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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. In the simplest of terms, the electronic properties of these nanomaterials, which
form the present context of discussion, vary mainly as a function of three parameters, out
of which two are process parameters (viz. (i) the kind of reinforcement and (ii) method of
synthesis), and one is a structure-dependent parameter. The structure-dependent
parameter is highly influenced by the two process parameters 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 a crucial role in the understanding of
electronic properties, apart from physical and chemical properties of these materials. The
present chapter provides a brief overview of the state-of-the-art on research along with
detailed discussions on some recent developments in understanding electronic properties
of some conventional carbon-based nanocomposites (synthesized 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 both industrial and
fundamental viewpoints.
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1. Introduction

The sole and highly-explored notion of developing a “hybrid” material with integrated
properties of two or more components, since the last two decades, has paved the way for
the design of a number of “complex” materials, beyond the conventional concept of
material development based on structure-property correlation [1]. Nanocomposites are
one such class of materials, which at present find applications in a large number of
sectors, ranging from nanoelectronics to energy storage industries due to their exceptional
electronic, mechanical and chemical properties. In other words, these materials have
entirely revolutionised the world of “functional materials” and hence, may be considered
as materials of the 21% century with exploration of newer avenues on a highly frequent
basis.

Nanocomposites are defined as composite or multiphase materials in which as a
minimum one phase has at least one dimension in nanoscale (10° m) range [2].



Nanocomposites have extraordinary physical, mechanical and chemical properties, which
make these materials appropriate alternatives of 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 materials (graphite/ nanotube/ Ceo) as
matrix with various reinforced phases such as metal oxides/ sulfides/ nitrides etc.

Besides, in recent times, owing to the high charge transfer capacity of adsorbates, 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 [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
capacitance value compared to CNTs in supercapacitor applications have 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
demands for higher 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 work has also highlighted the use of graphite
(with a suitable binder) as anode material for Potassium lon Batteries (PIBs) to improve
energy efficiency than that of LIBs and Sodium-lon Batteries (SIBs) [10].

Moreover, in the recent decade, the “correlative microscopy” methodology [11-16] has
been used extensively used as a tool to understand a number of properties in materials
especially used for different structural applications. One of the main reasons as to why
the “correlative microscopy” methodology has not been used widely to study structure-
property correlation in C-based nanocomposites may be attributed to the challenges
involved in sample preparation. Moreover, other challenges include characterisation
of a light element such as C and understanding the complexity of the atomic structures in
nanocomposites. This has also been the reason behind a limited understanding of the
structure-dependent parameter. Thus, most of the literatures published in this field, are
able to address the structure-property correlation as a function of only process parameters
(and not structure-dependent parameter) in C-based nanocomposites. As already
discussed, the present chapter limits its premises in discussing only the electronic
properties of nanocomposites from the state-of-the-art on research and finally, some of
the major problems, requiring a high level of systematic research, in order to create a new
paradigm in the field of research on functional materials. However, the authors do not
claim the present review to completely address all the aspects of understanding electronic
properties of nanocomposites due to countless number of papers already published in this
field.



2. Why is carbon so interesting?

Amongst all the elements in the periodic table, carbon turns out to be extremely
interesting, 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 few of the common allotropes of carbon.

In the well-known diamond cubic crystal structure with each carbon atom bonded to four
other carbon atoms by strong sp* covalent bonds, the absence of free (mobile) electrons
makes diamond a hard yet a highly electrically insulating material. Graphite, on the other
hand, is formed by the stacking of 2-D hexagonal flat sheets of sp>-bonded carbon atoms
with the sheets weakly bonded by Van der Waals forces. This bond interestingly leads to
the high mobility of C between the sheets and primarily accounts for the high electronic
conductivity of graphite. Besides, the narrow bandgap between conduction and valence
bands in graphite also accounts for excellent electrical conductivity in graphite. Before
the onset of carbon nanotubes (CNTSs) [25, 26] and then graphene, the most investigated
artificially synthesized allotrope of C was fullerene Cso molecule with a 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
semiconducting Ceo molecule [17, 18, 25].

For defining CNTs, a chiral vector (c=nai+ma, with a1 and a> 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) built from one or
few 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].



Fig. 1 Structures of different forms of carbon allotropes (Reproduced with permission
from ACS Publications [21])

Table 1: Properties of different carbon allotropes (p: in the plane; c: along ¢ axis)

Property Graphite [21] | Diamond | Ceo[17, 18] CNT Graphene
[22] SWCNT [20] | MWCNT [20] | [20]

Crystal Hexagonal Diamond | Buckminsterfullerene Hexagonal Hexagonal

structure cubic

Density 2.09-2.23 35 15 0.8 1.8 2.27

(g/cm3)

Electrical p: 25x10* | 10% 10° 10%-10° 103-10° 107-108

conductivity c:3.3

(S/cm)

Thermal p: 3000 900-2320 | 0.4 ~6000 ~2000 ~5000

conductivity c:6

(W/mK)

Coefficient of | p: -1x10—° | 1~3x10° |6.2x10° Insignificant | Insignificant | p: ~1x10—°




thermal c: 29x10—% Cc: 29x10—"°
expansion (K

)

Thermal 450-650 777 >600 >600 >600 450-650
stability in air

(°C)

Surface area | Variable 10-50 >100 >100 >100 2630
(m?/g)

Modulus p: 1000 500-1000 | 14 1200 1000 1000
(GPa) c: 36.5

2.1 Graphitic carbon nitride based nanocomposites

Graphitic carbon nitride (designated as g-CsN4) are semiconductor photocatalysts
with medium band gap. Moreover, they have been reported to possess non-toxic
nature, stable chemical structure and excellent thermal stability. In recent times, the
photocalatytic nature of these nanocomposites is being investigated for wastewater
treatment applications. On the basis of dopants (doped with g-CsN4) , these
nanocomposites have been classified as: (i) g-CsN4 metal-free nanocomposite, (ii)
noble metals/g-CsNa4 heterojunction, (iii) non-metal doped g-CsNa, transition and (iv)
post transition metal based g-CsNs4 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 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], there are certain
exceptional features rendering CNTs as an ideal supplement for a large group of
materials, including metallic materials, polymers, and ceramics. The present state of
research in CNTs is mainly aimed at synthesizing CNT-based composites as an
alternative to conventional materials [25]. However, compared to CNTs, graphene-based
materials exhibit numerous advantages, which include: a unique combination of mass
production coupled with low cost of manufacturing [25] and excellent electronic
conductivity [26]. In the context of electronic properties, it is highly interesting to discuss
the intensively studied RuO: reinforced CNT used to design supercapacitor devices,
having a much higher cost and possessing toxic characteristics among inorganic
supercapacitor electrode materials [3]. The use of CNT-based metal oxides/conducting
polymers 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 in activated carbon [3-6]. CNTs may be
synthesized by several methods ranging from arc discharge to different Chemical VVapour
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], which strongly influence the electronic properties of
the material. CNTSs 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 treatment) on the thermomechanical properties of the
novolac epoxy nanocomposites and reported an increment 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 Ceo). The first attempt to synthesize a novel
Pt-modified [PW11NiOsg]>@reduced graphene oxide (rGO) and Pt-modified
[PW11NiO39]°-@multiwall carbon nanotube (MWCNT) composites, has been reported by
Ensafi et al. [31]. Pyrrole-treated functionalized SWCNT exhibits excellent
electrochemical performance, which includes a high capacitance and power density [33].
The plasma surface treatment of MWCNTSs with NHs, leading to an enhancement of total
surface area and wettability of MWCNTSs and thus, an enhancement 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 polymerisation (both chemical and electrochemical polymerisation) of
monomers [35, 36].

2.2.1 Polymer/CNT based composites

Owing to an excellent combination of thermal, optical, and electrical properties [25], as
already discussed in the earlier section, CNTs turn out to be potential candidates in
various newly-emerged fields, which commonly include nanotechnology and biosensors.
Polymer reinforced CNT nanocomposites possess an excellent combination of
mechanical properties and electrical conductivity for biosensor applications [35]. In the
context of supercapacitor devices, the performance is largely determined by MWCNT
content in the composite electrode [37]. As a result, polypyrrole (PPy)/MWCNT
composites may 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 in CNTSs results
in an enhancement of mechanical strength along with thermal and electronic conductivity
[38]. PANI/ MWCNT composite has been reported to possess a specific capacitance



combined with a large retention of capacitance even after a large number of cycles [39].
Besides, a number of conducting polymers, mainly polyaniline, polythiophenes
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. 2(a), wherein the Raman peaks (characteristic of
PANI) were observed to undergo a significant change with temperature. XRD patterns of
PANI/MWCNT composites are shown in Fig. 2(b) with PANI molecular conformations,
schematically illustrated in Fig. 2(c) as a function of temperature [43]. The electronic
properties of PANI, poly (vinylidene fluoride) (PVDF) and MWCNTS, was studied by
Blaszczyk-Lezak et al. [41] wherein, the surface functionalization of MWCNT was
performed in a concentrated mixture of sulfuric and nitric acid at 90 °C for 24 h.
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Fig. 2 Representation of (a) Raman spectra and (b) XRD patterns of PANI reinforced
MWCNT composites with variation in weight fraction of MWCNTSs (* represents CNT
peaks) (c) schematic illustration of PANI molecular conformations at different
temperatures of synthesis (Reproduced with permission from Elsevier [43]).
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2.2.2 Activated carbon (AC)/CNT based nanocomposites

As reported by Navarro-Flores et al. [45], activated carbon (AC)/CNTs nanocomposite
electrodes on being tested in an organic electrolyte (1.5 M NEtBF4 in acetonitrile) render



a number of interesting results, the most significant of which is a reasonably good
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 Qcm™) and high capacitance (~88
F/g) have also been reported from this work [45]. The possibility of preparing
AC/CNT nanocomposite based electrodes for supercapacitor devices using
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
shows excellent capacitance retention (of nearly 85%) even after a cyclic stability test for
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 Vapour Deposition (CVD). However, till date, activated
carbon (AC) remains as the most commonly used absorbent, primarily, owing to its high
surface area [49-51].
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Fig. 3 Schematic of synthesis processes for MoO.@TiO.@CNT nanocomposites (with
sandwich-like structure) (Reproduced with permission from Elsevier [52]).

2.2.3 Metal oxide/CNT nanocomposites

Most of the studies on electronic properties of CNT based on the RuO2/TiO;
nanocomposites have considered the potential window (-0.4 to +0.4 V) [53]. Alam et al.
[54] have synthesized BaMgosC0o5TiFe1001/MWCNT nanocomposites with variation in
the amounts of MWCNTs (0, 4, 8 and 12 vol%) and demonstrated that ~8% vol. of
MWCNTs in the synthesized MXCNT based nanocomposite, possesses the best
microwave absorption capacity. Besides, A novel method to increase 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 applications as
being suitable candidates for pseudo-capacitive electrode materials for supercapacitor
devices owing to their high-energy density [55], unlike carbonaceous materials. Titanium



dioxide (TiO,) is presently a vital anode material for rechargeable 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 MoO.@TiO2@CNT nanocomposites (sandwich
structured) from CNTSs through a two-stage process involving (i). Hydrolysis of CNT to
form TiO.@CNT and finally, (ii) Hydrolysis and heating (in an inert Ar/H> atmosphere)
of TIO2@CNT to form MoO.@TiO.@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 enhanced interfacial shear and impact strength [8]. The
reason lies in the requirement for a higher level of tensile stress to be able to detach the
CNTs from CF [57]. There are two methods, used at present, to reinforce CF with
CNTs using physical adsorption technique (based on weak Van der Waals
interaction) [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 as compared to copper wires owing to their size and
quantum effects [59]. Tamrakar et al. [60] deposited poly-ethylenimine (PEI)
functionalized multiwall carbon nanotube (CNT) using EPD technique onto the glass
fiber surface and reported that EPD method provides the required thickness of CNT
coating, thereby facilitating 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
nanocomposites with a remarkable property that this material retains the electrochemical
stability of the metal nitride, even in presence of strongly corrosive electrolytes. The
presence of CNTs enhances the electronic conductivity of the CNT/TIN composites
through 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 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]. CNTSs, 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 CNTSs at the GBs aids carrier transportability and improves the electronic
conductivity of the composite [63]. This is one of the aspects of materials 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 as compared to TiN [64, 65].

2.3 Vanadium nitride (VN)/graphene (G) composite

The practical implementation of rechargeable lithium-sulfur batteries, till 2017 had been
impeded by several issues, among which the shuttle effect leading to a rapid loss of
capacity combined with a low coulombic efficiency were the most significant. The first
report on the development of conductive porous vanadium nitride (VN)
nanoribbon/graphene (G) composite came from Sun et al. [66]. Based on both
experimental ad theoretical results, vanadium nitride/graphene composite has been
reported to provide a strong driving force for rapid conversion to polysulfides [66].
Owing to the high electronic conductivity of VN, the composite cathode has been
reported by Sun et al. [66] to exhibit lower polarization coupled with faster kinetics of
redox reaction as compared to that in a reduced graphene oxide (rGO) cathode, showing
excellent cycling performances [Fig. 4]. Based on this report [66], the initial capacity
reaches 1,471 mAhg?, and the capacity after 100 cycles is 1,252 mAhg™ at 0.2 C, with a
loss of ~ 15%, thereby offering the potential for use in high energy lithium-sulfur
batteries.

> , 0 ,

o pge  mie

I + 3 Y 1 ¥ Hydrothermal

% e
A ]

s
iV o ¥V ¢

Graphene oxide NH,VO,4

Freeze-drying
_—i
NH,, 550 °C

VO,/G composite VN/G composite

Lithium foil

. Cut and compress

Electrolyte (A
Separator Cell assembly .. .
=S m—

L,S; catholyte

VN/G electrode Free-standing VN/G composite electrode



Fig. 4 The schematic view illustrates the synthesis of a porous VN/G composite electrode
and the cell assembly with corresponding optical images of the fabricated material. A
scale bar of 500nm has been used (Reproduced with permission from Nature [66]).
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Fig. 5 Plots illustrating the electrochemical performances of VN/G and rGO cathodes. (a)
CV profiles of the VN/G and rGO cathodes (scan rate of 0.1mVs?) 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. () Cycling stability of the VN/G cathode (at 1 C for 200
cycles) (Reproduced with permission from Nature [66]).



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. Fig. 5 shows the X-Ray Diffraction (XRD)
pattern and TG-DSC (TG: Thermogravimetry, DSC: Differential Scanning
Calorimetry) curve for VN/G nanocomposite. Electron and ion transportation, along
with electrolyte absorption, is facilitated by the 3D free-standing structure of the
graphene (G) network. Besides, the VN/G electrode has also been reported to possess
excellent specific capacitance (with a much higher magnitude 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.

3. Nanocrystalline and amorphous carbon films (CNx)

Hydrogenated or non-hydrogenated C films, often termed as diamond-like carbon (DLC)
films [3], maybe either amorphous or nanocrystalline with mixed states of sp® and sp?
bonding. Those with predominantly sp? 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 of m bonds (of sp? 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 101 S/m [4]). A
thermally activated process dominates the temperature dependence of electronic
conductivity in these materials (with 6 = 60 exp(—AE/KT); o: intrinsic conductivity [4],
co0: pre-exponential factor [4], AE: energy barrier [4] and T: absolute temperature
[4]) based on hopping mechanism [4]. Among the existing theoretical 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 conduction mechanism, as reported by
Zhao et al. [67]. In 1-D VRH, the electrical resistivity p follows an exponential
relationship with temperature T (p = po exp(To/T)*; p: electrical resistivity at
temperature T [4], po: electrical resistivity at infinite temperature [4], To:
characteristic temperature [4]) with x = 1/2 for 1-D VRH [5]) with To related to
localization length & for the wave function [6]. Even for large 2-D (with x=1/3) or 3-D
(x=1/4) nanoparticles, VRH conduction 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 the material exhibiting a semi-metallic behaviour in the near-
graphitized region and a nearly linear electrical resistivity-temperature (p-T) relationship.
At higher sintering temperatures (1200-1600°C), the electrical resistivity of the



graphitized activated C, exhibits a power-law relation with temperature (p=A+BT%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 CNy films. These
films owing to the localization of sp? hybridized state and interestingly, significant
changes in the electrical properties have been observed in amorphous-CNy (a-CNy) films
as a function of Nitrogen concentration. It has been correlated to bond strength between
N atoms and sp? and sp® sites of C [69]. The dynamics of hopping transport in a-CNx
have also been studied in details 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 be used 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, coupled with 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, V.Os/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 on the influence of C
atoms on the electronic properties of these materials. For instance, C segregation 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 of GB, maybe either
conducting or insulating [4]. Although, DC electrical resistivity 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 Introductory 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 extensive review on the influence of structured
interfaces on the electronic performance of composite materials, has been published by



Mishnaevsky Jr. [77]. Fig. 6 shows the variation in electrical resistivity due to structural
modifications in WC/a-C nanocomposites. 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 and that the
scattering of electrons is largely dominated by the high density of 0-D (point) defects,
mainly vacancies as reported by Sanjinés et al. [4].
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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]).

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 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 are needed. However, the present state of
research in the energy-storage capacity of supercapacitors is focussed 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 MWCNTSs have been
extensively used in supercapacitors 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,
through combining rapid capacitive charging with high energy density. Although, at
present, the attempts aimed at the incorporation of C to redox materials in order to
enhance capacitive ability appears advantageous; however a detailed understanding on
the influence of pore size distribution and process parameters, mainly involving synthesis
techniques on electrochemical performance 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), leading to a significant impact on the future application of high power
energy storage devices. There are numerous technological challenges to the use of CNT-
based nanocomposites as electrode materials for LIBs, Sodium-lon Batteries (SIBs) [9]
and the recently developed Potassium lon 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 development of
environment-friendly and industrial fabrication techniques for these materials for
application in the battery systems. In recent times, graphene has been used as an



alternative to other carbon allotropes, including CNTs, for a number of 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]. Although, graphene may be used as a
replacement for CNT-based nanocomposites in the electrodes of rechargeable LIBs,
SIBs, and PIBs, in the context of energy storage applications, however, the significant
challenge viz. the development of an economic fabrication technique for large-scale
production of these materials still needs to be overcome [87].

Besides, as reported by Guo at al. [89] and Chang et al. [90], the globally increasing
demands for energy storage applications, have paved an avenue for many investigations
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 photoelectrochemical 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
nanocomposites 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 materials 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) (L1Bs) [105], the major drawbacks associated with research in the field
of LIBs have been due to the fact that those have been directed only towards



obtaining 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 are mostly 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
understanding of the challenges associated with the electronic properties 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:

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

(if) Miserable cycle life combined with low energy and power density associated with
volume and stress changes of the electrode materials during charge-discharge cycles 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 associated with 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 technique has gained



commercial success in the synthesis of thin-film SSBs whereas atomic layer deposition
has shown promising results 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
attractive method 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 SSBs is also a concern that needs
significant attention. Although several characterization techniques have been used to
study liquid-based battery systems, a challenge still remains in understanding interfacial
behaviour 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.

Although Na-ion battery (SIB) technology, at present, seems to be a replacement for
LIBs due to (i) lower cost, (ii) higher abundance of Na than that if Li, and most
interestingly, (iii) the chemistry of intercalation of SIBs which is very similar to that of
LIBs. However, a considerable volume of research needs to be done to make SIB
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 behaviour [106]. Phosphates, and fluorophosphate, as
reported by Palomares et al. [106], may be considered the right choice as due to the high
stability of these materials and because of 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 sp? 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 review on Potassium lon 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 LiFePOs, for which the K-analogue
has been reported to be practically inactive due to 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 towards 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, 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) associated with 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 limitations which include high operating potential, low
initial coulombic efficiency etc. need further investigation. 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 operating 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 performance 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 understanding of electrochemistry by
finding an appropriate combination of electrodes and electrolytes.

4.2 From the fundamental viewpoint
Despite an enormous volume of published literature and reviews on electronic properties

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 with the onset of long-range atomic order and the pre-existing
short-range order of atoms. It has 3 entities: (i) the lattice (ii) 1-D dislocations [108] and,
most importantly, (ii) 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 centres 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 beneficial in the sense that it
leads to the enhancement of electronic conductivity in these materials [63]. Although the
scattering of electrons at GBs, in the various C-based 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 as 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 the main reasons why a study on electron
interaction with defects has been missing 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, unlike materials for various structural applications, a very limited amount of
research has actually been aimed at understanding the “structure-property correlation” for
electronic applications in C-based nanocomposites, using the concept of “correlative
microscopy” [11-16] which involves correlating the structural information using a
number of microscopy techniques from the region of interest in a microstructure with the
chemical analysis (upto the atomic level using Atom Probe Tomography (APT) technique
[12, 13], for example) from the same using techniques such as Focussed lon Beaming
(FIB) [11, 110-114]. Besides, for the sake of experimental validation, first principle
calculations are also a must. As discussed in the Introductory section of the present
chapter, the potential reasons as to why the “correlative 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 characterising 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 understand electronic properties of C-based nanocomposites
based on analysis at the atomic scale. In recent times, the emergence of Artificial
Intelligence (Al) 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 Al and ML guided design concepts. This field certainly needs numerous
investigations, in future, as presently, this avenue of research in 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 electronics, 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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