tion of the HTL layer. The transmittance and sheet resistance were 90% and 500
�/�, respectively, for the graphene electrode and a PCE of 17.1% was achieved.
A similar device using ITO as a transparent electrode showed a PCE of 18.8%
which reveals that device with graphene as a transparent electrode can have more
than 90% PCE than that of a PSC using conventional transparent conductive oxides
(TCOs). Later in 2016,Batmunkh and co-workers [16] fabricatedPSCusing solution-
processed graphene film as a transparent electrode. It was the first demonstration for
a PSC with graphene as a transparent electron-collecting electrode, i.e., cathode.
The device architecture was graphene/TiO2/CH3NH3PbI3-xClx/spiro-OMeTAD/Au.
Graphene layer was synthesized by oxidation of graphite followed by exfolia-
tion and chemical reduction. Sheet resistance and transmittance of 3.08 K�/�
and 55%, respectively, were obtained and a PCE of 0.62% was obtained. In
2017, Heo and co-workers [17] fabricated an inverted PSC using AuCl3-doped
graphene as a transparent electrode. The device architecture was AuCl3-doped
graphene/PEDOT:PSS/CH3NH3PbI3/PCBM/Al. Graphene layer in the device was
synthesized using CVD and transferred using PMMA as a supporting substrate. For
AuCl3 doping, gold chloride powder was dissolved into nitromethane at different
concentrations and spin-coatedover graphene.Work functionwas controlled between
−4.52 eV and −4.86 eV while the sheet resistance was reduced from 890 �/� to 70
�/� by doping. Sheet resistance and transmittance decrease with an increase in the
concentration of doping. Hence, 0.75 mM concentration leads to a maximum PCE
of 17.4%. Pristine graphene shows a PCE of 11.5%–12.6%. These devices also show
good stability under light soaking conditions. In 2017, Jeon and co-workers [18]
fabricated an inverted flexible PSC with graphene and single-wall carbon nanotubes
(SWCNTs) as a transparent electrode. The device architecture was ITO, graphene, or
SWCNTs/PEDOT:PSS/MoO3/CH3NH3PbI3/C60/BCP/LiF/Al. Monolayer graphene
was synthesized using alcohol catalytic CVD technique. Sheet resistance and trans-
mittance for the graphene layer were about 500 �/� and 90%, respectively, and
that for SWCNTs were about 200 �/� and 75%, respectively. Devices based on
ITO, graphene, and SWCNTs show PCE of 17.8%, 14.2%, and 12.8% respectively.
The high PCE of the graphene-based device is due to high transmittance and better
morphology. A flexibility test was done to demonstrate the bending stability of these
devices. Both the devices using graphene and SWCNTs as a transparent electrode
retained about 90% of their initial PCE even after 1000 bending cycles, whereas
the PCE of the device with ITO dropped to a value less than 60% of the initial
PCE value. In 2017, Yoon and co-workers [19] fabricated highly efficient and flex-
ible PSCs using graphene as a transparent electrode. The device architecture was
graphene/MoO3/PEDOT:PSS/CH3NH3PbI3/C60/BCP/LiF/Al (Fig. 3). Single-layer
graphene was synthesized using CVD method and transferred using PMMA as a
supporting substrate. The transferred graphene layer, here, shows transmittance and
sheet resistance of about 97%and 550�/�, respectively. Although sheet resistance is
very high in comparison to ITO, high transmittance and better band alignment help to
obtain comparable open-circuit voltage (Voc) and short-circuit current (Jsc) values. A
PCE of 16.8% with negligible hysteresis was obtained. These devices retain 90% of
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initial PCE after 1000 bending cycle and 85% even after 5000 bending cycles with a
bending radius of 2mm,whereas a similar device with ITO degrades to less than 40%
on 1000 bending cycles with 4 mm bending radius. No significant cracks are found
in the graphene layer even after bending for 5000 times. It was the first flexible PSC
to show a reduction of less than 20% in PCE even after 5000 bending cycles. In 2018,
Luo and co-workers [9] fabricated PSC with all carbon-based electrodes. The device
architecture was graphene/TiO2/PCBM/CH3NH3PbI3/CSCNTs+ spiro-OMeTAD.
Double-layer graphene was synthesized using CVD technique. Transmittance and
sheet resistance of about 87.3% and 290 �/�, respectively, were obtained which
lead to a device with PCE of 11.9% and 8.4% without using spiro-OMeTAD as
HTL. These devices with graphene/CSCNTs show quite a good bending stability for
bending radii varying between 8 mm and 2.2 mm with no change up to 4 mm and a
small decrease to 87% at 2.2 mm. On the other hand, a similar device with ITO/Au
reduced to 87% at 4 mm and the device got fully damaged at 2.2 mm. When bent
repeatedly, ITO/Au-baseddevices fell to 13%of initial PCEafter 1500bending cycles
at 4 mm, whereas graphene/CSCNTs devices retained 84% PCE even after 2000
bending cycles. In 2018, Jang and co-workers [20] fabricated semi-transparent and
flexible PSC using graphene both as cathode and anode. The device architecture was
triethylenetetramine (TETA)-graphene/ZnO/CH3NH3PbI3/PTAA/PEDOT:PSS/bis
(trifluoromethanesulfonyl)-amide (TFSA)-graphene where graphene was synthe-
sized using CVD technique. For doping, TFSA powder was dissolved into
nitromethane, and TETA in ethanol and solution was spin-coated over the graphene
surface. The work function for graphene was 4.53 eV, for TFSA-graphene was
4.88 eV, and TETA-graphene was 4.42 eV, respectively. The sheet resistance of
graphene with TFSA and TETA doping reduced to about 163 and 212 �/�, respec-
tively. A PCE of 10.56/10.73 % and 10.96/11.16 % was obtained with and without
using Ag reflector where a similar device with ITO and Au as electrode showed
12.87/13.17% PCE. Even after 1000 bending cycles at an 8 mm radius, the PCE of
the device with graphene remained about 70% of the initial value.

2.2 CNTs (Carbon Nanotubes)

A carbon nanotube is an allotrope of carbon that exists in the form of hollow cylin-
drical tubes with a radius in the order of nanometres. These can be assumed to be
made from rolling up of graphene sheets into a cylindrical shape (Fig. 4). The elec-
trical and optical properties of carbon nanotubes make it capable of becoming a part
of the photovoltaic system. Carbon nanotube-based electrodes can have an optical
transmittance of more than 85% [21]. This can lead to better exposure of the active
layer of a solar cell to the visible light which ultimately leads to a better performance
of the device. If we talk about electrical properties, they have a high conductivity of
the order of 106 to 107 S/m [13]. They can have a sheet resistance of less than 100
�/� [21]. A carrier mobility of more than 100,000 cm2V−1s−1 at room temperature
ensures its turning out to be a good material for charge collection and also reduces
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Fig. 4 Structure of single- and multi-walled carbon nanotubes

the chances of recombination [22]. CNTs can have a length-to-diameter ratio of
100000000:1, which means very large CNTs of about a half meter can be produced,
which seems interesting from a large-scale fabrication point of view. They have a
high tensile strength of about 63 GPa besides holding commendably high flexibility,
durability, and stability. All these properties make CNTs a good contender for being
an effective replacement of traditional electrodes.

In general, CNT films are synthesized using aerosol CVDmethod. CVD is carried
out in large tubes of the order of 100 mm. Vaporization of catalyst precursor is done
by passing CO through ferrocene powder. For stabilization, CO2 is added along with
CO. CNTs are collected by filtration through a silver membrane filter. The ferrocene
vapors are then introduced through a water-cooled probe into a high-temperature
zone of ceramic tube reactor and additional CO is mixed. Then at a high temperature
of about 880 °C, ferrocene vapors are thermally decomposed into the gas phase of
the aerosol CVD reactor. Carbon monoxide flowing at 4L/min decomposes on iron
nanoparticles which results in the growth of CNTs. These prepared CNTs can be
collected by passing through microporous filters. To control transparency and sheet
resistance, variations in the collection time can be brought. The collected CNTs can
be transferred to various substrates by dry press transfer method [23, 24].

Another approach of cross-stacked superaligned CNTs (CSCNTs) is also being
used by scientists. Long CNTs with a length of about 300 µm are synthesized over
silicon wafer using acetylene as precursor and iron as a catalyst in a low-pressure
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Fig. 5 Transfer process for cross-stacked nanotubes. Reprinted with permission [26]

CVD. Iron thin-film-coated siliconwaferwas placed and heated up in the tube furnace
in the argon gas flow to a temperature of about 700 °C. To initiate the superaligned
CNTs array growth, hydrogen and acetylene are added to the argon gas. In this
way, a superaligned array of length of about 300 µm can be obtained on a silicon
wafer under 500 and 50 sccm of acetylene and hydrogen, respectively. The formation
of a superaligned array can be scaled by varying the silicon wafer size. To obtain
CSCNTs, layer-by-layer sequential stacking can be done on ametallic frame keeping
one layer perpendicular to the other. To shrink and tighten, these sheets are dipped
into ethanol for 1 min (Fig. 5). The number of layers stacked can be changed to alter
the conductivity while doping and heat treatment can also be employed for the same
[25, 26].

2.2.1 CNTs as Transparent Electrode

In 2014, Qiu and co-workers [27] fabricated a PSC in the form of a flexible fiber.
They developed a co-axial structure for PSCs involving lower investments. The
device architecture was stainless steel/TiO2/CH3NH3PbI3/spiro-OMeTAD/CNTs.
A flexible stainless steel fiber and CNT sheets were used as anode and cathode,
respectively. A PCE of 3.3% was obtained. The fiber shows almost the same PCE
irrespective of the incident angle of light. Different layers were coated by dipping
stainless steel fiber into solutions, and finally CNTs were wrapped to form the
transparent electrode. This type of device structure is useful for wearable elec-
tronics and future textiles. Meanwhile, Wang and co-workers [28] demonstrated
a flexible PSC using CNTs as a transparent electrode. The cell architecture was Ti
foil/TiO2 NTs + CH3NH3PbI3/CNTs + spiro-OMeTAD where CVD technique was
used for CNTs synthesis. Using this architecture, they obtained a PCE of 8.31%.
They demonstrated a flexibility test for this cell with a bending radius of 0.75 cm
using a cell with a length of 2.5 cm. These devices retain about 85% of initial
PCE even after 100 bending cycles. In the year 2015, Jeon and co-workers [29]
fabricated PSC using diluted nitric acid-doped SWCNTs as a transparent electrode.
The cell architecture was HNO3—SWCNT/PEDOT:PSS/CH3NH3PbI3/PCBM/Al
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with (35% v/v)—HNO3-doped SWCNTs are used for top contact. HNO3 doping
helps to make SWCNTs hydrophilic so that PEDOT:PSS layer can be easily
formed over it. They have obtained a PCE of 6.32% on glass and 5.38% on PET
substrate. For this composition (35% v/v), transparency was about 65% and sheet
resistance of 25.6 �/�. Without HNO3 doping, a PCE of 4.27% was obtained
with a similar configuration. Two years later, Jeon and co-workers [18] fabricated
a flexible inverted PSC using CNT as a transparent electrode. The cell archi-
tecture was SWCNTs/PEDOT:PSS/MoO3/CH3NH3PbI3/C60/BCP/LiF/Al (Fig. 6).
SWCNTs were synthesized using an aerosol CVD method in CO atmosphere.
Here the CNT films show transparency of about 70% and sheet resistance about
200 �/�. In this way, they have managed to obtain PCEs of 12.8% on glass
and 11% on flexible PEN substrate. These solar cells retain 90% of their PCEs
after 1000 bending cycles. Again in 2017, Jeon and co-workers [23] fabricated
a PSC that used CNTs both as anode and cathode. The device architecture was
CNTs/PCBM/CH3NH3PbI3/PEDOT:PSS/CNTs. The CNTs were synthesized using
aerosol CVD method as already explained above. CNT films showed sheet resis-
tance of 200 and 20 �/� with transparency of 90% and 50%, respectively. A
PCE of 7.32% was obtained. By opting for such a device architecture, the mate-
rial cost certainly reduces to approximately 33% of PSC fabricated with conven-
tional materials. These devices show better bending stability up to a bending radius
of 1 mm in comparison to devices with conventional electrodes. Again in 2019,
Jeon and co-workers [30] demonstrated solution-processed double-walled carbon
nanotubes (DWCNTs) as a transparent electrode in PSCs. The cell architecture was
DWCNTs/PTAA/MA0.6FA0.4PbI2.9Br0.1/C60/BCP/Cu. Here DWCNTs were synthe-
sized using high-temperature catalytic CVD method and coated on glass substrates
using slot-die coating technique. For HNO3 doping, diluted HNO3 in DI water (30%
v/v) was spin-coated on DWCNTs and for TFMS doping, diluted TFMS solution
in chlorobenzene (8% v/v) was spin-coated. They obtained a PCE of 15.6% for
pristine DWCNTs, 16.7% for HNO3-doped DWCNTs, and 17.2% for TFMS-doped
DWCNTs.

Fig. 6 Device architecture of PSC using CNTs as transparent electrode (left). SEM image of
cross-stacked superaligned carbon nanotube film (right). Reprinted with permission [18, 26]
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2.2.2 CNTs as Back Electrode

The noble metals like Au, Ag, Cu, and Al are being used as back electrode material
in photovoltaic devices from a very long time. A very high conductivity, suitable
work function, and high reflectivity make them an amazing choice for the back
electrode of PSCs. Under lab-scale and controlled atmosphere, devices with these
materials work quitewell. But in real-time operation, such devices showperformance
degradation over time when exposed to temperature and moisture. These materials
are very costly and their vacuum deposition processes are quite energy-consuming.
So, when it comes to large-scale fabrication, these metal electrodes are not ideal.
On the other hand, CNTs are inexpensive, easily processable using solution-based
techniques.Ambient atmosphere processing and goodmechanical strength also allow
upscaling and roll-to-roll printing techniques. Low sheet resistance even less than 10
�/� has been obtained with nearly opaque CNT layers [21].

In 2014, Li and co-worker [31] fabricated a PSC using CNT films as the back
electrode. The device architecture was FTO/TiO2/CH3NH3PbI3/CNT (Fig. 7). A
PCE of 9.90 and 6.87% was obtained with and without using Spiro-OMeTAD.
A similar device without spiro-OMeTAD using Au as electrode shows a lower
PCE of 5.14%. CNTs synthesized using CVD were collected on nickel foil and
free-standing CNT thin films were formed and laminated onto perovskite layer
with the help of toluene. In 2015, Wei and co-workers [32] fabricated an HTL-
free PSC based on multi-walled carbon nanotubes (MWCNTs) back electrode.
The cell architecture was FTO/TiO2/CH3NH3PbI3/MWCNTs. They got a PCE
of 10.30% with 0.75 fill factor (FF) for one layer of MWCNTs and a PCE of
12.67% with 0.80 FF for two layers of MWCNTs. The J-V characteristics of the
devices were observed at different scan rates of 10, 50, and 100 mV/s. During all
these observations, devices show a negligible hysteresis with a difference factor of
about 1.5%. The proper size of CNTs forms a better contact with the perovskite
layer and interpenetrated crack-free 1D chain structure allows high conductivity. In
2016, Aitola and co-workers [33] demonstrated SWCNTs film-based back electrode
for PSCs. The cell architecture was FTO/TiO2/(FAPbI3)0.85(MAPbBr3)0.15/spiro-
OMeTAD/SWCNTs orAu. They used this configuration bothwith andwithout spiro-
OMeTAD. Here they transferred SWCNT film onto the perovskite layer from filter
paper by simple press transfer method. Chlorobenzene was drop casted to densify

Fig. 7 Device architecture of PSCs using CNTs as back electrode. Reprinted with permission [25,
31]
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this CNT layer. The PCEs for devices with HTL usingAu and SWCNTs as back elec-
trodes are 17.7% and 13.6%, respectively, and that without using HTL are 5.0% and
9.1%, respectively. In 2016, Luo and co-workers [25] fabricate cross-stacked super-
aligned carbon nanotubes (CSCNTs)-basedHTL-free PSC. The cell architecture was
FTO/TiO2/CH3NH3PbI3/CSCNTs (Fig. 7). Superaligned CNTs of around 300 µm
length were fabricated using LP-CVD technique on a silicon wafer with Fe thin film,
and then a large number of 25, 50, and 75 layers were cross stacked one over another.
Doping with iodine (I-CSCNTs) and thermal treatment (T-CSCNTs) were done to
improve the performance. A device with 50 stacking layers shows sheet resistance of
43, 30, and 16�/� for pristine, thermally treated, and iodine-doped CSCNTs and the
corresponding PCEs are 7.57, 8.26, and 9.64%. This is due to better wettability and
hence better contact of iodine-doped CSCNTs. Encapsulated devices with PMMA
show good stability in the dark as well as under light soaking conditions. Again in
2017, Luo and co-workers [34] fabricated a PSC using SnO2-coated CSCNTs film
as a back electrode on a rigid as well as flexible substrate. The cell architecture
was FTO/NiO2/Al2O3 + CH3NH3PbI3/SnO2@CSCNTs+ CH3NH3PbI3. The sheet
resistance of hybrid SnO2@CSCNTs (51± 2.3�/�) is equivalent to the sheet resis-
tance of CSCNTs (44 ± 1.7 �/�), which shows that joints in CNTs are good even
after SnO2 coating. In this way, they obtained an average PCE of 9 ± 0.9% for 30
devices. The cells fabricated on flexible substrates with 9% PCE retain nearly 8%
PCE after 300 bending cycles. Also, all these cells were tested for humidity, heat,
and photodegradation for about 500 h and retained 90% of their PCEs. It has been
observed that these cells are more stable than similar cells fabricated using Ag as
the back electrode. In 2017, Aitola and co-workers [24] fabricated a triple cation
PSC using both Au and SWCNTs separately as back contact. The cell architec-
ture was FTO/TiO-2/FAPbI3:MAPbBr3/spiro-OMeTAD/Au or SWCNTs. SWCNTs
were synthesized using a floating catalyst-CVD technique and were transferred to
perovskite substrate using a filter paper by applying some pressure. In this work,
the maximum PCE of 14.3% was achieved using SWCNTs as back contact. Both
types of cells fabricated using Au and SWCNTs as back contact were tested atMPPT
under 1-Sun equivalent irradiance at 60 °C for 140 h. Cells fabricated with Au as
back contact degrade to 30% of its initial PCE value, whereas cells with SWCNTs
as back contact show a negligible drop in PCE. In 2017, Jeon and co-workers [23]
fabricated a PSC using CNTs both as cathode and anode. The corresponding device
architecturewas CNT/PEDOT:PSS/CH3NH3PbI3/PCBM/CNT.AmaximumPCE of
10.5% was obtained. They compared the bending stability for three different pairs of
electrodes, viz., ITO/CNT, CNT/Al, and CNT/CNT at different bending radii. It is
evident from their work that the device with both CNT electrodes can tolerate more
bending in comparison to others. In 2018, Zhou and co-workers [26] fabricated an
invertedPSCusingPEI-modifiedCSCNTsas theback electrode.The cell architecture
was FTO/NiOx/CH3NH3PbI3/PCBM/CSCNT:PEI. The CSCNTs were synthesized
using CVD technique on a silicon wafer, densified by immersing into ethanol, and
were deposited onto the PCBM layer by solvent-assisted transfer. For a device with
CSCNT:PEI (0.5 wt%), they got a PCE of 10.8% with negligible hysteresis. For a
similar configuration with Ag back contact, they got 14.9% PCE. The device retains
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94% of its initial PCE after 500 h at room temperature and ambient air without any
encapsulation, whereas the PCE of the device with Ag back contact falls to 50% of
its initial value. At an elevated temperature of 60 °C, the PCE of the device with
Ag falls to 40% of the initial value within 200 h and CSCNT devices retain nearly
90%. When devices were tested in high relative humidity of 60% at 60 °C the Ag-
based device PCE reduces to 10% of its starting value whereas CSCNTs retain 70%
whichwas further improved to 85%by using PMMAencapsulation. In 2018, Luo and
co-workers [9] fabricated highly flexible planar PSC using CSCNTs as the back elec-
trode. The device architecture was graphene/TiO2/PCBM/CH3NH3PbI3/CSCNTs+
spiro-OMeTAD. For these devices, a PCE of 11.9% and 8.4% was obtained with
and without using HTL. A similar set of devices with ITO/Au as electrodes was also
fabricated for comparison. The devices with CSCNTs show great bending stability
with a bending radius of up to 2 mm for 2000 bending cycles. Also, the devices with
CSCNTs are more stable than those with conventional electrodes under light soaking
and thermal stress conditions for more than 1000 h. The improved stability is because
the carbon electrode exerts very little effect on the perovskite layer and also CSCNT
layer is thick and hydrophobic which provides encapsulation to the perovskite layer.
The device architecture was CNTs/PCBM/CH3NH3PbI3/PEDOT:PSS/CNTs. The
CNTs were synthesized using aerosol CVD technique. They got a PCE of 7.32%.
By opting for such device architecture, the material cost reduces to approximately
33% of the PSC fabricated with conventional materials. These devices show better
bending stability up to a bending radius of 1 mm in comparison to devices with
conventional electrodes (Fig. 8).

Fig. 8 Structure of graphite (left) and carbon black (right)
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2.3 Graphite and Carbon Black

Graphite is one of themost common naturally occurring andmost stable allotropes of
carbon. It is composed of a hexagonal lattice of carbon atoms and is a soft material.
It has a high electrical conductivity of the order of 105 S/m. The carrier mobility
in graphite is 20100 cm2V−1s−1 for electrons and 1590 cm2V−1s−1 for holes. It
is also thermally very stable till 700 °C. Also, the hydrophobic nature of graphite
provides additional stability toward moisture and humidity. At the same time, the
small size of carbon black or carbon nano-powder provides better contact between
active perovskite layer and charge-collecting graphite. In this way, a combination
of graphite and carbon black in a suitable ratio provides good contact with active
layer and enhanced charge collection. These interesting properties make it a capable
candidate for being used as an electrode in solar cells.

In general, a carbonpaste consisting of carbonblack andgraphite flakes or graphite
nano-powder in different weight ratios is prepared. In some cases, ZrO2 is also
added to make scratch-resistant films. A finely blended mixture of carbon powder
is then dissolved into hydroxypropyl cellulose or its solution with ethyl acetate and
polyvinyl acetate. Ethylcellulose and terpineol can also be used to dissolve carbon
powder. This mixture is placed in a ball mill at 300–400 rpm for several hours to form
a viscous paste. The carbon paste thus obtained is directly coated onto perovskite
film using screen printing or doctor blading followed by drying at room temperature.
Alternatively, in some cases, mesoporous carbon paste is screen printed directly onto
TiO2 followed by sintering at around 450 °C, and then perovskite solution is dripped
into mesoporous structure followed by annealing at 70–90 °C [35–37]. In another
approach, a similar carbon paste is doctor bladed over a Teflon film and a carbon
layer is formed after solvent evaporation. Then these carbon films can be transferred
to the perovskite layer by hot press method at a temperature around 85 °C (Fig. 9)
[38].

Fig. 9 Schematic of integrating carbon film with PSCs. Reprinted with permission [38]
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2.3.1 Graphite and Carbon Black as Back Electrode

In 2013, Ku and co-workers [4] fabricated PSC with a fully printable carbon coun-
terelectrode. The cell architecture was FTO/TiO2/ZrO2/CH3NH3PbI3/carbon. Here
two different carbon pastes were prepared, one with flaky graphite + carbon black
and other with spheroidal graphite + carbon black. The carbon paste was printed
over the ZrO2 layer and sintered at 400 °C. The perovskite layer was drop coated over
the carbon electrode. A PCE of 4.08% was obtained using flaky graphite and that of
6.64% was obtained using spheroidal graphite. The performance is improved in the
case of spheroidal graphite because of its high conductivity and suitable morphology
which provide better pore fillings. The cell with spheroidal graphite was tested for
stability for 840 h in dark and it retained 6.5% PCE. In 2014, Xu and co-workers
[39] from the same group developed a highly ordered mesoporous carbon counter-
electrode for PSC. The cell architecture was FTO/TiO2/ZrO2/CH3NH3PbI3/carbon
layer (Fig. 10). Here they have used highly ordered carbon structured films of two
different types with graphite and one film with carbon black and graphite. They
observed that film with carbon black and graphite shows low PCE of 5.17% and
that with highly order carbon was 6.30% and 7.02%. Low charge transfer resistance
for ordered carbon structured films, the higher surface area of contact, and better
pore filling results into higher PCEs. In 2014, Yang and co-workers [35] use a meso-
scopic carbon layer along with a flexible graphite sheet to fabricate HTL-free carbon
electrode-based PSC. The cell architecturewas FTO/TiO2/CH3NH3PbI3/mesoscopic
carbon/graphite sheet. For electrode fabrication, carbon paste was deposited using
screen printing and then a graphite sheet was pressed over it. They have tried carbon
paste with only graphite and graphite + carbon black and also fabricated one cell

Fig. 10 Device architecture of PSCs using graphite and carbon black as back electrode. Reprinted
with permission [39, 44]
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with Au as back contact for comparison. They have used differently sized (1, 3, and
20 µm) graphite flakes and observed that smaller size (1 µm) gives better results
as it makes better contact at perovskite/electrode interface. They have obtained a
PCE of 7.21% and 10.20% for only graphite and carbon black mixed graphite paste,
respectively. The PCE for Au back contact is nearly the same (10.73%) as that of
graphite + carbon black (10.20%). In 2015, Wei and co-workers [38] developed a
thermoplastic carbon film having high conductivity and flexibility to be used as a
back electrode in PSCs. The cell architecture was FTO/TiO2/CH3NH3PbI3/carbon
film. Carbon paste was prepared by graphite flakes and carbon black in different
weight ratios. The carbon film was deposited on Teflon film and transferred to the
perovskite layer by hot pressing at 85 °C for 15 s at different pressures (0.15, 0.25,
and 0.40 MPa). An Al foil was used to prevent adhesion of carbon film with a hot
plate. Maximum PCE of 13.53% was obtained for PSC with 3:1 graphite-to-carbon
black ratio carbon film at 0.25 MPa hot press pressure. Whereas a similar HTL-free
PSC with Au as back contact gives PCE of 10.69%. These cells show good repro-
ducibility as 20 separate devices show an average PCE of 12.03%. Also, these cells
were tested for stability in the dark under ambient conditions and a reduction of
5% in PCE was observed which in the case of spiro/Au electrode-based cell was
21%. The complete fabrication of the electrode takes place at a temperature below
100 °C. In 2015, Wang and co-workers [37] fabricated a PSC with a carbon black
electrode based on pure graphite, pure carbon back, and a mixture of graphite and
carbon black. The cell architecture was FTO/TiO2/ZrO2/CH3NH3PbI3/graphite +
carbon black. They have taken five different compositions of graphite + carbon
black to make carbon paste, where carbon black was 0, 10, 20, 30, and 100% by
weight. The carbon electrode was deposited using screen printing. The maximum
PCE of 7.08% was obtained for the cell with 20% of carbon black. In ambient
atmosphere and room temperature, the cell was kept for more than 900 h and
it shows a negligible change in PCE. In 2015, Zhang and co-workers [40] fabri-
cated a fully printable PSC with a carbon back electrode. The cell architecture was
FTO/TiO2/ZrO2/CH3NH3PbI3/carbon. The carbon paste was prepared using carbon
black and graphite and ZrO2. This paste was printed and the perovskite layer was
dipped into the mesoscopic carbon layer. To make the carbon electrode different
thicknesses of carbon film (5, 7, 9, 12, and 15 µm) were used. The cell with an elec-
trode having 9 µm thickness shows a maximum PCE of 11.63%. Again, the experi-
ment was repeated for different sized (500 nm, 3 µm, and 8 µm) graphite flakes. It
was observed that 8 µm flakes give the best PCE of 11.65% followed by 500 nm and
3 µm. This happens because of low sheet resistance, charge transfer resistance, and
series resistance of 8 µm sample in comparison to others. Also, the bigger pore size
in 8 µm electrode allows better pore filling while perovskite dripping. In 2016, Yue
and co-workers [41] designed a PSC with a carbon counterelectrode at low temper-
ature. The cell architecture was FTO/TiO2/CH3NH3PbI3/carbon black + graphite.
To optimize the electrode, different weight ratios of carbon black (0, 15, 25, 35, and
100%)were takenwith graphite. It has been observed that electrode with 25% carbon
black shows the best PCE of 7.29%. While using 100% graphite, there was poor
contact between perovskite graphite interface and graphite–graphite interface which



Carbon-Based Electrodes for Perovskite Photovoltaics 403

was improved with the addition of carbon black but when carbon black was used in
excess the PCE decreases because of poor charge transfer due to poor conductivity
and porous structure of carbon black. Also, electrochemical impedance spectroscopy
(EIS) shows the lowest hole transport resistance and the lowest series resistance for
25% carbon black-based electrode which leads to excellent device performance. In
2016, Liu and co-workers [36] fabricated a low temperature and flexible carbon
electrode for PSCs. The cell architecture was FTO/TiO2/CH3NH3PbI3/carbon. For
preparing carbon paste, different ratios of carbon black, graphite flakes, and graphite
nano-powder were taken and a small amount (8%) of ZrO2 was added to make
film scratch resistant. A 65 µm carbon film was deposited on the perovskite layer
using doctor blade technique. Four different configurations with 50% 10µmgraphite
flakes, 17% 10 µm graphite flakes with 33% 400 nm graphite powder, 17% 10 µm
graphite flakes with 33% 40 nm graphite powder, and 8% 10 µm graphite flakes
with 42% 40 nm graphite powder were mixed with 17% by weight with 40 nm
carbon black and solvent. Sample with 17% graphite and 33% 40 nm graphite
powder shows the highest PCE of 6.88%. In 2017, Li and co-workers [42] fabri-
cated an HTL-free PSC using graphite as a back electrode at low temperatures.
The cell architecture was FTO/TiO2/CH3NH3PbI3/graphite paste. In this work, they
have made a contact study for different thicknesses and concentrations of the active
and mesoporous layer. They got the best efficiency of 10.4% with a VOC of 0.82 V
for the optimized device. In 2017, Duan and co-workers [43] fabricated a fully
printable HTL-free PSC using ultrathin graphite as back contact. The cell architec-
ture was FTO/TiO2/ZrO2/perovskite/carbon electrode. For electrode fabrication, two
types of carbon pastes were formed by mixing bulk graphite and ultrathin graphite
with carbon black. This electrode was fabricated at a low temperature of 50 °C. They
have obtained a PCE of 12.63% single bulk graphite and 14.07% using ultrathin
graphite. The reason for the increase in efficiency is increasing in specific surface
area in the case of ultrathin graphite which leads to better contact and better absorp-
tion of perovskite. Photoluminescence (PL) and time-resolved photoluminescence
(TRPL) confirm the better extraction of holes in ultrathin graphite than bulk graphite.
In 2018, Zhang and co-workers [44] fabricated PSC with low-temperature printable
carbon back electrode. The cell architecture was FTO/TiO2/CH3NH3PbI3/graphite
+ carbon black (Fig. 10). They have used a simple vibration technique to make
better arrangement of graphite and carbon black in the electrode, which resulted in
better contact between the perovskite layer and electrode. By optimizing the vibration
time in cells, they achieved an improvement of 22% in PCE than those not treated
with vibration. A commercial carbon paste (carbon black + graphite) diluted with
chlorobenzene was coated over the perovskite layer using doctor blade technique in
ambient conditions. Immediately after coating, it was vibrated for different times (0,
5, 10, and 20 min), and then dried for 20 min at 100 °C. The best PCE of 11.49%was
obtained for a cell that was vibrated for 10 min. The contact between carbon black
and graphite and that is between carbon layer and perovskite got improved due to
vibration, which leads to better charge transfer and hence better cell performance.
The decrease in efficiency of cell treated for 20 min is due to the degradation of the
perovskite layer by the solvent present in the carbon paste. In ambient air, these cells
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retain about 77% of their PCE without any encapsulation. In a recent work in 2019,
Poli and co-workers [45] fabricated a PSC with carbon paste as the back electrode
protected with graphite. The cell architecture was FTO/TiO2/CsPbBr3/carbon. The
carbon paste (carbon black + graphite) was coated on the perovskite layer using
doctor blade technique. A self-adhesive graphite sheet was stuck onto the carbon
layer and finally encapsulated with silicon and epoxy resin. The device was tested
for stability in water for about 5 h and it shows no loss in performance.

3 Advantages of Carbon-Based Electrodes

As discussed, poor long-term stability is one of the major issues in the commercial-
ization of PSCs. If we talk about stability, PSCs with carbon-based electrodes are
more stable than those with traditional metal electrodes. One of the biggest issues
with stability testing is that there are no standard test protocols for PSCs which
makes lots of confusion while comparing the stabilities of different PSCs. Although
different research groups are testing their cells under different conditions of light,
moisture, thermal stress, and bending.

3.1 Photostability

Testing the long-term stability under illumination andmaximumpower point tracking
(MPPT) conditions is more significant than that in a dark or controlled atmosphere,
as it will be more realistic considering actual operating conditions of a solar cell.
The active perovskite layer shows very poor stability when it comes to continuous
light soaking, especially under UV light. So, it becomes important to make such cells
that are stable under continuous light soaking for a long period. Many researchers
have tested their devices under real operating conditions under 1-Sun illumination
[6, 46–52].

In 2014, Mei and co-workers [46] fabricated a mesoporous PSC with carbon as a
back electrode. All the mesoporous layers were printed on FTO and the perovskite
layer was drop casted. They obtained a PCE of 12.8%. These cells show long-term
stability for 1008 h under 1-Sun illumination in ambient air. In 2018, Meng and
co-workers [47] developed a full carbon-based PSC with no hysteresis. The cell
architecture they used was FTO/C60/CH3NH3PbI3/carbon and obtained a PCE of
15.38%. They demonstrated these cells for stability under 1-Sun illumination at a
relative humidity of 40–60% for 180 h with MPPT. The cells retain 95% of its initial
PCE without any encapsulation in ambient air.

In 2017, Grancini and co-workers [6] demonstrated the most stable PSC with
carbon as a back electrode. The device architecture they used for carbon-based PSC
was FTO/TiO2/ZrO2/perovskite/carbon. A complete module of 10 × 10 cm2 was
prepared using these cells. For an individual cell with a carbon electrode, a PCE of
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Fig. 11 J-V curves and stability data of PSCs and module with carbon electrode. Reprinted with
permission [6]

11.9% was obtained, and that for the complete module was 10.10%. Using HTL and
metal electrode, the PCE falls to 60% just in 300 h. On the other hand, HTL-free
carbon electrode-based PSC retains its full PCE for more than 10000 h under AM
1.5 1-Sun illumination at 55 °C (Fig. 11).

In 2017, Hashmi and co-workers [48] fabricated PSCwith a carbon back electrode
having a mesoporous structure. These cells were demonstrated under continuous 1-
Sun illumination for 1046 h without any encapsulation, which then retained about
95% of its initial PCE. In 2017, they [49] again fabricated carbon electrode-based
PSC with similar structure. They prepared two batches of PSCs, one without any
protective encapsulation and other encapsulated with commonly available epoxy.
Both the batches were investigated for UV light soaking under 1.5 1-Sun illumi-
nation. After 751 h, the first batch with no encapsulation faced a decrease of 25%
and 28% in short-circuit current and PCE, respectively. The second batch encapsu-
lated with epoxy retained its full PCE even after 1002 h of illumination (Fig. 12). In
2018, Chu and co-workers [50] fabricated carbon electrode-based planar PSC. The
cell architecture was FTO/SnO2@TiO2/perovskite/P3HT + graphene/carbon. Here,
with this architecture, they obtained a PCE of 18.1%. They also demonstrated these
cells for stability under dark in the air without any encapsulation for 1680 h and
under 1-Sun illumination with encapsulation for 600 h. These cells showed negli-
gible efficiency drop in the dark and retained 89% of initial PCE under illumination
(Fig. 13).

3.2 Thermal Stability

When working under real-time operating conditions, the temperature of solar cells
increases by 30–40 °C from normal atmospheric temperature. So, it becomes impor-
tant to analyze thermal stability of PSCs under high thermal stress at about 60–90 °C.
It has been observed that at such high temperature, in PSCs, the degradation of HTL
interface takes place due to ion migration from perovskite [53]. Metal migration
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Fig. 12 Variation of different parameters of carbon electrode-based PSCs without encapsulation
(red) and with encapsulation (blue). Reprinted with permission [49]

Fig. 13 Stability under 1-Sun illumination. Reprinted with permission [50]
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due to high temperature also has been observed [2]. To tackle this problem, a meso-
porous carbon electrode-based PSC has appeared as a potential candidate. Many
researchers have analyzed stability of carbon electrode-based PSCs at high thermal
stress [7, 9, 24, 51, 54–57].

In 2016, Baranwal and co-workers [54] fabricated a carbon electrode-basedmeso-
scopic PSC. Although a low PCE was obtained, these fabricated cells were sealed
using UV-curing glue and tested for thermal stability at 100 °C for over 1500 h.
The PCE remained unaffected in this duration at such a high temperature. Again
in 2019 [7], they demonstrated a similar stability test for a similar PSC with PCE
4.93% for a longer duration of 7000 h at high thermal stress of 100 °C. For the
first 4500 h, the PCE falls to 10% of the initial PCE but after that this degradation
accelerated, and in 7000 h, PCE fell to 45% of the initial value. In 2017, Aitola and
co-workers [24] fabricated PSC with SWCNT as a counterelectrode with spiro as
HTL. They fabricated another set with Au as a back electrode to compare the perfor-
mance. PCEs of 18% and 14.3%were obtained using Au and SWCNTs, respectively.
These devices were tested for stability under 1-Sun illumination at 60 °C tempera-
ture for 140 h. With Au as back contact PCE falls drastically at 60 °C where devices
with SWCNTs as back electrode show a little change in PCE over a duration of
140 h. In 2018, Luo and co-workers [9] fabricated an all-carbon electrode-based
flexible PSC. Device architecture was graphene/TiO2/PCBM/CH3NH3PbI3/spiro-
OMeTAD/CSCNTs. Another set of devices with ITO and Au/Ag as electrodes was
also prepared to compare the performance. Carbon electrode-based PSC obtained
PCE of 11.9% and 8.4% with and without spiro-OMeTAD. These devices were
exposed to a thermal stress of 60 °C for 1570 h. The devices with carbon electrodes
retained 89% of initial PCE which makes it quite more stable in comparison to metal
and ITO-based PSCs.

In 2018, Lee and co-workers [55] fabricated HTL-free 2D/3D PSC with carbon
as a back electrode. By introducing a 2D perovskite interlayer, the PCE increased
from 11.5 to 14.5%. Also, it provided better contact between the perovskite and
the carbon layer. To compare the performance and stability, another device with
conventional spiro/Au was also prepared. When these devices were tested under
high thermal stress of 100 and 150 °C, 3D perovskite/carbon device retained 85% of
the initial PCE and 3D/2D perovskite/carbon shows PCE 102% of the initial value.
This is because the 2D interlayer prevented the ion migration and PEAI in the carbon
electrode suppressed the thermal decomposition. On the other hand, the device with
Au as the back electrode showed a drastic fall in PCE due to hygroscopic dopant in
HTL and unstable HTL/Au interface (Fig. 14).

In 2019, Wu and co-workers [56] fabricated PSC with carbon electrode. A
maximum PCE of 14.5% was achieved. The devices were tested for stability under
a double aging condition at 85 °C and 85% relative humidity. After 192 h, these
devices retained 77% of the initial PCE. In 2019, Zhou and co-workers [57] fabri-
cated PSCwith carbon as a back electrode incorporatingMWCNTs intomixed cation
perovskite. The whole device structure was prepared at a temperature of less than
150 °C. Device architecture was ITO/SnO2/perovskite/carbon. A PCE of 15.93%
was obtained. The fabricated devices with different concentrations of MWCNTs
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Fig. 14 Stability under high temperature. Reprinted with permission [55, 57]

were tested under high thermal stress of 85 °C continuously for 500 h. The devices
with 0.5% MWCNTs retained 82.5% of their initial PCE (Fig. 14).

3.3 Moisture Stability

Humidity/moisture is one of the major problems faced by PSCs. Most of the
perovskite materials are found to be highly unstable toward moisture. So, we need an
electrode that can protect the active layer from moisture. Commonly used ways for
the same are the use of carbon electrodes. The hydrophobic nature of carbon mate-
rials makes carbon electrode-based PSC capable of sustaining harsh humid condi-
tions. Many researchers have been successful in showing the capability of carbon
electrode-based PSCs against moisture degradation [8, 25, 56, 58–63].

In 2016, Yu and co-workers [8] fabricated PSCs which were highly stable toward
moisture and thermal stress. They used a carbon electrode-based HTL-free structure
to minimize instability caused by HTL degradation. They fabricated a bilayer back
electrode having one layer with carbon/MAI with thickness of 10 µm and another
layer of hydrophobic carbon to prevent the device from moisture. To test the mois-
ture stability, the fabricated devices were flushed under running water for 30 s and
immersed into water for 15 min. Before any exposure to water, the devices exhib-
ited a PCE of 12.62%. These devices retained 98% and 92% of their initial PCE on
flushing and immersing into water, respectively.

In 2016,Mali and co-workers [58] fabricated awaterproof and air-stable PSCwith
a similar configuration. The device architecture was FTO/TiO2/MAPbI3-xClx/carbon
+ MAI/carbon. Using this configuration, they obtained a PCE of 13.87%. For
stability comparison, they fabricated similar devices with spiro/Au. A stability
test was performed by flushing the devices underwater. The PCE of the device
with spiro/Au fell from 15% to 0.33% on the first exposure to water, whereas
the PCE of the device with carbon electrode fell from 13.87% to 12.25% and
showed a PCE of 5.93% even after seven exposures to water flush (Fig. 15a). In
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Fig. 15 a Stability under several water exposures, b water contact angle on CNT surface, and (c),
d stability of PSCs with carbon electrode under high humidity. Reprinted with permission [58–60]

2019, Wu and co-workers [59] fabricated a PSC with carbon as a back electrode
and CuSCN/CNT as HTL. They obtained a maximum PCE of 17.58% with good
reproducibility. The water contact angle of 126.870 of CNTs showed hydrophobic
nature of it (Fig. 15b). The fabricated devices with different configurations were
tested for stability under 80% relative humidity for 100 h. The device with Au
back contact completely degraded in this duration whereas the devices having a
carbon electrode with and without HTL retained 95 and 75% of the initial PCE,
respectively (Fig. 15c). Recently in 2020, Pitchaiya and co-workers [60] fabri-
cated a porous graphitic carbon HTL/counterelectrode for PSC. They prepared
graphitic carbon from Eichhornia Crassipes, an invasive plant species. As graphiti-
zation improves at different annealing temperatures (450, 850, and 1000 °C), corre-
sponding to this, three different types of devices were preparedwith EC-GC 4/8/10 as
the back electrode. The device architecture was FTO/TiO2/CH3NH3PbI3−xClx/EC-
GC10@CH3NH3PbI3−xClx/EC-GC4/8/10. A maximum PCE of 8.52% was thus
obtained using EC-GC10. These devices were kept under 70% relative humidity
for 1000 h to check their moisture stability. After 1000 h, the device with EC-GC10
retained 94.4% of its initial PCE value (Fig. 15d).
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3.4 Flexibility

The flexibility of PSCs can play a key role in the development of foldable, portable,
and wearable electronics. The flexibility of photovoltaic devices will also be helpful
in building and vehicle-integrated photovoltaics. Most of the flexible solar cells
use ITO/PEN as transparent electrodes, but on repeated bending, these devices
show drastic performance degradation as ITO is brittle leading to the formation
of cracks. Also, flexible solar cells require gold or silver as back contact which is
not commercially favorable. A carbon-based electrode, when employed as a flexible
electrode, shows lower degradation, which makes these electrodes more preferable
while choosing a flexible electrode. Many works have shown the potential of carbon
material as a flexible electrode for PSCs [9, 18, 19, 23, 64].

In 2017, Yoon and co-workers [19] demonstrated a flexible PSC
with graphene as a transparent electrode. The device architecture was
PEN/graphene/MoO3/PEDOT:PSS/CH3NH3PbI3/C60/BCP/LiF/Al. Another device
with ITO as a transparent electrode was also prepared to compare the performance.
PCEs of 16.8% and 17.3% were obtained for the device with graphene and ITO,
respectively. The device with ITO after 1000 bending cycles at radii 6 mm and
4 mm retains 60% and 25% of its initial PCE, respectively. On the other hand,
graphene-based device retains 90% of its PCE at 4 mm and 6 mm. When bending
cycles increase to 5000, the device with graphene shows only a small change in PCE
but that for ITO falls to a very low value just in 100 bending cycles (Fig. 16a, b).
Again in 2017, Jeon and co-workers [23] fabricated a complete solution-processable

Fig. 16 Stability under different bending radii for large number of bending cycles. Reprinted with
permission [18, 19, 23]
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PSC. Here, they used CNTs both as anode and cathode and the corresponding device
architecture was CNT/PEDOT:PSS/CH3NH3PbI3/PCBM/CNT. A maximum PCE
of 10.5% was obtained. They compared the bending stability for three different pairs
of electrodes, viz., ITO/CNT, CNT/Al, and CNT/CNT at different bending radii.
The device with both CNT electrodes can tolerate more bending in comparison
to others (Fig. 16d). Again in 2017, Jeon and co-workers [18] fabricated flexible
PSC using three different transparent electrodes, viz. ITO, graphene, and SWCNTs.
They obtained PCE of 17.8, 14.2, and 12.8%, respectively, for ITO-, graphene-, and
SWCNT-based devices. While performing bending stability tests, they observed that
the loss in PCE is negligible for SWCNTs and very small for graphene-based devices
but ITO-based devices showed a drastic drop in PCE after 1000 bending cycles
(Fig. 16c). The reason for this performance loss was an increase in sheet resistance
of transparent electrodes with bending cycles. In 2018, Luo and co-workers [9] fabri-
cated PSCusing all-carbon electrodes formoving towards flexible photovoltaics. The
device architecture they used was PET/graphene/TiO2/PCBM/CH3NH3PbI3/spiro-
OMeTAD/CSCNTs. They obtained PCEs of 11.9% and 8.4%with and without using
spiro as HTL. Similar devices with ITO/Au as electrodes were also prepared for
comparison. To check the flexibility, these devices were tested at different bending
radii and several bending cycles were performed. It was observed that up to 4 mm,
device with graphene/CSCNTs did not show any significant change in PCE where
ITO/Au device showed a reduced PCE of 87% of the initial value. With further
reduction in the radius of curvature, ITO/Au device got damaged; on the other hand,
graphene/CSCNTs still showed a PCE of 85% of initial value at the bending radius
of 2.2 mm. The PCE of the device with ITO/Au reduced to 13% of its initial value
after 1500 bending cycles, where the device with graphene/CSCNTs retained 84%
of the initial value even after 2000 bending cycles.

3.5 Scalability

Most of the PSCs fabricated at laboratory scale have an active area less than 1 cm2,
but when it comes to module development, we need large-area cells to collect an
appreciable amount of solar energy. A typical silicon solar cell is of an area about 6
inch× 6 inch, so the inactive area between two adjacent cells is quite low.At the same
time, if we have 1 cm × 1 cm cells the ratio of inactive to the active area will be very
large and hence there will be more land requirement, which is again a big problem.
So, to overcome this problem, we have to fabricate large-area cells. Researchers are
working on roll-to-roll, spray coating, and other conventional techniques to make
large-area cells and trying some methods to integrate them into large modules to
harvest more energy (Fig. 18).

In 2016, Priyadarshi and co-workers [65] fabricated a highly stable and highly
efficient large-area PSC module. They used two different substrate sizes of 5 ×
10 cm2 and 10 × 10 cm2 to make a module with 31 cm2 and 70 cm2 (Fig. 17b)
active area. They used graphite and carbon nanoparticle paste for back electrode
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Fig. 17 aLarge-areamodule, device architecture,bmodulewith area 70 cm2, c PCEversus number
of cells, and d variation in PCE over time. Reprinted with permission [65]

Fig. 18 a Device structure, b module with area 17.3 cm2, c installation of panels, and d outdoor
situated 45 × 65 cm2 power station. Reprinted with permission [66]
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Fig. 19 PCE of carbon electrode-based PSCs over several years (left), PCE of PSCs with different
carbon electrode materials (right). The data points on the left for a particular material are the work
published before than on the right

fabrication. A simple fabrication process using screen printing was employed which
is easily up scalable to roll-to-roll printing techniques for the industrial purpose. The
PCEs of 10.46% and 10.74% were obtained, respectively, for modules with 31 and
70 cm2 area. These devices show over 2000 h stability in an ambient atmosphere
with a relative humidity of 65–70% with a small loss of 5% in PCE (Fig. 17d). Also,
at MPP under 1-Sun illumination, these devices show extreme stability for 72 h of
continuous operation.

In 2017, Cai and co-workers [66] developed large-area PSC module with planar
structure. The device architecture was FTO/ZnO/CH3NH3PbI3/carbon (Fig. 19a).
On a substrate of 5 × 5 cm2 they made 17.3 cm2 active area module consisting of
seven cells connected in the series (Fig. 19b). They achieved a PCE of 10.6% with
an average PCE of (9.97 ± 0.35) % for 50 modules showing high reproducibility.
These modules were sealed with glass and waterproof sealant and placed outdoor.
No sign of degradation was observed during 140 days of outdoor testing. After this,
they increased themodule size to 45× 65 cm2 andmade a power station with 32 such
panels (Fig. 19c, d). In 2017, Hu and co-workers [10] developed a fully printable
PSC module with a triple mesoporous layer scaffold. The device architecture was
FTO/TiO2/ZrO2/carbon/(5-AVA)xMA1-xPbI3. A large-area module of 100 cm2 with
an active area of 49 cm2 was designed which consisted of 10 subcells connected in
series. These modules are highly reproducible as 10 modules show an average PCE
of above 9%. These modules were tested under continuous illumination for 1000 h
at 54% relative humidity. During the test, surface temperature of devices reached
50 °C and still showed excellent stability. The encapsulated devices were exposed to
outdoor conditions in Wuhan, China where average humidity was around 80% for
1 month and showed no sign of degradation. Unsealed devices showed good stability
in the dark over 1 year with no degradation. They also fabricated a large module
with 7 m2 area for practical application. Every 1 m2 contained 96 modules with a
different number of subcells.
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Although PCEs of PSCs with carbon-based electrodes are not as high as that with
traditional electrodes, it is quite evident that the values are continuously improving
(Fig. 19) and are approaching the PCEs of PSCs with traditional electrodes. It is just
a matter of time that carbon electrode-based PSCs will have PCE values similar to
that with traditional electrodes with added advantages of stability and low cost.

4 Summary and Outlook

In this chapter, we have discussed the possibility of replacing traditional elec-
trodes with carbon-based materials for future generation PSCs. The chapter
discusses various carbon-based materials, their electro-optical properties, fabrica-
tions methods, and advantages for integrating them in PSCs. The work done by
various groups, giving up-to-date results, has been included and discussed giving
researchers working in the field a comprehensive and complete overview of the work
done till now. Different carbon-based electrode materials, viz., graphene, carbon
nanotubes, graphite, and carbon black are discussed in the chapter. These materials
are inherently stable, inexpensive, and their electro-opticals are such that apart from
electrodes some of them can also be used as a charge transport and collection layers
in PSCs.We have mainly focussed on the application of these materials as electrodes
in PSCs. Graphene and carbon nanotubes do quite well as a transparent electrode
because of their better trade-off between electrical and optical properties whereas
CNTs and carbon paste (graphite and carbon black) can successfully replace the
traditional noble metal back electrodes in PSC device architecture. In many research
works reviewed in the chapter, PSCs with carbon electrodes show PCE over 19%
exhibiting their suitability. Long-term stability up to 1 year under different conditions
of light, heat, and moisture has also been tested for these cells. Mechanical flexibility
with very low bending radii has also been verified with promising results compared
to traditional electrodes. In terms of scalability to large-area modules, these carbon-
based electrodes again present better opportunities in terms of processing ease, time,
and cost. It is quite evident from the review of work done in this field that carbon elec-
trodes definitely are a long-term solution and its incorporation can lead towidespread
commercialization of third-generation photovoltaics.

References

1. National Renewable Energy Laboratory. http://www.nrel.gov. Accessed 25 May 2020
2. Li J, Dong Q, Li N, Wang L (2017) Direct evidence of ion diffusion for the silver-electrode-

induced thermal degradation of inverted perovskite solar cells. Adv Energy Mater 7. https://
doi.org/10.1002/aenm.201602922

3. DomanskiK,Correa-Baena JP,MineN et al (2016)Not all that glitters is gold:metal-migration-
induced degradation in perovskite solar cells. ACS Nano 10:6306–6314. https://doi.org/10.
1021/acsnano.6b02613

http://www.nrel.gov
https://doi.org/10.1002/aenm.201602922
https://doi.org/10.1021/acsnano.6b02613


Carbon-Based Electrodes for Perovskite Photovoltaics 415

4. Ku Z, Rong Y, Xu M, et al (2013) Full printable processed mesoscopic CH3 NH3 PbI3/TiO2
heterojunction solar cells with carbon counter electrode. Sci Rep 3. https://doi.org/10.1038/sre
p03132

5. Zhang H, Xiao J, Shi J, et al (2018) Self-adhesive macroporous carbon electrodes for efficient
and stable perovskite solar cells. Adv FunctMater 28. https://doi.org/10.1002/adfm.201802985

6. Grancini G, Roldán-Carmona C, Zimmermann I, et al (2017) One-Year stable perovskite solar
cells by 2D/3D interface engineering. Nat Commun 8. https://doi.org/10.1038/ncomms15684

7. Baranwal AK, Kanda H, Shibayama N et al (2019) Thermal degradation analysis of sealed
perovskite solar cell with porous carbon electrode at 100 °C for 7000 h. Energy Technol
7:245–252. https://doi.org/10.1002/ente.201800572

8. Yu Z, Chen B, Liu P et al (2016) Stable organic-inorganic perovskite solar cells without hole-
conductor layer achieved via cell structure design and contact engineering. Adv Funct Mater
26:4866–4873. https://doi.org/10.1002/adfm.201504564

9. Luo Q, Ma H, Hou Q, et al (2018) all-carbon-electrode-based endurable flexible perovskite
solar cells. Adv Funct Mater 28. https://doi.org/10.1002/adfm.201706777

10. HuY, Si S,Mei A, et al (2017) Stable large-area (10× 10 cm2) printablemesoscopic perovskite
module exceeding 10% efficiency. Sol RRL 1. https://doi.org/10.1002/solr.201600019

11. Cai C, Jia F, Li A et al (2016) Crackless transfer of large-area graphene films for superior-
performance transparent electrodes. CarbonNY98:457–462. https://doi.org/10.1016/j.carbon.
2015.11.041

12. Geim AK, Novoselov KS (2007) The rise of graphene. Nat Mater 6:183–191. https://doi.org/
10.1038/nmat1849

13. Wang Y, Weng GJ (2018) Electrical Conductivity of Carbon Nanotube- and Graphene-
BasedNanocomposites. In:Micromechanics and nanomechanics of composite solids. Springer
International Publishing, pp 123–156

14. Liu Z, You P, Xie C et al (2016) Ultrathin and flexible perovskite solar cells with
graphene transparent electrodes. Nano Energy 28:151–157. https://doi.org/10.1016/j.nanoen.
2016.08.038

15. Sung H, Ahn N, Jang MS, et al (2016) Transparent conductive oxide-free graphene-based
perovskite solar cells with over 17% efficiency. Adv Energy Mater 6. https://doi.org/10.1002/
aenm.201501873

16. BatmunkhM, Shearer CJ, BiggsMJ, Shapter JG (2016) Solution processed graphene structures
for perovskite solar cells. J Mater Chem A 4:2605–2616. https://doi.org/10.1039/c5ta08996d

17. Heo JH, Shin DH, Kim S et al (2017) Highly efficient CH3NH3PbI3 perovskite solar cells
prepared by AuCl3-doped graphene transparent conducting electrodes. Chem Eng J 323:153–
159. https://doi.org/10.1016/j.cej.2017.04.097

18. Jeon I, Yoon J, Ahn N et al (2017) Carbon nanotubes versus Graphene as flexible transparent
electrodes in inverted perovskite solar cells. J Phys Chem Lett 8:5395–5401. https://doi.org/
10.1021/acs.jpclett.7b02229

19. Yoon J, SungH, LeeG et al (2017) Superflexible, high-efficiency perovskite solar cells utilizing
graphene electrodes: Towards future foldable power sources. Energy Environ Sci 10:337–345.
https://doi.org/10.1039/c6ee02650h

20. Jang CW, Kim JM, Choi SH (2019) Lamination-produced semi-transparent/flexible perovskite
solar cells with doped-graphene anode and cathode. J Alloys Compd 775:905–911. https://doi.
org/10.1016/j.jallcom.2018.10.190

21. Kaskela A, Nasibulin AG, Timmermans MY et al (2010) Aerosol-synthesized SWCNT
networks with tunable conductivity and transparency by a dry transfer technique. Nano Lett
10:4349–4355. https://doi.org/10.1021/nl101680s

22. Dürkop T, Getty SA, Cobas E, Fuhrer MS (2004) Extraordinary mobility in semiconducting
carbon nanotubes. Nano Lett 4:35–39. https://doi.org/10.1021/nl034841q

23. Jeon I, Seo S, Sato Y et al (2017) Perovskite solar cells using carbon nanotubes both as cathode
and as anode. J Phys Chem C 121:25743–25749. https://doi.org/10.1021/acs.jpcc.7b10334

24. Aitola K, Domanski K, Correa-Baena JP, et al (2017) High temperature-stable perovskite solar
cell based on low-cost carbon nanotube hole contact. Adv Mater 29. https://doi.org/10.1002/
adma.201606398

https://doi.org/10.1038/srep03132
https://doi.org/10.1002/adfm.201802985
https://doi.org/10.1038/ncomms15684
https://doi.org/10.1002/ente.201800572
https://doi.org/10.1002/adfm.201504564
https://doi.org/10.1002/adfm.201706777
https://doi.org/10.1002/solr.201600019
https://doi.org/10.1016/j.carbon.2015.11.041
https://doi.org/10.1038/nmat1849
https://doi.org/10.1016/j.nanoen.2016.08.038
https://doi.org/10.1002/aenm.201501873
https://doi.org/10.1039/c5ta08996d
https://doi.org/10.1016/j.cej.2017.04.097
https://doi.org/10.1021/acs.jpclett.7b02229
https://doi.org/10.1039/c6ee02650h
https://doi.org/10.1016/j.jallcom.2018.10.190
https://doi.org/10.1021/nl101680s
https://doi.org/10.1021/nl034841q
https://doi.org/10.1021/acs.jpcc.7b10334
https://doi.org/10.1002/adma.201606398


416 A. Kumar et al.

25. Luo Q, Ma H, Zhang Y et al (2016) Cross-stacked superaligned carbon nanotube electrodes
for efficient hole conductor-free perovskite solar cells. J Mater Chem A 4:5569–5577. https://
doi.org/10.1039/c6ta01715k

26. Zhou Y, Yin X, Luo Q et al (2018) Efficiently improving the stability of inverted perovskite
solar cells by employingPolyethylenimine-modified carbon nanotubes as electrodes.ACSAppl
Mater Interfaces 10:31384–31393. https://doi.org/10.1021/acsami.8b10253

27. Qiu L, Deng J, LuX et al (2014) Integrating Perovskite Solar Cells into a Flexible Fiber. Angew
Chemie Int Ed 53:10425–10428. https://doi.org/10.1002/anie.201404973

28. Wang X, Li Z, Xu W et al (2015) TiO2 nanotube arrays based flexible perovskite solar cells
with transparent carbon nanotube electrode. NanoEnergy 11:728–735. https://doi.org/10.1016/
j.nanoen.2014.11.042

29. Jeon I, Chiba T, Delacou C et al (2015) Single-walled carbon nanotube film as electrode in
indium-free planar heterojunction perovskite solar cells: investigation of electron-blocking
layers and dopants. Nano Lett 15:6665–6671. https://doi.org/10.1021/acs.nanolett.5b02490

30. Jeon I, Yoon J, KimU, et al (2019)High-performance solution-processed double-walled carbon
nanotube transparent electrode for perovskite solar cells. Adv Energy Mater 9. https://doi.org/
10.1002/aenm.201901204

31. Li Z, Kulkarni SA, Boix PP et al (2014) Laminated carbon nanotube networks for metal
electrode-free efficient perovskite solar cells. ACSNano 8:6797–6804. https://doi.org/10.1021/
nn501096h

32. Wei Z, Chen H, Yan K et al (2015) Hysteresis-free multi-walled carbon nanotube-based
perovskite solar cells with a high fill factor. J Mater Chem A 3:24226–24231. https://doi.
org/10.1039/c5ta07714a

33. Aitola K, Sveinbjörnsson K, Correa-Baena JP et al (2016) Carbon nanotube-based hybrid hole-
transporting material and selective contact for high efficiency perovskite solar cells. Energy
Environ Sci 9:461–466. https://doi.org/10.1039/c5ee03394b

34. Luo Q, Ma H, Hao F, et al (2017) Carbon nanotube based inverted flexible perovskite solar
cells with all-inorganic charge contacts. Adv Funct Mater 27. https://doi.org/10.1002/adfm.
201703068

35. Yang Y, Xiao J, Wei H et al (2014) An all-carbon counter electrode for highly efficient hole-
conductor-free organo-metal perovskite solar cells. RSC Adv 4:52825–52830. https://doi.org/
10.1039/c4ra09519g

36. Liu Z, Shi T, Tang Z et al (2016) Using a low-temperature carbon electrode for preparing hole-
conductor-free perovskite heterojunction solar cells under high relative humidity. Nanoscale
8:7017–7023. https://doi.org/10.1039/c5nr07091k

37. Wang H, Hu X, Chen H (2015) The effect of carbon black in carbon counter electrode for
CH3NH3PbI3/TiO2 heterojunction solar cells. RSC Adv 5:30192–30196. https://doi.org/10.
1039/c5ra02325d

38. Wei H, Xiao J, Yang Y et al (2015) Free-standing flexible carbon electrode for highly efficient
hole-conductor-free perovskite solar cells. Carbon N Y 93:861–868. https://doi.org/10.1016/j.
carbon.2015.05.042

39. Xu M, Rong Y, Ku Z et al (2014) Highly ordered mesoporous carbon for mesoscopic
CH3NH3PbI3/TiO2 heterojunction solar cell. J Mater Chem A 2:8607–8611. https://doi.org/
10.1039/c4ta00379a

40. Zhang L, Liu T, Liu L et al (2015) The effect of carbon counter electrodes on fully printable
mesoscopic perovskite solar cells. J Mater Chem A 3:9165–9170. https://doi.org/10.1039/c4t
a04647a

41. Yue G, Chen D, Wang P et al (2016) Low-temperature prepared carbon electrodes for hole-
conductor-free mesoscopic perovskite solar cells. ElectrochimActa 218:84–90. https://doi.org/
10.1016/j.electacta.2016.09.112

42. Li J, Yao JX, Liao XY et al (2017) A contact study in hole conductor free perovskite solar cells
with low temperature processed carbon electrodes. RSC Adv 7:20732–20737. https://doi.org/
10.1039/C7RA00066A

https://doi.org/10.1039/c6ta01715k
https://doi.org/10.1021/acsami.8b10253
https://doi.org/10.1002/anie.201404973
https://doi.org/10.1016/j.nanoen.2014.11.042
https://doi.org/10.1021/acs.nanolett.5b02490
https://doi.org/10.1002/aenm.201901204
https://doi.org/10.1021/nn501096h
https://doi.org/10.1039/c5ta07714a
https://doi.org/10.1039/c5ee03394b
https://doi.org/10.1002/adfm.201703068
https://doi.org/10.1039/c4ra09519g
https://doi.org/10.1039/c5nr07091k
https://doi.org/10.1039/c5ra02325d
https://doi.org/10.1016/j.carbon.2015.05.042
https://doi.org/10.1039/c4ta00379a
https://doi.org/10.1039/c4ta04647a
https://doi.org/10.1016/j.electacta.2016.09.112
https://doi.org/10.1039/C7RA00066A


Carbon-Based Electrodes for Perovskite Photovoltaics 417

43. Duan M, Rong Y, Mei A et al (2017) Efficient hole-conductor-free, fully printable mesoscopic
perovskite solar cells with carbon electrode based on ultrathin graphite. CarbonNY120:71–76.
https://doi.org/10.1016/j.carbon.2017.05.027

44. Zhang Y, Zhuang X, Zhou K et al (2018) Vibration treated carbon electrode for highly efficient
hole-conductor-free perovskite solar cells. Org Electron 52:159–164. https://doi.org/10.1016/
j.orgel.2017.10.018

45. Poli I, Hintermair U, Regue M, et al (2019) Graphite-protected CsPbBr3 perovskite photoan-
odes functionalised with water oxidation catalyst for oxygen evolution in water. Nat Commun
10. https://doi.org/10.1038/s41467-019-10124-0

46. Mei A, Li X, Liu L, et al (2014) A hole-conductor–free, fully printable mesoscopic perovskite
solar cell with high stability. Science (80) 345:295. https://doi.org/10.1126/science.1254763

47. Meng X, Zhou J, Hou J, et al (2018) Versatility of carbon enables all carbon based perovskite
solar cells to achieve high efficiency and high stability. Adv Mater 30. https://doi.org/10.1002/
adma.201706975

48. Hashmi SG, Martineau D, Li X, et al (2017) Air processed inkjet infiltrated carbon based
printed perovskite solar cells with high stability and reproducibility. Adv Mater Technol 2.
https://doi.org/10.1002/admt.201600183

49. Hashmi SG, Tiihonen A, Martineau D et al (2017) Long term stability of air processed inkjet
infiltrated carbon-based printed perovskite solar cells under intense ultra-violet light soaking.
J Mater Chem A 5:4797–4802. https://doi.org/10.1039/c6ta10605f

50. Chu QQ, Ding B, Peng J et al (2019) Highly stable carbon-based perovskite solar cell with a
record efficiency of over 18% via hole transport engineering. J Mater Sci Technol 35:987–993.
https://doi.org/10.1016/j.jmst.2018.12.025

51. Chang X, Li W, Zhu L et al (2016) Carbon-Based CsPbBr 3 perovskite solar cells: all-ambient
processes and high thermal stability. ACS Appl Mater Interfaces 8:33649–33655. https://doi.
org/10.1021/acsami.6b11393

52. Ito S, Mizuta G, Kanaya S et al (2016) Light stability tests of CH3NH3PbI3 perovskite solar
cells using porous carbon counter electrodes. Phys ChemChem Phys 18:27102–27108. https://
doi.org/10.1039/c6cp03388a

53. Kim S, Bae S, Lee SW, et al (2017) Relationship between ion migration and interfacial degra-
dation of CH3NH3PbI3 perovskite solar cells under thermal conditions. Sci Rep 7. https://doi.
org/10.1038/s41598-017-00866-6

54. BaranwalAK,KanayaS, Peiris TANet al (2016) 100 °C thermal stability of printable perovskite
solar cells using porous carbon counter electrodes. Chemsuschem 9:2604–2608. https://doi.
org/10.1002/cssc.201600933

55. Lee K, Kim J, Yu H et al (2018) A highly stable and efficient carbon electrode-based perovskite
solar cell achieved: Via interfacial growth of 2D PEA2PbI4 perovskite. J Mater Chem A
6:24560–24568. https://doi.org/10.1039/c8ta09433k

56. WuZ,LiuZ,HuZ, et al (2019)Highly efficient and stable perovskite solar cells viamodification
of energy levels at the perovskite/carbon electrode interface. Adv Mater 31. https://doi.org/10.
1002/adma.201804284

57. Zhou J,Wu J, Li N et al (2019) Efficient all-air processedmixed cation carbon-based perovskite
solar cells with ultra-high stability. J Mater Chem A 7:17594–17603. https://doi.org/10.1039/
c9ta05744g

58. Mali SS, Kim H, Kim HH et al (2017) Large area, waterproof, air stable and cost effective
efficient perovskite solar cells through modified carbon hole extraction layer. Mater Today
Chem 4:53–63. https://doi.org/10.1016/j.mtchem.2016.12.003

59. WuX, Xie L, Lin K et al (2019) Efficient and stable carbon-based perovskite solar cells enabled
by the inorganic interface of CuSCN and carbon nanotubes. J Mater Chem A 7:12236–12243.
https://doi.org/10.1039/c9ta02014d

60. Pitchaiya S, Eswaramoorthy N, Natarajan M, et al (2020) Perovskite solar cells: a porous
graphitic carbon based hole transporter/counter electrode material extracted from an invasive
plant species Eichhornia Crassipes. Sci Rep 10. https://doi.org/10.1038/s41598-020-62900-4

https://doi.org/10.1016/j.carbon.2017.05.027
https://doi.org/10.1016/j.orgel.2017.10.018
https://doi.org/10.1038/s41467-019-10124-0
https://doi.org/10.1126/science.1254763
https://doi.org/10.1002/adma.201706975
https://doi.org/10.1002/admt.201600183
https://doi.org/10.1039/c6ta10605f
https://doi.org/10.1016/j.jmst.2018.12.025
https://doi.org/10.1021/acsami.6b11393
https://doi.org/10.1039/c6cp03388a
https://doi.org/10.1038/s41598-017-00866-6
https://doi.org/10.1002/cssc.201600933
https://doi.org/10.1039/c8ta09433k
https://doi.org/10.1002/adma.201804284
https://doi.org/10.1039/c9ta05744g
https://doi.org/10.1016/j.mtchem.2016.12.003
https://doi.org/10.1039/c9ta02014d
https://doi.org/10.1038/s41598-020-62900-4


418 A. Kumar et al.

61. Wei Z, Zheng X, Chen H et al (2015) A multifunctional C+ epoxy/Ag-paint cathode enables
efficient and stable operation of perovskite solar cells in watery environments. J Mater Chem
A 3:16430–16434. https://doi.org/10.1039/c5ta03802b

62. Zhou H, Shi Y, Dong Q et al (2014) Hole-conductor-free, metal-electrode-free
TiO2/CH3NH3PbI3 heterojunction solar cells based on a low-temperature carbon electrode. J
Phys Chem Lett 5:3241–3246. https://doi.org/10.1021/jz5017069

63. Bashir A, Shukla S, Lew JH et al (2018) Spinel Co3O4 nanomaterials for efficient and stable
large area carbon-based printed perovskite solar cells. Nanoscale 10:2341–2350. https://doi.
org/10.1039/c7nr08289d

64. He S, Qiu L, Son DY et al (2019) Carbon-based electrode engineering boosts the efficiency of
all low-temperature-processed perovskite solar cells. ACS Energy Lett 4:2032–2039. https://
doi.org/10.1021/acsenergylett.9b01294

65. Priyadarshi A, Haur LJ, Murray P et al (2016) A large area (70 cm2) monolithic perovskite
solar module with a high efficiency and stability. Energy Environ Sci 9:3687–3692. https://doi.
org/10.1039/c6ee02693a

66. Cai L, Liang L, Wu J, et al (2017) Large area perovskite solar cell module. J Semicond 38.
https://doi.org/10.1088/1674-4926/38/1/014006

https://doi.org/10.1039/c5ta03802b
https://doi.org/10.1021/jz5017069
https://doi.org/10.1039/c7nr08289d
https://doi.org/10.1021/acsenergylett.9b01294
https://doi.org/10.1039/c6ee02693a
https://doi.org/10.1088/1674-4926/38/1/014006


Emerging Carbon Nanomaterials
for Organic and Perovskite-Based
Optoelectronics Device Applications

Monojit Bag , Ramesh Kumar, and Jitendra Kumar

Abstract Nanostructured carbon allotropes have gainedmuch attention in the scien-
tific community due to their vast applications in various fields. The carbon nanoma-
terials can be found in form of various different hybridization states and each of them
having unique electronic properties. The reduced dimensionalities with sp2 bonded
graphitic carbon form a highly delocalized electronic state, suggesting their appli-
cability as high mobility electronic materials. Additionally, the tunable optical band
gapmakes thempromisingmaterials for optoelectronic device applications.Recently,
carbon nanomaterials such as zero-dimensional fullerenes, one-dimensional carbon
nanotubes (CNTs), and two-dimensional graphene and their derivatives have been
widely investigated for the latest generation photovoltaic and optoelectronic device
applications because of their chemical stability, mechanical stability, and excep-
tional optoelectronic properties. For example, fullerene derivatives arewidely used as
acceptor materials for efficient bulk heterojunction solar cells because of their ability
to well-diffuse into the semiconducting polymer films and to form an intermixed
layer with desired morphology, while these are used as electron transport/injection
layer for perovskite solar cells and light-emitting diodes. CNTs and graphene show
promise as transparent conducting electrodes for flexible and lightweight organic
and perovskite optoelectronic devices. In addition, CNTs are gaining popularity as
active layer components of photovoltaic devices owing to their higher aspect ratio
and electrical conductivity. Furthermore, graphene oxide has also been used in the
active layer of organic solar cells for efficient charge separation and charge transport
owing to their large acceptor/donor interface area and continuous pathway. Recently,
graphene oxide (GO) is used as a buffer layer in organic and perovskite optoelec-
tronic devices. Specifically, GO and poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) composite has been used as hole transport layer for
improving the stability and efficiency of inverted perovskite solar cells. This is due to
the reduced contact barrier between perovskite active layer and charge transport layer,
enhanced crystallinity of perovskite morphology, and suppressed leakage current.
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1 Introduction

In the late 1970s, the discovery of electrical conductivity in organic materials has
revolutionized state-of-the-art semiconductor physics. Variety of applications such
as gas sensors, [9, 16, 66] field-effect transistors (FETs), [48, 54, 56] photodiodes [29,
44, 68], and photodetectors [40, 55, 70] have been realized using carbon nanomaterial
in pristine form as well as in the functionalized form. In the last decade, inorganic–
organic hybrid perovskite-based solar cells, light-emitting diodes, and detectors have
been added to that list. Perovskites, originally discovered by Lev Alekseyevich von
Perovski in 1839 are a group of materials which exhibit the chemical formula ABX3.
Here, A and B are mono and divalent cations respectively and X is a monovalent
anion. Methylammonium lead iodide (CH3NH3PbI3) is an archetypal example of
hybrid perovskite, which has been extensively used for the fabrication of perovskite
solar cells. Intense research has been carried out over the years to develop these high-
performance optoelectronic devices which generally involve an electron transporting
or injecting layer (ETL/EIL), an active layer, and a hole transporting or injecting layer
(HTL/HIL). Particularly, the performance of these perovskite-based devices heavily
depends on each of these charge transport layers. As perovskitematerials are unstable
and prone to thermal and photoinduced degradation under humid condition, high
mechanical strength and chemical stability of carbon nanomaterials can be utilized
to provide environmental stability to perovskites-based devices. In this chapter, we
will discuss the functionalization of various layerswith carbon nanomaterials in order
to enhance the device performance of organic and perovskite-based optoelectronic
devices. Generally, these nanomaterials are present in various forms such as nanopar-
ticles, nano-diamonds, fibers, cones, scrolls, whiskers, graphite polyhedral crystals,
and nanoporous carbon, it’s quite interesting to see that the material properties at
nanoscale heavily depends on their geometrical shape and size. Although a variety
of structures have been discovered, we will limit our discussion to quantum dots,
single and multiwall carbon nanotubes, and graphene and its derivatives. Carbon
atoms can undergo sp, sp2, or sp3 hybridization, diamond with sp3 and graphene
with sp2 hybridization are two widely known allotropic forms of carbon. However,
carbon nanomaterials with sp2 hybridization are widely used as electronic materials
for device application. Here, two-dimensional graphene, one-dimensional carbon
nanotubes (CNTs), and zero-dimensional fullerenes have been discussed briefly for
their electronic properties.

Graphene is a monolayer of carbon atoms; these atoms are tightly packed into a
two-dimensional (2D) honeycomb lattice. Carbon atoms in graphene are joined to
each other by σ and π bonds in sp2 hybridization with an interatomic distance of
around 0.142 nm. One of the many great properties of graphene is that the charge
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carriers in graphene move at extremely high carrier mobility in the range of 15000–
20000 cm2 V−1S−1 at room temperature (RT) [30]. Electrons in defect-free graphene
sheets can move at an extraordinary speed as there is no effective mass. Graphene
is considered as the mother of various other carbon nanomaterials, as it can be
wrapped into the form of quantum dots (QDs) rolled as nanotubes or stacked in three
dimensions to produce graphite.

CNTs are basically graphene layers rolled in the form of cylinders with their
diameters in the range of a few nanometres which is the characteristic feature
of the nanotubes. CNTs have high aspect ratios in the order of 102–107 [30].
These nanotubes can have multiple layers and chirality vectors. Depending on the
number of layers, CNTs can be categorized in two basic categories, namely, single-
walled carbon nanotube (SWCNT) and multi-walled carbon nanotubes (MWCNT).
Depending on their chirality, each of the CNT can again be grouped into two cate-
gories: semiconducting carbon nanotubes and metallic carbon nanotubes. Electronic
properties of CNTs are mainly determined by their chirality. For example, charge
transport properties of SWCNTs depend upon their characteristic (n, m) index, this
(n, m) index is also called roll-up vectors. If n-m = 3q where q is any integer/zero,
the SWCNTs are metallic. If n−m �= 3q, the SWCNTs behave as a semiconductor
with a finite optical bandgap. If n = m, the nanotubes are known as arm-chair. If
m = 0, they are known as zig-zag; otherwise, they are known as chiral. The optical
bandgap of semiconducting CNT is known to be inversely proportional to the tube
diameter, the relation between its bandgap and diameter (d) is given as Eg ~ 0.9/d (d
in nm).

The first fullerene molecule was discovered in 1985 by Sir H. W. Kroto and R. F.
Smalley. Geometrically a fullerene is a stable cluster of carbon atoms (n > 20) having
a spherical surface. Fullerenes are also called buckyballs because of their shape. C60

is the most common among material scientists for years as it has served as electron
transport or injection material in organic solar cells (OSCs), perovskite solar cells
(PSCs), and perovskite light-emitting diodes (PeLEDs). The C60 fullerene molecule
is composed of 12 pentagons and 20 hexagons of sp2-hybridized carbon atoms. In
buckyballs each carbon atom is attached to three nearest neighbors, three out of
four valence electrons of atoms are involved in σ bonding. Therefore, remaining π

electrons are delocalized through the structure resulting in the conducting behavior
of buckyballs.

2 Carbon Nanomaterials for Organic Optoelectronic
Devices

Over the last two decades, optoelectronic devices based on organic semiconductors
have rapidly gained attention due to many advantages of organic semiconducting
materials, such as solution-processable fabrication onto flexible substrates, lowmate-
rial cost, tunable material properties, great diversity, and higher production volume
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Fig. 1 Device architecture of organic solar cell a bilayer b bulk heterojunction

as compared to conventional semiconductor technology [18]. These technological
advantages are attractive for flexible large-area applications such as organic solar cells
(OSCs) and organic light-emitting diodes (OLEDs). However, the main obstacles of
this technology are low carrier mobility and susceptibility to environmental insta-
bility, which directly impact the device performances (power conversion efficiency,
external quantum efficiency, and lifetime) [23]. As a possible way to overcome these
obstacles, the scientific community has begun to explore integrating organic mate-
rials with inorganic nanoparticles such as quantum dot and carbon nanocomposite
material to realize hybridmaterials with enhanced carriermobility and stability while
preserving the advantage of facile solution-processable fabrication.

Typical OSCs consist of a substrate normally glass or flexible substrate;
transparent bottom electrode typically used transparent conducting oxide (TCO);
organic active layer, and top metal electrode as shown in Fig. 1a. An inter-
layer is normally used between electrodes and the photoactive layer in order to
impede surface recombination, which reduces the device performance. In efficient
OSCs, the photoactive layer consists of electron donor and acceptor to form bulk
heterojunction (BHJ) for efficient charge generation and transport (Fig. 1b). The
incorporation of carbon nanomaterials (CNMs), such as fullerenes, CNTs, and
graphene, is an effective way to maximize power conversion efficiency (PCE) in
OSCs. CNMs (Fullerenes, CNTs, Graphene) show greater carrier mobility and
conductivity than organic semiconductors [18]. The fullerene derivatives are electron
acceptor materials in organic optoelectronic devices, while graphene and CNTs
are used as promising transparent counter electrodes for flexible devices. In fact,
poly[(5,6-difluoro-2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3′′′di(2-octyldodecyl)2,
2′;5′,2′′;5′′,2′′′-quaterthiophen-5,5′′′-diyl)] (PffBT4T-2OD) derivatives as donors
and C71-fullerene derivatives as acceptors based OSCs have reported above 11%
power conversion efficiency [36]. Recently, it has been shown that other electron
acceptor materials can also be used to achieve high device performance comparable
with fullerene derivatives-based devices. Implementation of CNMs into the device
architecture not only enhanced the active layer stability and charge transport
properties of the device but its optoelectronic properties are also modified due
to the concentration and the shape of the carbon nanostructure. The chemical
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stability, mechanical flexibility, and elemental abundance of carbon nanomaterials
present unique opportunities for optoelectronic devices [18]. Therefore, the carbon
nanomaterials can be used to have different roles in the device architectures to
improve their performance and their lifetime, as described in subsequent sections.

2.1 Carbon Nanomaterials in Photoactive Layer of Organic
Solar Cells

In OSCs, photons are absorbed in the organic active layer and generate Frenkel
excitons (typical binding energy ranges over 0.1–1.0 eV) [15]. These excitons
diffuse into the photoactive layer and get dissociated at the donor/acceptor interface
of OSCs. Therefore, separated electron and hole charge carriers are transported to
the charge transport layer or electrodes via the electron donor or acceptor layer,
respectively. Integration of CNMs such as CNTs and graphene into the organic
photoactive layer provides exciton dissociation sites and charge carriers pathways
in the active layer [23].

Conventional architecture of OSCs consists of poly-3-hexylthiophene
(P3HT)/Phenyl-C61-butyric acid methyl ester (PCBM) photoactive layer. Typi-
cally, PCE of these systems varies between 3 and 5% [45, 59]. Therefore,
researchers have started to use dispersed CNTs or graphene as electron acceptors
in P3HT and poly-3-octylthiophene (P3OT) polymers. However, the maximum
PCEs reported for OSC with CNT/P3OT and RGO/P3HT as photoactive layers
are 0.22 and 1.1%, respectively [5, 33]. The PCE of these systems is lower than
conventional P3HT/PCBM photoactive layer-based solar cells. Many factors may
impede the performance of CNTs and graphene-based OSCs, such as (1) nanophase
separation between donor and acceptor within exciton diffusion length is lacking
for these systems and (2) lower carrier selectivity of CNTs and graphene which
leads to undesired carrier recombination during transport [23]. High fractions of
CNT clusters and graphene can cause devices to short circuit easily. Moreover,
several nanophase separation strategies for P3HT/PCBM-based solar cells have
been reported, including solvent [1] and thermal annealing [49].

Researchers have used several strategies to overcome these difficulties, such as
the small incorporation of CNTs into the BHJ OSCs. The incorporation of 3 wt%
graphene nanoplate (GNP) into the BHJOSC photoactive layer resulted inmaximum
PCE = 3.61%. The addition of CNTs below 1 wt% into the photoactive layer using
homogeneously dispersed CNTs in a P3HT/PCBM bulk-heterojunction matrix did
not affect nanophase separation [25]. For high dispersion, CNTs are functionalized
by alkyl-amide groups and homogeneously mixing themwith P3HT/PCBM solution
as shown in Fig. 2. The device performance of this system was enhanced up to 40%
due to the enhancement of carrier mobility.

Moreover, the integration of doped CNTs and graphene to the photoactive layer
of BHJ OSC has also been suggested [24, 35]. The work function of CNMs can be
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Fig. 2 aA schematic representation of the functionalization of CNTs for a homogenous dispersion
inorganic solvent and device structure of BHJ system. b The transfer characteristics of an organic
thin-film transistor. (Reprinted with permission from Ref. [25]. Copyright (2012) Elsevier)
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modified by doping the CNMs in OSCs. Kim and co-workers have demonstrated the
work function modulation of CNTs by nitrogen (N) and boron (B) doping [35]. N-
or B-doped-based carbon nanotubes (CNTs) uniformly dispersed in the photoactive
layer of P3HT/PCMB BHJ systems selectively enhanced charge carrier transport
due to work function modulation of CNTs. The addition of 1.0 wt% B- and N-
doped CNTs into the active layer results in PCEs of OSCs are 4.1% and 3.7%,
respectively. These values are higher than undoped CNT-based BHJ OSCs (2.6%)
due to balanced electron and hole transport. Moreover, the maximum PCE of OSCs
(8.6%) was achieved by integrating of N-CNTs in the PTB7: PC71BM BHJ system
[43].

Jun et al. also reported enhanced PCE in BHJ systems by integrating charge selec-
tive nitrogen-doped reduced graphene oxide (N-RGO) layer into the organic photoac-
tive layer [24]. For N-RGO process, graphene oxide (GO) was reduced through
thermal treatment with ammonia gas (Fig. 3a). N-doped graphene provides electrons
charge transport pathways through themodified band structure of composite material
as shown in Fig. 3c. The PCE ofOSCswithN-RGO shown around 40% enhancement
compared to an OSC without N-RGO.

However, Gong et al. have utilized CNTs as an electron donor instead of an
acceptor in the photoactive layer of CNT/PC71BM BHJ system [11]. The PCE of
this system was reported over 2.5–3.1% by using a mixture of PC71BM and SWNTs.

In OSCs, graphene quantum dots (GQDs) have also emerged as a potential candi-
date for better performance. Owing to the quantum confinement effect, GQDs show
remarkable semiconducting properties, such as (1) tuneable energy band gap by
tailoring size, edge, and functional groups, (2) high absorption coefficient, (3) nontox-
icity, (4) good solubility, (5) GQDs facilitate the formation of charge pathways in
OSC photoactive layers without recombination and (6) effective exciton dissocia-
tion due to smaller size in photoactive layers. Gupta et al. have demonstrated that
the GQDs incorporated in conjugated polymer show enhanced OPV and OLED

Fig. 3 a Illustration of the nitrogen doping process of RGO b BHJ solar cell architecture using
the N-doped graphene/P3HT:PCBM active layer and c Energy band diagram of a RGO and N-
RGO/P3HT:PCBM OSC system. (Reprinted with permission from Ref. [24]. Copyright (2013)
Energy Environ. Sci.)
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Fig. 4 a J–V characteristics of the OSC based on functionalized GQDs with aniline (ANI-GQDs)
in AM 1.5G 100 mW illumination. b J–V characteristics of GQDs based OLED. (Reprinted with
permission from Ref. [13]. Copyright (2011) J. Am. Chem. Soc.)

characteristics as compared to graphene due to improved optical and morpholog-
ical characteristics as shown in Fig. 4 [13]. Moreover, Hong’s group incorporated
three different types of GQDs—graphene oxide quantum dots (GOQDs), 5 h reduced
GQDs, and 10 h reduced GQDs into BHJ systems, and enhanced optical absorptivity
and charge carrier extraction (Fig. 5) [28]. Therefore, the partially reduced GQDs
yielded remarkable improved PCE of 7.6% in BHJ solar cells owing to balancing
optical absorptivity and electrical conductivity.

2.2 Carbon Nanomaterials in Transport Layer

OSCs consist of either an electron or hole blocking layer, or both, depending on
the OSC architecture. In a regular OSC architecture, an electron blocking (hole
transport) layer such as poly(3, 4 ethylenedioxythiophene):poly(styrene sulfonate)
(PEDOT:PSS) is used to transport holes from the active layer to the transparent
anode and match the Fermi level of the highest occupied molecular orbital (HOMO)
energy level of photoactive layer to anode. In an inverted OSC geometry, a hole
blocking (electron transport) layer such as metal oxide (ZNO, TiO2) is used for elec-
tron transport layer and blocking of holes from the active layer to the transparent
cathode. In OSCs architecture, CNMs (CNTs, graphene) can be used as an interlayer
between the polymer and the transparent electrode to avoid energy level mismatch. In
OSCs, CNTs and graphene have been used as electron blocking (hole transport) layer
between polymer active layer and anode. For example, Ozkans group have demon-
strated novel processing techniques for the addition of SWCNTs at different locations
in the P3HT/PCBMBHJ systems and investigated their photophysical properties and
device performance [8]. Incorporation of SWCNTs into PEDOT:PSS layer coated on
ITO leads to enhanced PCE with 4.9%. However, SWCNTs between a photoactive
layer and the metal electrode resulted in a drastic drop in device performance due
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Fig. 5 a Schematic of a BHJ OSC with different types of GQDs. b J–V curves of the GQD based
BHJ devices. c Incident photon to charge carrier efficiency (IPCE) of theBHJ systems.dUV–visible
adsorption spectra of GOQD and GQD. e Dark J–V characteristic of the BHJ systems. (Reprinted
with permission from Ref. [28]. Copyright (2013) ACS Nano)
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to energy level mismatch. Jin et al. reported that CNT/PEDOT:PSS nanocomposites
synthesized with non-covalently functionalized CNTs exhibited higher conductivity
than that of PEDOT:PSS polymer and similar optical transparency [22]. Owing to
higher electrical conductivity, BHJ solar cells with CNT/PEDOT:PSS nanocompos-
ites as a hole transport layer shows about 30% enhanced PCE compared to BHJ
OSCs made with PEDOT:PSS polymer (Fig. 6).

Graphene has also been employed as hole transport materials in the BHJ OSCs
to enhance chemical stability and electrical conductivity [41, 63]. Li et al. used

Fig. 6 a Illustration of device structure and energy level diagram of BHJ solar cell with
SWNTs/PEDOT:PSS nanocomposites as a hole transport layer b J–V characteristics of BHJ OSCs.
(Reprinted with permission from Ref. [22]. Copyright (2013) Synth. Met.)
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Fig. 7 a Schematic of the BHJ solar cell and energy level diagram with GO as hole transport and
electron blocking layer. bCurrent density−voltage characteristics of different photovoltaic devices.
(Reprinted with permission from Ref. [39]. Copyright (2010) ACS Nano)

graphene oxide (GO) as the hole transport and electron blocking material in OSCs
[39]. The addition of GO thin film between the P3HT/PCBM photoactive layer and
the transparent anode (ITO) to transport hole and block electrons from photoac-
tive layer to ITO anode as shown in Fig. 7. This BHJ OSC exhibited a PCE of
around 3.5%. However, the device performance gradually decreased with increases
in the thickness of GO layer due to the insulating properties of GOs (Fig. 7b). These
results indicate that GO materials could be alternative to conventional PEDOT:PSS
polymer as the effective hole transport layer for OSCs and OLEDs. Several groups
have reported graphene/polymer nanocomposites as a hole transport and electron
blocking layer (HTL) in the BHJ OSCs [2]. For example, Bae et al. demonstrated
a blend of poly(styrene sulfonic acid) grafted with polyaniline (PSSA−g−PANI)
and graphene oxide (GO) as a hole transport material for the P3HT/PCBM BHJ
system [2]. PSSA−g−PANI/GO nanocomposites show high electrical conductivity
and optical transparency. This BHJ OSC exhibits an enhanced PEC of about 23%
compared to conventional HTLmaterial, PEDOT:PSS.Moreover, graphene/polymer
nanocomposites show higher electrical conductivity and optical transparency than
conventional PEDOT:PSS. They can be an effective hole transport layer for high-
performance BHJOSCs. However, Liming Dai group has reversed the charge extrac-
tion property of GO through charge neutralization of the –COOH groups of GOwith
Cs2CO3 in BHJ devices [42]. Therefore, GO can be used as an excellent hole and an
electron transport layer in the same BHJ system.
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3 Applications of Carbon Nanomaterials
in Perovskite-Based Devices

Hybrid organic-inorganic perovskites (HOIP) possess some exceptional properties
which are generally absent in inorganic or organic semiconductors. HOIPs show
exceptional defect tolerance, ambipolar charge transport, and high photolumines-
cence quantum yield. These materials are solution processible, and the efficiency
of the perovskite-based solar cell (PSC) is now comparable to that of the crys-
talline silicon solar cells. Conventionally a PSC as well as perovskite light-emitting
diode (PeLED) is a multilayer device architecture. The PSC is composed of an ETL
an active layer and an HTL, these layers are sandwiched between two electrodes
namely cathode and anode. Depending on their layer construction PSCs or PeLEDs
can be categorized as n-type-intrinsic-p-type (n-i-p) or p-type-intrinsic-n-type (p-i-n)
devices. Here, n-type material is usually a high electron affinity material, whereas a
p-type material is a low electron affinity material normally used to match the energy
band diagram of the device. In a complete device, an n-type material provides low
conduction band offset whereas it has to have a high valence band offset so that it
blocks holes efficiently, therefore in some cases an electron transport layer is also
called a hole blocking layer. Similarly, a hole transport layer has a low valence
band offset with the active layer, whereas it has a high conduction band offset, see
Fig. 8b. The active layer of PSCs or PeLED is usually composed of a pristine halide
perovskite. HOIPs have some excellent properties to be utilized as solar cells or as
PeLEDs; these properties include high tolerance factor, [31] large carrier diffusion
lengths, [7], and ambipolar charge transport [38, 53]. Although perovskites show
high efficiency, it is also prone to degradation when these materials come in contact
with oxygen, moisture, or UV irradiation. CNMs can be utilized to further improve
their electrical and optical properties by functionalization of these materials with a
suitable form of carbon nanostructures. In this section, various studies on the use of

Fig. 8 a Schematic diagram of a perovskite solar cell b energy band diagram of a typical perovskite
solar cell
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carbon nanomaterials to boost perovskite-based device performance as well as the
stability will be demonstrated.

3.1 Graphene and Its Derivatives in Perovskite Solar Cells

Currently best performing PSCs usually utilize a p-type organic hole
conductor, 2,2′,7,-7′-tetrakis (N,N-di-p-methoxyphenylamine)-9,9′-spirobifluorene
(spiro-OMeTAD) as HTL. The low intrinsic carrier mobility of charge transport
layers becomes an issue for improving device performance. Although, doping can be
utilized to overcome the problem of low carrier mobility to some extent, the presence
of hygroscopic dopants can accelerate the deterioration of the device at high temper-
atures. Hydrophobic graphene derivatives can not only improve the device stability
over moisture degradation but can also improve carrier mobility. Graphene deriva-
tives can be utilized in band alignment not just in hole transportingmaterial but also in
inverted perovskite solar cells, these graphene derivatives can be utilized to improve
the optoelectronic properties of electron transporting layers. Graphene derivatives
can be added into charge transport layers or directly a thin layer of graphene deriva-
tives can be placed between the active layer and the charge transport layer. Graphene
was first introduced in perovskite solar cells by Wang and co-workers as an elec-
tron transport layer. Wang et al. developed a low temperature processed composite
of pristine graphene nanoflakes and anatase TiO2 nanoparticles and used it as an
electron transport layer in PSC [60], as shown in Fig. 9.

The application of graphene nanoflakes with TiO2 eliminates the need of high
temperature (~500 °C) sintering which opens up the possibility of PSCs utilizing
TiO2 as an electron transport material to be processed at temperatures not more
than 150 °C. This demonstration opens up a new avenue for low cost and flexible
devices. Graphene-TiO2 composite can improve device performance by reducing
series resistance and recombination losses. Apart from pristine graphene it’s deriva-
tives such as graphene oxide (GO) and reduced graphene oxide (rGO) can be used as
a charge extraction layer. Mahdi, et al. used reduced graphene oxide as the interlayer
between perovskite and TiO2 film. Using time-resolved photoluminescence (TRPL)
and electrochemical impedance spectroscopy (EIS) they have illustrated that rGO
improves electron extraction from perovskite by reducing charge transfer resistance
[58]. Recently it has been found that when sulfonic acid functionalized graphene
oxide (SrGO) is used as a hole interfacial layer in a p-i-n structured PSC, device
performance improves significantly. Mann and co-workers showed that using double
HTL (PEDOT:PSS/SrGO) effectively increases the work function of HTL layer and
thus improves charge transport capability that resulted a higher short circuit current
(Jsc), higher fill factor and improved power conversion efficiency (PCE). Double
HTL (PEDOT:PSS/SrGO)-based devices also show improved stability compared to
single HTL (PEDOT:PSS only) device, as shown in Fig. 10 [47].
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Fig. 9 aCross-sectional FESEM image of a complete perovskite solar cell. b Schematic illustration
of energy levels of different materials used and shown in (a). c Current–voltage characteristics of
different electron collection layers under simulated AM 1.5, 100 mW/cm2 solar irradiation (solid
line), and in the dark (dotted line).dThe best performing (η= 15.6%) solar cell based on a graphene-
TiO2 nanocomposite under simulated AM 1.5, 106.5 mW/cm2 solar irradiation (solid line), and in
the dark (dotted line), which processed at temperatures not exceeding 150 °C. (Reprinted with
permission from Ref. [60]. Copyright (2013) Nano Lett.)

Fig. 10 Normalized photovoltaic parameters as the function of time for the PSCs with different
HTLs in air ambient conditions. (Reprinted with permission from Ref. [47]. Copyright (2020) J.
Alloys Compd.)
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3.2 Graphene and Its Derivatives in Perovskite Light
Emitting Diode

Graphene as anode in PeLEDs not only provides alternative to TCO but also opens
up a route towards flexible LEDs. Two major issues using ITO electrodes are that
they are brittle and therefore unsuitable for flexible electronics and indium ions
may diffuse into the transport layer and degrade them. PSC that utilize graphene
electrodes are also found to have comparable efficiency to that of the ITO-based
devices [64], but the application of graphene electrodes in light emitting diodes is
not much reported. High sheet resistance, low work function and surface hydropho-
bicity are main problem in application of graphene in producing high efficiency
PeLEDs, although doping of suitable material can improve graphene properties to
become compatible for application in PeLEDs. To overcome the problemof graphene
hydrophobicity, Qing et al. used a modified PEDOT:PSS layer on top of graphene,
in this case PEDOT:PSS is doped with small-molecule non-ionic surfactant Triton
X-100 and Dimethyl sulfoxide (DMSO). Incorporation of Triton X-100 and DMSO
improved the surface wettability of graphene, and improved the surface adhesion
energy [34]. Suitable doping of Triton X-100 and DMSO reduces the work function
of PEDOT:PSS from 4.81 eV to 4.56 eV, thus using graphene electrode along with
modified PEDOT:PSS and perovskite quantum dots, Qing et al. were able to fabricate
PeLEDs with current conversion efficiency 11.37 cd/A and 2.58% external quantum
efficiency (EQE), see Fig. 11. However this efficiency is quite low compared to ITO-
based devices but this could be a good step towards flexible device, and these LEDs
can be utilized in low intensity applications [67].

In another study, Hong-Kyu et al. reported a very bright electroluminescence
(EL) (Lmax > 10 000 cd m−2) and conversion efficiency (CEmax = 18.0 cd A−1

EQE 3.8%) based on a graphene anode for the first time. Although at that time device
efficiencies were not that high and they showed that the graphene anode-based device
in this study outperformed the ITO-based perovskite LED (CEmax = 10.0 cd A−1

EQE 2.2%). In this study, they used a 4 layer chemically doped graphene which was
doped using Nitric acid (HNO3) vapor. The improved performance in this case can be
attributed to the chemical stability of graphene. Using time-of-flight secondary ion
mass spectrometry (TOF-SIMS) they have shown that in ITO-based devices In and
Sn atoms diffuse from ITO to upper layers. These metal ions may form interfacial
trap states and reduce the hole injection. Therefore, using graphene anode in place
of ITO avoids this ion diffusion problem and improves device performance [51].

3.3 CNTs in Perovskite Solar Cells

Recently a two-layer (two hole transport layers) strategy was employed by Severin
et al. where they utilize P3HT wrapping to disperse SWCNT in commonly used
solvents, this polymer coating to SWCNT makes electron transfer unfavorable and
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Fig. 11 a Current density and luminance curves, and b current efficiency characteristics
of graphene-based FA0.8Cs0.2PbBr3 NCs LEDs with PEDOT:PSS and PEDOT:PSS:Triton X-
100(0.05 wt%):DMSO (2 vol.%). c Schematic Diagram of MAPbBr3 PQD-based LEDs fabri-
cated on graphene. d EQE curves of graphene-based FA0.8Cs0.2PbBr3 NCs LEDs. (Reprinted with
permission from Ref. [67]. Copyright (2019) Org. Electron.)

leads to selective hole transfer to nanotubes [10]. They have observed that incorpora-
tion of SWNT interlayer exhibited close to 1 order of magnitude faster charge carrier
extraction. They also observed that incorporation of SWNT does not change the
recombination rate significantly compared to undoped hole transport which indicates
the enhancement in device performance is mainly because of improved hole extrac-
tion throughout theHTL [14]. In another study,Rachelle et al. used nearlymonochiral
(5, 6) s-SWNT ultra-thin (5 nm) interfacial layer between active perovskite layer and
hole transport layer, that resulted an improved charge extraction and slow recombi-
nation, therefore overall device efficiency improved from 14.7 to 16.5% [17]. One
of the critical issues of PSC is the hysteresis of I-V curves, [17, 19, 27, 50, 58] and
its one the major concern among the scientific community, since it is related to PCE
and stability of device [26]. Hysteresis factor of a solar cell is defined as

Hysteresis factor = PCE(reverse) − PCE( f orword)

PCE(reverse)
(1)

Huijie et al. used a combination of ultraviolet photoelectron spectroscopy (UPS),
space-charge-limited current (SCLC) and EIS measurements to show that a highly
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efficient and hysteresis free PSC can be realized by using a CNT functionalized tin
oxide (SnO2) as an electron selective layer. The hysteresis factor for the devices
with pure SnO2 and CNT functionalized SnO2 have shown a hysteresis factor of
14.26% and 2.42%, respectively. They have shown that using CNT functionalized
SnO2 has lower trap density, lower charge transfer resistance, higher conductivity
and higher electron mobilities compared to pristine SnO2 electron transporting layer,
therefore usingCNT functionalized SnO2 ultimately enhances the PCE from 17.90 to
20.33% [57]. There are efforts to incorporate CNTs into the perovskites also, though
CNTs are hydrophobic and do not dissolve in polar solvents such as Dimethylfor-
mamide (DMF) or DMSO which are generally used to dissolve perovskite precur-
sors. Bag et al. used a supramolecular strategy that uses π-π interactions to non-
covalently attach the chain end of a polymer to MWCNT to make a stable (stable
up to 30 days) solution of MWCNTs [21]. They utilized, poly(methyl methacrylate)
(PMMA)-functionalized hexabenzocoronene (HBC) to achieve stable CNT disper-
sion inDMF.They showed thatwith the incorporation ofMWCNTs in active layers of
a PSC they achieved up to 87% reduced charge recombination and 70meV improved
open circuit voltage while keeping Jsc and fill factor intact, see Fig. 12 [3].

Fig. 12 a schematic of HBC-functionalizedMWCNTs bAFM, c and d conductive AFM e FESEM
image of MWCNT in perovskite thin film f light current-voltage graph of perovskite solar cells
containing MWCNTs g histogram of device parameters. (Reprinted with permission from Ref. [3].
Copyright (2016) Chem. Phys. Lett.)
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3.4 Carbon Quantum Dots in Perovskite Solar Cells

C60 has maintained its best performance in organic and perovskite solar cells for
years, C60 and its derivatives such as PCBM have resulted some of the best devices.
Zhiping, et al. demonstrated a 21.1%PCE and showed that their encapsulated devices
maintained 90%of their original PCE after 150 h of operation under 10 suns [61]. It is
also seen that the incorporation of PCBMeither bymixing it with the bulk or inserting
a layer into the device significantly reduces the hysteresis factor. It could be related
to enhanced electron transfer [65] or it could be related to passivation of charge trap
states in the bulk of perovskite film during thermal annealing process [52]. Yu, et al.
usedPCBMand its polymerized form (PPCBM) to investigate the influence of PCBM
in resolving hysteresis problem. Its well known that ion migration in perovskites
is responsible for hysteresis in perovskite-based devices, using in situ wide-field
photoluminescence (PL) imagingmicroscopyandX-rayphotoemission spectroscopy
(XPS) depth profiling Yu and coworkers showed that the diffusion of PCBM into
the bulk perovskite reduces ion migration and helps to suppress hysteresis, they
proposed that its possible that diffused PCBM may tie up with migrating iodine
ions by direct electron transfer from iodine to PCBM, alternatively PCBM acts as
a physical hindrance for ion migration [69]. Apart from this, carbon quantum dots
(CQDs) can directly be used in the bulk of perovskite to act as a defect passivating
agent. Yuhui, et al. used hydroxyl and carbonyl functional groups containing CQDs
into a perovskite precursor solution to passivate the uncoordinated lead ions on
grain boundaries. Introducing CQDs in perovskite precursor solution both PCE as
well as stability of PSC devices was significantly improved. This improved device
performance was attributed to the presence of larger grain size which is basically
the result of retarded growth rate. Interaction between Pb2+ and carbonyl groups
attached to CQDs retarded the growth rate of perovskite grains, (Fig. 13). CQD
employed devices retained 73.4% of its initial PCE after being aged for 48 h under
80% humidity at room temperature [46].

3.5 Carbon Quantum Dots in Perovskite LEDs

The structure of a PeLED is exactly same as that of perovskite solar cell; only
difference is in their working conditions. An efficient perovskite solar cell requires
efficient charge extraction at the perovskite/charge transport layer whereas an effi-
cient perovskite light emitting diode requires balanced charge injection at the
perovskite/charge transport layer [32]. Although there are a number of studies incor-
porating graphene in PSCs there are only fewer reports which focus on the use of
graphene-based materials in PeLEDs. Xi et al. found that the incorporation of suit-
able amount of GQDs into methylammonium lead tribromide (CH3NH3PbBr3) films
resulted in reduced grain size with much compact and passivated grain boundaries,
which gives rise to 2.7-fold increased PL intensity. In this study PLQYwas improved
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Fig. 13 a Schematic diagram of the mechanism of CQD passivation. Pb2+, C, O, H, and CQDs are
illustrated in orange, black, red, green, and cyan, respectively. b J–V characteristics of champion
cells without and with various CQD additive perovskites as the absorbers. c EQE and integrated
current intensities of all the champion devices. d PL spectra and e TRPL spectra of devices with
different amounts of CQD additive perovskites as the absorbers. f SEM image of perovskite films
containing CQD. (Reprinted with permission from Ref. [46]. Copyright (2019) ACS Appl. Mater.
Interfaces)

from 2.5 to 9.6% which indicates that incorporation of GQDs can help us to prepare
perovskite films suitable for light emitting diodes,where a small grain size is desirable
to improve the radiative recombination [12]. In a conventional PeLED, PEDOT:PSS
is most commonly used HTL. Alternatively, Zhibin et al. used CQDs as HTL and
found that CQDs in PeLED can replace the highly acidic PEDOT:PSS and facilitate
efficient hole injection. They have fabricatedCsPbBr3-based greenPeLEDexhibiting
13.8% EQE and long term operational stability. Using conventional HTL such
as PEDOT:PSS, Polyvinylcarbazole (PVK) or Poly[(9,9-dioctylfluorenyl-2,7-diyl)-
co-(4,4′-(N-(4-sec-butylphenyl)diphenylamine)] (TFB) usually require an ultrathin
buffer layer to control the surface energy in order to fabricate good quality surface
passivated active layer, however precise control over thickness of these ultrathin
layers is difficult, on the other hand CQDs could be attached with various functional
groups such as -NH2, -COOH or -OH and therefore by controlling the type and
amount of these functional groups one can tune the surface energies and also the
band energies of CQD-based HTLs [62].

3.6 Carbon Nanomaterials in Photodetectors

Although graphene has a number of excellent properties, but when comes to light
absorption properties graphene shows very weak light absorption [4] which is the
main reason of low quantum yield for graphene only devices. On the other hand,
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perovskite has good absorption coefficient but low carrier mobility compared to
graphene and CNTs. Therefore, its good to explore hybrid perovskite/graphene
or perovskite/CNT photodetectors, there are a number of studies based on
perovskite/graphene or perovskite/CNT-based detectors, few of them are discussed
in this chapter. Surendran et al. reported CsPbBrxI3−x nanocrystals (NCs) with higher
iodide-to-bromide ratio as the photo absorption layer and graphene as the transport
layer, perovskite nanocrystal − graphene-based photodetector exhibits maximum
responsivity of 1.13 × 104 A/W and specific detectivity of 1.17 × 1011 Jones under
low light intensity (∼80 μW/cm2). Surendran and co-workers also found that under
low intensity of light a common issue of ion separation and segregated halide domains
in mixed halide is absent. This indicates that the mixed halide NCs could be poten-
tial candidates for photodetection applications, when a low power sensor is required
[55]. Zou et al. demonstrated a high photoresponsivity and high photo detectivity
by fabricating a perovskite (CH3NH3PbBr3)/graphene hybrid vertical photodetector.
Zou and co-workers utilized amono-layer graphene and a perovskite single crystal to
realize 1017.1 A/W photoresponsivity and a photo detectivity of 2.02 × 1013 Jones.
This high performance of hybrid perovskite/graphene vertical photodetector was
attributed to effective charge transfer between perovskite graphene heterojunction
[70]. It is well established that the presence of a large number of grain boundaries
trigger the degradation in perovskites [6, 37], therefore low-dimensional perovskites
such as quasi 2D, 2D or 1D perovskite structure show improved stability compared
to conventional 3D perovskites. Shun-Xin et al. fabricated an ultra-stable MAPbBr3
single-crystal microwire arrays (SCMWAs)-based photodetector by utilizing protec-
tive hydrophobic Trichloro(1H,1H,2H,2Hperfluorooctyl) silane (FOTS) molecular
layer to isolate SCMAs. These SCMAs enjoy the protection of FOTS as well as
being low dimensional they do have reduced density of grain boundaries therefore
these SCMWAs are less prone to degradation. Shun-Xin et al. demonstrated a high-
performance flexible photodetector with responsivity of 20 A/W and detectivity of
4.1 × 1011 Jones which is capable of maintaining 96% of the initial photocurrent
after 1 year while exposed to air [40].

3.7 Carbon Nanomaterials as Electrodes

Generally, perovskite photovoltaic devices require metal electrode of suitable work
function to collect charge carriers, and these metal electrodes have to be deposited
at high vacuum to avoid oxidation of metal. Alternatively, carbon-based materials
such as nanotubes can be used as back electrodes to make a fully solution processible
photovoltaic devices. Although using CNTs or graphene electrodes in the place of
metal electrode is expected to reduce the device performance unless or until these are
well engineered, but at the same time they can reduce the cost and effort significantly.
The reduction in PCE of solar cells can be understood as there are two main reasons
responsible for this (1) finite transparency of back electrodes reduces the number
of reabsorbed photons, (2) limited conductivity of CNT hinders charge collection.
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Fig. 14 a Schematic illustrations of a both-CNT-electrode PSC and its energy level diagram. b
Bending radius tests of the CNT cathode devices (ITO/CNT), the CNT anode devices (CNT/Al), and
the bothCNT-electrode devices. cForward (red) and reverse (blue) bias J–Vcurveswith photovoltaic
parameters d Photographs of the both-CNT-electrode PSC. e SEM image of nanocomposite anode
and cathode materials with device structure. (Reprinted with permission from Ref. [20]. Copyright
(2017) J. Phys. Chem. C)

However, Xin, et al. used multi walled carbon nanotubes as back contact in PSCs,
as a result they have been able to achieve PCE over 17% with improved stability.
Optimized device in their study maintains 80% of its initial power conversion effi-
ciency up to 1000 h of continuous illumination at 1 sun [64]. Similarly, Jeon et al.
used double walled carbon nanotubes (DWCNT) layer as the front electrode in PSCs
and achieved a hysteresis free and 17.2% PCE. They also demonstrated the effect
of doping in CNTs, the controlled device in their study has shown a PCE of 15.6%
which can be improved to 16.7 and 17.2% upon HNO3 and trifluoromethanesulfonic
acid (TFMS) doping respectively; the improvement in PCE was attributed to deeper
fermi level of doped DWCNT compared to the fermi level of pristine CNT films [46].
Jean et al. also demonstrated a comparable device performance by using CNTs both
as anode and cathode, which enables us to fabricate PSCs using entirely solution
processible layers with a minor loss of PCE, see Fig. 14. A cost analysis show that
using both anode and cathode made of CNTs, this method reduces the fabrication
cost to 33% of that of conventional devices [20].

4 Conclusion

Carbon nanomaterials are widely used in optoelectronic devices including organic
and hybrid perovskite-based solar cells, light-emitting diodes, and detectors. There
has been a plethora of research to improve device performance and stability upon
utilizing carbon nanomaterials either in the active layer as nanocomposite or at the
semiconductor/electrode interfaces. Fullerene and its derivatives are widely used
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as acceptor type materials for high-efficiency organic bulk heterojunction solar
cells. They are also very good electron transport layers for perovskite solar cells
and light-emitting diodes. However, the major problem to control the bulk hetero-
junction morphology using Fullerene derivatives at a large scale remains elusive in
organic solar cells.Carbonnanostructures especially singlewall andmultiwall carbon
nanotubes and reduced graphene oxides are widely used as conducting transparent
electrode materials for flexible electronics. This can overcome the shortcoming of
transparent conducting oxide-based substrates having limited conductivity as well as
mechanical and environmental instability. Carbon nanomaterials-based conducting
transparent electrodes can improve the environmental stability by increasing the
chemical stability, decreasing oxygen and moisture diffusion through electrode as
well as improving flexibility of the transparent substrates. Very recently, all carbon-
based optoelectronic devices are being fabricated using various solution processing
techniques which can reduce not only the fabrication cost but also improve environ-
mental safety and stability.Carbonnanomaterials canopenup anewera of technology
in optoelectronic industries to complement existing Si-technology. The major chal-
lenges still remaining in organic and perovskite-based optoelectronic devices are
the overall devices’ stability and reproducibility compared to the state-of-the-art Si-
technology. Therefore, much more research and understanding are still needed to
address the instability and irreproducibility in this new technology.
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