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Abstract

In the developing world, energy crisis is the main reason for less progress
and development. Renewable and sustainable energy may be of bright future
for scientific lagging and low-income countries; further, sustainability through
smart materials got a huge potential; so, hereby keeping in view the energy crisis
which the developing world is facing for many decades, we are proposing to write
a chapter project for obtaining energy through cheap, sustainable, and functional
advanced carbon materials. Carbon materials are the future of energy storage
devices because of their ability to store energy in great capacity. The graphene
is a material with amazing properties like no band gap, which turns graphene a
wonderful candidate for use in the photovoltaic. Shortly, this chapter will discuss
how superior energy storage may be obtained through various routes like using
pyrrolic (N5) and pyridinic (N6) doping in advanced carbon functional materials,
or superior energy by KOH activation in carbon materials, or through carboniza-
tion in organic matter, respectively. Further, for the advanced carbon functional
materials, the superior energy storage using pyrrolic (N5) and pyridinic (N6) dop-
ing, or KOH activation, or through carbonization will be discussed one by one for
lithium ion batteries, supercapacitors, and relevant energy devices, respectively.

Keywords: renewable energy, graphene, physical properties, reduced graphene
oxide, superior energy storage, chemical activation, supercapacitors, lithium ion
batteries

1. Introduction

In the developing world, energy crisis is the main reason for less progress
and development. Renewable and sustainable energy may be of bright future for
scientific lagging and low-income countries; further, sustainability through smart
materials got a huge potential; so, hereby keeping in view the energy crisis which
developing world is facing for many decades, there exists a possibility for obtaining
energy through cheap, sustainable, and smart carbon materials. The nanostructures
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which are made up of sp2-hybridized carbon such as fullerene, carbon nanotubes,
and graphene remain pivot point of advanced carbon functional material research
[1]. As we look into the reversible electrochemical strength keeping in view of

their great electric conductivity, chemical and mechanical durability, and the
custom fitted structures that can be developed from advanced carbon functional
materials, carbon materials have been the most significant anode material for the
Li-ion batteries [2]. Advanced carbon functional materials may include graphene,
carbon nanotubes, and fullerenes, respectively. Moreover, CNTs and graphene

with high explicit surface territories can store higher charge capacity by the adsorp-
tion/desorption of particles at the anode/electrolyte interface. The higher charge
capacity is hence incredible subject to the qualities of the carbon material, for
example, its pore structure, doping, and defects. In this way, the advancement of
electrochemical capacity in carbon needs a judiciously planned structure. One issue
identified with the utilization of CNTs and graphene for electrochemical storage

is the agglomeration of the nanostructures that prompts diminished efficiency

[3, 4]. There has been progressive demand for the electrochemical energy storage
with high energy density and remarkable rate performance. Electrical double layer
capacitors (EDLCs), additionally known as supercapacitors (SCs), have attracted

a worldwide attention because of their long cycle life and high power density but
comparatively low energy density of commercially available carbon-based SCs.
Graphene has attracted an in-depth attention in energy storage applications relating
to its distinctive options of high surface space, flexibility, chemical stability, and
remarkable electrical and thermal conduction [5]. Energy storage capacity defines
advanced energy technologies. Further, superior energy storage may be obtained
through various routes like using pyrrolic (N5) and pyridinic (N6) doping in carbon
materials, or superior energy by KOH activation in carbon materials, or through
carbonization in organic matter, respectively. Further, energy storage using pyrrolic
(N5) and pyridinic (N6) doping, or KOH activation, or through carbonization in
organic matter will be discussed one by one.

2. Energy storage using pyrrolic/pyridinic nitrogen in advanced carbon
functional materials

For energy storage, ideal structures may become complex due to agglomera-
tion at nanolevel during carbon reconstruction process. The gathering of sp2-
hybridized carbon nanostructures to frame a 3D arrangement can adequately hinder
any agglomeration and sustain electrical properties of the building structures.
Moreover, the 3D arrangement gives channels for particle relocation. Required car-
bon structures may be obtained through the freeze drying or aqueous treatment of
graphene or CNT suspensions with the help of templates. With increasingly profi-
cient electron move and a progressively powerful structure, a customized 3D carbon
will give possible higher electrochemical charge capacity by interfacing the struc-
ture squares covalently rather than by van der Waals communications. A graphene
with a SSA of ~850 m”.g™" has indicated astounding electrical and mechanical attri-
butes for Li-ion batteries. Nitrogen doping may be used to increase electrochemical
storage in the advanced functional carbon materials and consequently to increase
the capacitance at the anode/electrolyte interface [4, 6]. At the edges of graphene,
it is experimentally proved, in the electrolyte, that the nitrogen ions have benefited
the wettability of solo carbon layers. Consequently, it would increase the overall
capacitance, which may occur due to ideal Faradaic redox responses. For Li-ion
storage capacity of the carbon (N-doped), it may provide extra dynamic sites, which
helps adsorption (Li-ion), resulting in an enhanced gravimetric limit [6, 7]. Among
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the N-dopants in graphitic carbon, pyrrolic (N5), pyridinic (N6), and quaternary N,
pyrrolic N, and pyridinic N are viewed as additional dynamic for electrochemical
storage, while the graphitic structure is the most fragile among them. Also, topo-
logical imperfections, for example, di-vacancy and Hurler Stone-Ribs deserts in the
graphitic carbon may give additional dynamic destinations to particle adsorption or
on the other hand for charge move in electrochemical storage. Furthermore, various
works have demonstrated the significant job of full-scale macropores and meso-
pores in the particle transportation for high power thickness or brilliant rate execu-
tion in supercapacitors or Li-ion batteries. Along these lines, a carbon for unrivaled
Li-ion capacity would preferably have the accompanying highlights, a 3D arrange-
ment which contains the mesopores for quick particle relocation and a covalently
associated structure made of sp2-hybridized carbon for high electrical conductivity
[6, 8]. Further, a finely tuned arrangement of dopant molecules and deformities for
increasingly dynamic locales is another requirement. To accomplish a carbon with
these highlights, scientists picked a high-energy carbon nanostructure, C60, which
is more receptive than CNTs and graphene, as the antecedent, and treated it with
KOH at temperatures of 500-700°C [6]. The mentioned treatment helps changing
the C60 molecules to carbon which contains enhanced nitrogen along with defects.
Nitrogen which presents in the doped carbon consists of two types (pyrrolic and
pyridinic). With 7.8% nitrogen-doped carbon, porous carbon (when used as anode)
has shown 600 mA h g™ (storage capacity), which occurs at 5 A g™ for the Li-ion
batteries [6]. A first-standard calculation has proposed that the unrivaled anode
execution of the N-doped permeable carbon is intently identified with the bending
of the carbon layers (graphenes) and the pyrrolic/pyridinic N-doping in the carbon.
FCC structure has been obtained when agglomeration happens in the C60 mol-
ecules, which turns C60 into different carbons (permeable carbon) in KOH activa-
tion. While in path B, ammonia stream has been act to apply during the tempering,
resulting in porous carbon which is highly N-doped. Meanwhile, scientists have
proved that nanopores have been prepared in KOH activation, while quantum dots
(of carbon) were fabricated without KOH activation [6, 8, 9]. It is believed that
enhanced handling time (while keeping proportion of KOH and C60 lower) led to
higher interfacial interactions and amends into a progressive structure at certain
phase of activation. Likewise, it was discovered that the N-content expanded with
activation temperature in the range 500-700°C; yet a further temperature incre-
ment to 800°C prompted an extremely low yield of N-aC60 tests. Further, system-
atic fabrication of nitrogen-doped carbon through activation of C60 molecules
(route A indicates normal activation in argon flow, while route B indicates N doping
in NHj; flow) is as shown in Figure 1 [6].

X-ray diffraction (XRD) analysis of C60, aC60, and N7.5%-aC60 revealed
important information regarding structures, which further demonstrates that
the C60 molecules have been totally rebuilt by KOH actuation which gave porous

Normal Activation in Argon
" Flow

C60 Molecules

B . N-doping when NH3 flow is involved in
the activation

Figure 1.
Systematic fabrication of nitrogen-doped carbon through activation of C6o molecules (voute A indicates
normal activation in argon flow, while route B indicates N doping in NH; flow) [6].
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carbon [6]. X-ray photoelectron spectroscopy (XPS) has been utilized to reveal
significant constituents present in final product. FTIR results show that C-OH and
C—-0 bonds are seen in both aC60 and N7.5%-aC60. Estimations utilizing the XPS
information show that oxygen content increments from 1.3 at.% in C60 to 4.2 at.%
inaC60 and to 9.5 at.% in N7.5%-aC60 samples, respectively. To additionally
comprehend Li-ion battery’s capacity, scientists explored the adsorption capacity
of Li particles on graphene and C60 sections with and without nitrogen doping
through atomic demonstrating. Two potential impacts, i.e., a curvature impact and
an N-doping impact, have been thought to be important. For the former one, it has
the adsorption capacity of a Li storage on a large portion of a C60 atom with edges
immersed by H, i.e., C3p0H;9, and a level graphene piece containing the equivalent
number of carbon particles, i.e., C30Hy4, respectively [6, 10].

In synopsis, KOH activation has been utilized to totally convert C60 atoms to
a 3D permeable carbon. In the porous carbon, the doping (of nitrogen) may addi-
tionally bring deformities and a large number of pores. The activation process may
increase the doping level that depends upon activation conditions, resulting in a
suitable storage capacity for Li-ion batteries [6]. KOH activation gave the bended
layer structure also; further, N-doping, particularly pyrrolic nitrogen, has added to
the high Li-ion stockpiling limit in the carbon.

3. Energy storage through sponge-templated activation of advanced
carbon functional materials

There has been progressive demand for the electrochemical energy storage
devices with high energy density and remarkable rate performance. Electrical
double layer capacitors (EDLCs), additionally known as supercapacitors (SCs),
have attracted a worldwide attention because of their long cycle lifespan and really
high power density, but comparatively lower energy density has considerably
limited the applications of the carbon-based supercapacitors [11, 12]. Graphene has
enormous energy applications relating to distinctive physical properties of chemical
stability, flexibility, and remarkable electrical conduction. Scientists have found
that during wet chemical techniques, graphene platelets may tend to agglomer-
ate, thus resulting in lower surface areas than the theoretical worth of 2630 m’g™".
Strategies are developed to assemble graphene-based platelets to 3D structures so
as to stop the restacking of platelets for high surface areas while maintaining the
intrinsic conduction of platelets [13]. For instance, scientists have demonstrated a
graphene film which is 3D having macropores, within which PMMA functions as
the main template. Scientists have prepared TiO,-rGO sheets employing PU sponge
(which is porous) as a model for the photoelectrochemical reaction of ethanol. A
recent study reported that compressible all-solid-state SCs supported polyaniline-
SWCNTs-sponge electrodes, in which sponge provides squeezability and polyani-
line offers pseudo capacitance. As an economical model, sponge is ready to act as a
wonderful support for the assembly of nanostructures for SC electrodes. It is found
that graphene structures obtained using sponge templating may have lower surface
area, which leads to lower interfacial interactions and limited SC performance.

It is experimentally proved that graphene-based capacitors are of lower cathode
thickness even if they possess higher surface areas, which led to lower performance
of ultimate devices. Scientists have regenerated graphene colloidal gel films with

a high packing density up to 1.33 gcm ™ what’s more at the same time noticeable
capacitive exhibitions (209 Fg'l) and 261 Fem ™2 in organic electrolytes. The layer
like stacking of graphene platelets may deteriorate the surface because of particle
channels within the direction perpendicular to the layers [11, 14].
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Figure 2.
Preparation of 3D carbon through sponge KOH activation via GO loading [11].

Chemical activation is an efficient methodology to make pores, e.g., within
the preparation of activated carbons (ACs). Among various chemical activa-
tion strategies, KOH activation has been considered as an accustomed method.
Recently, scientists have fabricated a porous carbon through chemical activation
of GO; it is found that the selected capacitance of 166 Fg™' has been demonstrated.
Transforming low-thickness carbons to templates to get valuable thickness but yet
with a moderately high porosity and high electrical conductivity is required for
high-performance SCs [11, 13, 14].

Scientists have developed a carbon which was obtained using sponge templating
followed by chemical activation (KOH activation) of GO. It is demonstrated that
the GO platelets gather around the sponge’s backbone. Meanwhile, KOH activation
goes within the PU sponge which helps to create pores using temperature treat-
ments, which may result in a conductive carbon. Using fabricated carbon for energy
storage in two-electrode and three-electrode configurations, it has shown nearly
perfect energy storage behavior, which may lead to acceptable superior power
density [11, 15].

Preparation of the 3D carbon (aPG-10) is shortly illustrated within the Figure 2
as shown [11].

After chemical activation of PU/GO mixture, the dried PU/GO/KOH mixture was
toughened at 9000°C for 2 hours in inert gas flow, and hence subjected to drying,
resulting in a final sample named as aPG-10 (final product) [11, 14].

The exhibition of the aPG-10 as an anode material for supercapacitors was
evaluated using cycle voltammetry (CV) and galvanostatic charge-discharge (GCD)
curves, respectively. In a three-electrode configuration, the execution of aPG-10
anode coated on a shiny carbon has been designed with 1.0 MH,SO;, as electrolyte.
The particular capacitance determined from the charge/discharge curves at a cur-
rent thickness of 5 Ag™' is 401 Fg™', which stays 349 Fg™" at a current density of 100
Ag™". Once aPG-10 was tried in two-electrode configuration, a particular capaci-
tance of 227 Fg™ at 5 Ag™ was acquired [11].

In summary, a graded porous carbon was obtained through sponge KOH activa-
tion via GO loading [11, 14, 15]. The sponge has filled in as a proficient layout to pull
KOH into its backbone, which helps to create large number of pores, in order to give
highly porous carbon. Meanwhile, low sheet obstruction, high BET surface region,
and much acceptable conductor density are accomplished based on the carbon
activation through KOH which introduces sort of nitrogen which covers defects
from graphitic lattice. Every one of these benefits leads to the great electrochemical
execution of carbon terminals [11, 13, 15].

4. Energy storage through functional porous carbon obtained from
frozen tofu (organic matter)

Frozen tofu is a source of carbon and nitrogen [16]. By using one-step car-
bonization activation method, it can be converted into oxygen-doped carbon
and nitrogen-doped carbon, respectively. By one-step carbonization, sponge-like

carbon (co-doped) has a maximum surface area of 3134 m’°g™". High volumes of
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mesopores (1.11 cm’ g™') and micropores (0.71 cm® g™') are present in this hierar-
chical (graded) porous carbon [16, 17]. Scientists have discovered that this acquired
carbon is used to make supercapacitors which acts as electrodes, in 1 M aqueous
electrolyte sulfuric acid; it has a remarkable capacitance of 243 Fg™* (evaluated at
0.1 Ag™); after 10,000 cycles, it has a capacitance retentiveness of 93% at 10 Ag™".
In BMIMBF4 (1-butyl-3-methylimidazolium tetra fluoroborate) liquid ion electro-
lyte, the said carbon shows a precise capacity of 170 Fg'1 (assessed in 1 Ag‘l) along
with a valuable effectiveness (135 F g’1 at 20 Ag’l) ensuring the power density of
72W h kg’1 (at 889 W kg’l). A carbon supercapacitor (derived from frozen tofu)
can comfortably drive 25 light-transmitting diodes in excess of 2 minutes [16].
The fabrication flow chart for porous carbon through one-step carbonization is as
shown in Figure 3 [16].

Further, systematic steps involved to get porous carbon through carbonization
are freeze drying, KOH activation, temperature treatment, and carbonization,
respectively, as are shown in flow chart diagram (Figure 3). Many energy storage
devices are available worldwide but because of potential applications, electrochemi-
cal appliances such as lithium-ion batteries (LIBs) and supercapacitors have an
appreciable fascination [16, 17]. On the one hand, supercapacitors have active charg-
ing/discharge performance and also a fine power density greater than 10 k W kg™';
on the other hand, LIBs have a great energy density (usually 100-200 W h kg'l) , yet
it has a longer charging time. Two mechanisms mainly used by supercapacitors in
order to store energy are as follows [17, 18]:

* Pseudocapacitive electrodes store ions established at the electrode-electrolyte
interface for immediate Faradaic reactions.

* Dual layer electrodes with capacitive electricity preserve energy through
the desorption and adsorption of ions on a large field of spongy (porous)
materials.

The lithium ions in LIBs are moved between anode and cathode, which results
in lithium ions storage or discharge through distinct means according to the
materials of the electrode. Because of many properties such as chemical stability,
pattern porosity, and high electrical conductivity, for both commercial LIBs (e.g.,
graphite) and supercapacitors (e.g., activated carbon), carbon materials were
selected as effective materials [16, 19]. It has been determined that macropores act
as ion-buffering storage in porous carbon materials in supercapacitors and meso-
pores contribute channels for the transport of ions to micropores, where they were
ultimately deposited. In the LIB (graphite) anodes, the intercalated LiC compound
is the result of the complete intercalation of lithium ions that limits the reversible
Li-ion storage potential for graphite (approximately 372 mA hg™") [16]. In addition,

Frozen Tofu . Freeze Dried - Dried Tofu . KOH activation of
Tofu

Porous Carbon

' ; . Temperature
(OI:I'J:::;, N Carbonized Yinabnant
Figure 3.

The fabrication flow chart for porous carbon through one-step carbonization [16].
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permeable carbon was too employed in the form of an electromagnetic scaffold
or including the electrode in the LIBs, since the spongy (porous) arrangement is
known to increase the contact areas of the electrode-electrolyte and decrease the
length of the path for ions/electrons transport, which leads to an improvement in
the transit kinetics and accordingly the energy density [16, 20].

Power density of industrial supercapacitors is usually lower than 6 W h kg™' and
that is beyond from long-term electronic equipment requirements [20]. However,
the efficiency and performance of the LIB anodes must also be further enhanced.
With regard to the two applications, spongy carbon of great electrical drivability
and a customized 3D design is required. In the previous couple of centuries, by
using different strategies like self-assembly, activation, and templating, several
porous carbon materials have been researched [16, 18, 20]. Among available
methods, an efficient method is activation, to increase the surface area of carbon by
making several micropores. In supercapacitors, activated carbon is commercially
employed due to its great specific surface area (greater than 2000 m’g™"). Activation
will make effective manufacturing possible through treating of precursors of
nanostructured carbon in order to get novel carbon compounds [21]. For instance,
platelets of graphene may be entirely transformed to a three-dimensional porous
(spongy) carbon with a SSA of up to 3100 m” g™* and distribution of pore size is
0.6-5 nm by microwave-exfoliated graphite oxide activation of KOH [16, 21]. By
KOH activation of C micro tubes, scientists have documented a porous (sponge-
like) carbon made up of macropores (numerous microns in size) and micropores
(0.47 nm in size). The conductivity and wettability of carbon compounds can be
enhanced by adequate heteroatom doping. Additionally, nitrogen is a donor mol-
ecule of electrons, as well as in a graphite matrix, they have the ability to promote
conductivity of the n-type. As the LIB anode, carbon N-doping has proved itself to
support the Li injection because of the hybridization of the long pair of nitrogen
electrons with carbon 7 electrons. In recent times, by activation of C with KOH in
an ammonia environment, scientists have achieved porous N-doped carbon (7.5 wt
%); the carbon was found to have a reversible power of 19900 mA hg™'at 0.1 Ag™};
furthermore, after 800 cycles (at 2 Ag™), the capacity is 600 mA hg', respectively.

Porous carbon content obtained from renewables can be more environmentally
sustainable relative to porous carbon products acquired from wood, polymer
blends, tar, and other resources. Researchers have demonstrated that porous car-
bons can be obtained from various biomass sources such as rice husks, fungi, water
bamboo, and rice straw for energy storage applications. For instance, researchers
have informed that the willow catkin could be transformed into a cross-linked
polymer carbon laminate co-doped with sulfur (S) and N by one-step pyrolysis-
activation synthesis. In 1 M Na,SOy, the carbon demonstrated a remarkable
electrochemical efficiency with a specific capacitance of 298 Fg'at 0.5 A g™* and
magnificent cycling endurance at 5 A g™" after 10,000 cycles with only 2% capaci-
tance loss. Tofu consists of moisture, carbohydrates, proteins, and trace concentra-
tion of minerals; it is an available resource and is considered as a renewable fuel for
nitrogen and carbon [16, 22]. Not long ago, scientists have stated the molten salt
synthesis of strongly (N-doped) porous carbon which may be obtained from tofu,
in which LiCl/KCI (45/55 in weight) is a eutectic mixture (which functioned as the
activator) was used as the solvent to dilute LiNOs. The collected carbon (N-content:
4.72 wt%, density: 0.84 g cm™>, SSA: 1202 m? g’l) ina 1M Na,SO, symmetric super-
capacitor, showed 73.2 F g™! capacitance (at 0.2 A g"). The porous carbon (obtained
from frozen tofu) is known to be suitable anode specimens for LIBs, because of
their bigger surface areas, porous hierarchical structures, and heteroatom doping.
In short, we can easily obtain doped N porous hierarchical carbon from frozen tofu,
using single-step carbonization activation. Frozen tofu is environment-friendly,
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cheap, and extendable biomaterial precursor. It has showed significant SSA of
3134 m’® g~ and significant pore diameter of 1.82 m® g™ on the activation condi-
tions, and this is better than traditional biomass-originated active carbon products.
In 1 M H,SOy, supercapacitors based on porous carbon (from frozen tofu) revealed
243 F g”! specific capacitance, and in BMIMBF4/AN, it showed an extraordinary
power density of about 72 W h kg'1 at an ordinary 889 W kg'1 energy density. Such
carbonization procedure offers a potentially helpful strategy from abundant sup-
portable resources to design carbon electrode materials with supreme execution for
supercapacitors and LIBs, respectively [6, 11, 16, 22].

5. Conclusions

In synopsis, this chapter has explained how KOH activation has been utilized to
convert C60 molecules to a 3D carbon, while at the same time, doping with pyri-
dinic and pyrrolic nitrogen has huge impact in energy storage capacity. Meanwhile, a
graded porous carbon was obtained through sponge KOH activation via GO loading.
Further, physical properties such as low sheet obstruction, high BET surface, and
higher conductivities are accomplished based on the carbon activation through
KOH, which introduces sort of nitrogen which covers defects from graphitic lattice
eventually. Every one of these benefits leads to the great electrochemical execution
of carbon terminals. Further, carbonization procedure offers a potentially helpful
strategy from abundant supportable resources to design carbon electrode materials
with supreme storage for supercapacitors and LIBs, respectively.

Conflict of interest

The authors have declared no “conflict of interest.”



Advanced Carbon Functional Materials for Superior Energy Storage
DOI: http://dx.doi.org/10.5772/intechopen.93355

Author details

Mujtaba Ikram™, Sana Arbab', Huma Anwar’, Arsalan Nadeem!, Sidra Baber!,
Abdullah Khan Durrani', Muhammad Ikram? Muhammad Aamir Iqbal3,
Muhammad Umer Farooq®* and Asghari Magsood®

1 Applied Physics Lab, Institute of Chemical Engineering and Technology (ICET),
University of the Punjab (PU), Lahore, Pakistan

2 Department of Physics, Government College University (GCU), Lahore, Pakistan

3 Centre for Excellence in Solid State Physics, University of the Punjab, Lahore,
Pakistan

4 Department of Physics, University of Education, Faisalabad Campus, Pakistan

5 Nanoscale Laboratory, Department of Physics, Air University, Islamabad,
Pakistan

*Address all correspondence to: mujtaba.icet@pu.edu.pk

IntechOpen

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.



Advanced Functional Materials

References

[1] Xia Y, Xiong Y, Lim B, Skrabalak SE.
Shape-controlled synthesis of metal
nanocrystals: Simple chemistry meets
complex physics? Angewandte Chemie
International Edition. 2009;48:60-103.
DOI: 10.1002/ anie.200802248

[2] Liu ZB, Xu YF, Zhang XY, Zhang XL,
ChenYS, Tian JG. Porphyrin and
fullerene covalently functionalized
graphene hybrid materials with large
nonlinear optical properties. The
Journal of Physical Chemistry B.
2009;113:9681-9686. DOI: 10.1021/
jp9004357

[3] Markandan K, Chin JK, Tan MT.
Recent progress in graphene based
ceramic composites: A review. Journal
of Materials Research. 2017;32:84-106.
DOI: 10.1557/ jmr.2016.390

[4] Neto AC, Guinea F, Peres NM,
Novoselov KS, Geim AK. The electronic
properties of graphene. Reviews of
Modern Physics. 2009;81:109. DOL:
10.1103/RevModPhys.81.109

[5] Kim KS, ZhaoY, Jang H, Lee SY,
Kim JM, Kim KS, et al. Large-scale
pattern growth of graphene films for
stretchable transparent electrodes.
Nature. 2009;457:706-710. DOI:
10.1038/ nature07719

[6] Ziqi T, Kun N, Guanxiong C,
Wencong Z, Zhuchen T, Mujtaba, et
al. Incorporating pyrrolic and pyridinic
nitrogen into a porous carbon made
from C60 molecules to obtain superior
energy storage. Advanced Materials.
2017;29:1603414. DOI: 10.1002/
adma.201603414

[7]1 Novoselov KS, Geim AK,

Morozov SV, Jiang D, Zhang Y,
Dubonos SV, et al. Electric field effect
in atomically thin carbon films. Science.
2004;306:666-669. DOI: 10.1126/
science.1102896

10

[8] Bhowmik K, Chakravarty A,
Bysakh S, De G. y-Alumina nanorod/
reduced graphene oxide as support
for poly (ethylenimine) to capture
carbon dioxide from flue gas. Energy
Technology. 2016;4:1409-1419. DOL:
10.1002/ ente.201600186

[9] Huang D, Yang Z, Li X, Zhang L,
Hu]J, SuY, et al. Three-dimensional
conductive networks based on stacked
SiO,@graphene frameworks for
enhanced gas sensing. Nanoscale.
2017;9:109-118. DOI: 10.1039/
C6NRO06465E

[10] Lv L, Huang L, Zhu P, Li G,
ZhaoT, Long ], et al. SiO, particle-
supported ultrathin graphene
hybrids/polyvinylidene fluoride
composites with excellent dielectric
performance and energy storage
density. Journal of Materials Science:
Materials in Electronics. 2017;28:
13521-13531. DOI: 10.1007/
s10854-017-7191-0

[11] Jin X, Ziqi'T, Wencong Z,
Guanxiong C, Shuilin W, Yuan Z, et

al. A hierarchical carbon derived from
sponge-templated activation of
graphene oxide for high-performance
supercapacitor electrodes. Advanced
Materials. 2016;28(26):5222-5228. DOI:
10.1002/adma.201600586

[12] Qian R, YuJ, Wu C, Zhai X,

Jiang P. Alumina-coated graphene
sheet hybrids for electrically insulating
polymer composites with high

thermal conductivity. RSC Advances.
2013;3:17373-17379. DOI: 10.1039/
c3ra42104j

[13] Akhtar F, Rehman Y, Bergstrom L. A
study of the sintering of diatomaceous
earth to produce porous ceramic
monoliths with bimodal porosity and
high strength. Powder Technology.
2010;201:253-257. DOI: 10.1016/j.
powtec.2010.04.004



Advanced Carbon Functional Materials for Superior Energy Storage

DOI: http://dx.doi.org/10.5772/intechopen.93355

[14] Dervin S, Lang Y, Perova T,
Hinder SH, Pillai SC. Graphene oxide
reinforced high surface areasilica
aerogels. Journal of Non-Crystalline
Solids. 2017;465:31-38. DOI: 10.1016/j.
jnoncrysol.2017.03.030

[15] Lwin S, LiY, Frenkel AI, Wachs IE.
Nature of WOx sites on SiO, and their
molecular structure-reactivity/
selectivity relationships for propylene
metathesis. ACS Catalysis. 2016;6:3061-
3071. DOI: 10.1021/acscatal.6b00389

[16] Xumei S, Jianglin Y, Fei P, Jin X,
Tao C, Xiangyang W, et al. Hierarchical
porous carbon obtained from frozen
tofu for efficient energy storage. New
Journal of Chemistry. 2018;42:12421-
12428. DOI: 10.1039/C8NJ01788C

[17] Ciriminna R, Fidalgo A, PandarusV,
Béland F, Ilharco LM, Pagliaro M. The
sol-gel route to advanced silica-based
materials and recent applications.
Chemical Reviews. 2013;113:6592-6620.
DOI: 10.1021/cr300399¢

[18] Ramezanzadeh B, Haeri Z,
Ramezanzadeh M. A facile route of
making silica nanoparticles-covered
graphene oxide nanohybrids (Si0,-GO);
fabrication of SiO,-GO/epoxy composite
coating with superior barrier and
corrosion protection performance.
Chemical Engineering Journal.
2016;303:511-528. DOI: 10.1016/j.
cej.2016.06.028

[19] Zhibin L, Xue-Feng Y, Zhu P-K.
Recent advances in cell-mediated
nanomaterial delivery systems for
photothermal therapy. Journal of
Materials Chemistry B. 2018;6:1296-
1311. DOI: 10.1039/C7TB03166A

[20] Islam A, Mukherjee B, Sribalaji M,
Rahman OA, Arunkumar P, Babu KS,

et al. Role of hybrid reinforcement

of carbon nanotubes and graphene
nanoplatelets on the electrical
conductivity of plasma sprayed alumina
coating. Ceramics International.

11

2017;44:4508-4511. DOI: 10.1016/j.
ceramint.2017.12.021

[21] Huang L, Zhu P, Li G, Lu DD,

Sun R, Wong C. Core-shell SiO,@RGO
hybrids for epoxy composites with low
percolation threshold and enhanced
thermo-mechanical properties. Journal
of Materials Chemistry A. 2014;2:18246-
18255. DOI: 10.1039/C4TA03702B

[22] Huang D, Li X, Wang S, He G,

Jiang W, Hu J, et al. Three-dimensional
chemically reduced graphene oxide
templated by silica spheres for ammonia
sensing. Sensors and Actuators B:
Chemical. 2017;252:956-964. DOI:
10.1016/j.snb.2017.05.117



