Showcasing a promising research prospects of solid waste
derived carbon nanomaterials for energy applications
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Solid waste-derived carbon nanomaterials for
supercapacitor applications: a recent overview

Fruitful management of solid waste materials and increasing
demands of energy storage devices are the most challenging
issues in the world. However, the upcyclization of solid waste
into carbon nanomaterials for supercapacitors applications
demonstrates an effective method to deal with these issues.
The carbon nanomaterials are well recognised as the potential
multidimensional materials to be used in energy applications.
These supercapacitors with superior properties such as high-
power density, outstanding charge-discharge rates, and energy
density can definitely accomplish the demand related to energy
requirements for futuristic generations.
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Universal solid waste management and its hazardous effects on the ecology, ecosystem, and the global
human health index are some of the major issues that are currently threatening our future. The
overproduction of solid waste materials is mainly the consequence of human population explosion and
extraordinary increase in global economy along with global productivity. Due to the rapid growth in
global population and the related demands, the production of solid waste materials is increasing day by
day. In order to have a better solution to solid waste management, the best ethical way is to convert
solid waste materials into valuable carbon-based nanomaterials (CNMs) such as CNT, graphene, and
carbon quantum dots (CQDs), which can further work as precursors in energy storage devices. This
critical review summarizes the recent progress in the structural forms and current situational analysis of
universal solid waste based CNMs. It also includes broadly discussed issues, starting with the current
waste situation analysis of global energy crisis and the production of graphene, including its
counterparts, as the precursors for supercapacitor applications. A paradigm study of various solid waste
derived CNMs with their significance, which, in particular, depends upon the types of CNMs and the
classification of solid waste derived CNMs on the basis of different types of pore size and pore
distribution, has been carried out. The various structural modifications and their effects on the
electrochemical properties have been discussed thoroughly for supercapacitor applications including
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their future possibilities and scope. The review outlines the crucial mechanism followed during the
charge storage of different kinds of supercapacitors and various electrochemical calculations involved
DOI: 10.1039/d0ma00871k during the performance testing of the fabricated device. We hope that the target audience, belonging to
the energy or material science field, may acquire relevant information from this review, which may

rsc.li/materials-advances further help them to design futuristic studies in the field.

1. Introduction

Global population explosion has led an the exponential and
unorthodox growth in universal development and thus, the
related demands are also increasing day by day, which lead to
an exponential increase in the production of different kinds of
solid wastes. According to some recent scientific articles,
globally, a total of 7 to 8 billion tons solid waste is being
produced every year, which has several harmful environmental
and health effects, which create a huge challenge for the
scientific community." Waste plastic typically weighs 10 wt%
of the global waste generated per year.”> In the last 50 years,
universal contamination due to plastic waste has increased
dramatically to its extreme level, mainly due to its applications in
various industries, such as packaging, building and construction,
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transportation, automobile energy storage devices, and electronic
goods. In 2011, universal plastic production reached at the
highest record value of 280 million tons, to which 23%
was contributed by China alone, followed by 21% from the
European Union, 16% from USA, and 5% from Japan.® Solid
biomass and agricultural wastes generate many toxins on
burning that are usually released into the atmosphere. The
nature of emission mainly depends upon the kind of feedstock
of biomass and their types. Several pollutants such as nitrogen
oxide, carbon monoxide, and sulfur dioxide are commonly
released in the atmosphere. Waste biomass causes forest fires
and can also increase the global production of greenhouse
gases by 25 to 30% each year.*® According to some reports,
universal crops yield about 146 billion tons of solid waste every
year'! and the household waste is about 100 billion tons.'? The
proper management of such a huge amount of solid waste is
itself a big environmental issue.'* To overcome the situation
with great success, scientific development needs an innovative
approach, which can solve and manage the utilization of such
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wastes by adopting some advanced scientific technologies.
In this regard, the existence of nano-science and nano-
technology has been a huge boon for the scientific community,
which can work simultaneously as the lifeline for the sustain-
able management of several universal obligations, including
solid waste management and the universal energy crisis.
Accordingly, waste management technologies need to be inno-
vated so that the problem of solid waste managements can be
dealt with comprehensively. In addition, the major problem in
front of the scientific community is to develop a new pathway
for the production of eco-friendly and cost-effective energy
storage devices to deal with the energy crisis of the world.
Meanwhile, dealing with these global issues, several scientific
communities have been able to report some distinct researches,
including efficient waste management and cost-effective
production of carbon nanomaterials (CNMs), for e.g., carbon
nanotubes (CNT), graphene, and carbon quantum dots (CQDs),
for various industrial applications, especially in the field of
energy. CNMs are carbon-based nanomaterials having exten-
sive potential for various applications. Thus, the generated
solid waste can be utilized by increasing the production of
various CNMs from solid waste materials. Among CNMs, CNTs,
CQDs, and graphene have some exceptional properties, which
includes a huge aspect ratio, supreme electrical properties, excep-
tional mechanical strength, and superior thermal conductivity."*"”
The research articles published during 2014-2019 on the
conversion of solid wastes into CNMs and related applications
such as supercapacitors, solar cells, fuel cells, drug delivery, and
bioimaging are outlined in Fig. 1. It clearly shows the extensive
research that is taking place in the field of waste management
and solid waste based CNMs. It also represents the growing
futuristic interest among the scientific community for solid
waste based CNMs. The evaluated data was searched in Feb.
2020 with the help of Web of Science. The successive increment
in per year research publications on solid waste based CNMs,
especially for their use in the field of energy, i.e., supercapacitor
applications, show the increasing number of publications per
year (Fig. 1).

Fig. 2 clearly shows the current trends and research direction
involving different kinds of solid waste based CNMs, which
indicates the role of waste management in futuristic develop-
ment and innovations. The presence of high carbon content in
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Fig.1 Number of publications per year reported on waste based CNMs
from 2010 to 2019 (using Web of Science database; date of search Feb.
2020).
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Fig. 2 Graphical representation of the published research articles on
different kinds of solid waste based CNMs during the years 2014-2019
(using Web of Science database; date of search February 2020).

solid waste materials allows the scientific community to convert
them into different CNMs such as graphene, CNT, and CQDs;
further, modified and doped nanomaterials have been used as
materials in energy appliances extensively by various researchers
in the last few years.

The applications of CNMs in various fields of science and
technology are due to their respective excellent properties and
surface modifications along with the specific properties, which
have also been assisted thoroughly in various applied fields
(Fig. 3), such as supercapacitor materials,"*° solar cells,>" >’
as a battery’s electrode,>**" catalyst supports systems for proton
exchange membrane fuel cells,**>® and also to develop polymer
nanocomposites for various applications,?*>! ie., in drug
delivery, bioimaging,*>* medicinal biology, 3940
and new age weapon technology.*"*?

Numerous theoretical approaches have been made by
researchers for the analysis of waste based CNMs utilized in
various applications by functionalization and doping possibilities
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Fig. 3 Schematic representation of the applications of waste material-
derived CNMs.
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with various metals, metal oxide, non-metals, or by
strong surface interactions with organic reagents,**° conductive
polymer incorporation,®* etc. Moreover, it has been reported
that functionalized CNMs are stronger candidates for various
uses, in comparison to non-functionalized ones, as they have
aggregation problems.>* Based on the structure and elemental
doping, CNMs have been vigorously used in electrode materials
of batteries, supercapacitors, and fuel cells for various biomedical
applications.

Supercapacitors have been sub-divided as the electrochemi-
cal double layer (EDLC) and pseudo supercapacitors.’>>® The
use of CNMs as electrode materials for EDLC and pseudo
supercapacitors have been rising since the last decade due to
the exuberant power density and excessive energy density they
produce, especially for various energy applications in compar-
ison to conventional batteries and Li-ion batteries.”’>° In
EDLC, the electrical energy is stored through the electrostatic
accumulation of charge and in pseudocapacitors through
reversible reactions. The electrical conductivity, theoretical
specific surface area, geometrical configurations, porous nature,
and variations in mass densities excessively affect the perfor-
mance of supercapacitors.

Nowadays, structural modifications are also building up
some hype in the field; as recently found, flexible supercapaci-
tors are emerging as a winner in comparison to conventional
fixed-batch devices as they have been successfully implemented
in various devices such as in portable electronic devices,
electrical vehicles, and memory backup systems.’*** Thus, by
such a theoretical evaluation of universal waste management
situations and universal energy requirements, it can be out-
lined that the solid waste based CNMs are the best way to
design proficient technology having economic and ecofriendly
benefits.

This review highlights the remarkable properties of various
solid waste based CNMs and their successive utilization in
energy storage applications. The recent development and inno-
vations to deal with universal solid waste management and
innovative structural modifications of CNMs to the enhance
electrochemical performance of the fabricated device based on
their unique properties are also included. In conjunction, the
specific study and performance about cost-effective supercapa-
citors with specific reference to their structural modifications,
degree of carbonizations, pore structure, surface properties,
doping, and variations in mass densities have been discussed.
The review also includes various scientific methodologies
followed during performance testing and the instrumentation
required. In addition, various new developments have been
discussed in universal waste management and universal energy
crisis to make this review a valuable tool for the future
perspective of mankind.

2. Solid waste as a universal problem

Solid waste has emerged as a universal problem mainly due
to its harmful environmental aspects and health hazardous
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consequences. Continued population growth and their increasing
universal demands are the main reason behind the overproduc-
tion of various solid wastes such as waste plastics, agriculture
waste, chemical waste, paper waste, industrial waste, and electro-
nic waste. Solid waste has emerged as an extremely dangerous
factor that affects the human health and the environment
simultaneously. It causes diseases such as cancer, skin disease,
respiratory disease, birth defects, and reproductive disorders.****
According to Biggeri et al,* the risk of having lung cancer
increases on decreasing the distance of the source from the
incinerator. Comba et al.®® reported a case-controlled study on
the effect of solid waste materials on human health. They reported
a significant risk of cancer and other diseases in residents living
within 2 km of the solid waste dumping sites.®® On the other
hand, Zambon et al.®” reported a clear association in between soft
tissue sarcoma and dioxin exposure at the municipal solid waste
incinerators site. Several other diseases have also been reported
as the side effects of solid waste sites,®® which includes cancer,
stomach ache, liver damage, and lung cancer. Hsiue et al.
reported a study on the respiratory health issues of children
living in polluted areas, where a total of 384 children were
chosen from polluted areas. The successive decrement in
relative pulmonary function was reported for most of the
children.®® Similarly, a comprehensive study was done by
Miyake et al.”® on school children. They observed a relation-
ship amongst the frequency of allergic sicknesses and symp-
toms in children with the distance from the polluted areas,
where the children studying at schools nearer to incineration
plants were reported to have more frequent headaches and
wheezing. Along with this, poor waste management is also a
crucial factor in polluting the oceans, blocking drains, triggering
flooding, and harming animals that eat waste naively, thus
disturbing environmental and economic development.

Table 1 depicts the contribution of various provinces world-
wide in the production of waste plastic and Fig. 4 shows the
distribution of solid waste in India. According to the World
Bank’s report waste 2.0, universally, 2.01 billion tonnes of solid
waste is generated annually, in which at least 33% is not
environment friendly. According to the World Bank report,
rapid urbanization, population explosion, and economic
growth will push universal solid wastes so as to increase
their content by 70% in the coming 30 years by generating
3.40 billion tonnes of solid waste annually. Waste plastic alone

Table1l The contribution of various provinces worldwide in the production
of waste plastic®”*

S. no. Province Plastic production in %
1. China 23
2. Europe 21
3. Rest Asia 20
4. Middle east Africa 7
5. Latin America 5
6. Japan 5
7. CIS 3
8. NAFA 20
9. USA 16

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The distribution of solid waste in India.”2~"*

makes up to 90% of marine junk and chokes most of the
oceans. In the year 2016, 242 million tonnes of plastic waste
was generated globally, which is equivalent to 24 trillion
500 mm 10 g plastic bottles. The water volume of such bottle
could fill up 2400 Olympic stadiums, 4.8 million Olympic size
swimming pools, or 40 billion bathtubs. This is also the weight
of 3.4 million adult blue whales or 1376 Empire State
Buildings.”® It can be concluded that solid waste has emerged
as a huge potential problem universally and the scientific
community. In order to view the situation more clearly, universal
solid wastes can be classified in to two subheadings, viz., carbonic
and non-carbonic solid wastes. Fig. 5 shows the classification of
different solid wastes present in the global perspective. In depth,
the current universal solid waste situation and its distribution
scenario depicts the urgency for its sustainable management. The
section given below explains the possible application potentials of
solid waste materials and their derivatives for the sustainable
management of universal ecology.
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3. Solid wastes as precursors of
various CNMs

Solid waste includes waste plastic, agricultural waste, municipal
waste, paper waste, polymeric wastage, and industrial waste,
most of which consist of carbonic skeletons as the structural
framework, thus enabling nano-science to operate at the ground
level. On the other hand, the proficiency to operate the activation
can alter the structural morphology of the carbonic skeleton,
mostly depending upon the processing methodology. Fig. 6
shows different kinds of solid waste materials that are used as
the precursors of CNMs.

There are various methodologies to avail the conversion of
carbonic waste into CNMs, which include chemical vapour
deposition (CVD), physical vapour deposition (PVD), organic
redox methodologies (e.g., modified Hummers’ method), and
pyrolytic heating. Every methodology (Fig. 7) has its own
specificity for producing different carbon nanomaterials
(CNMs), which mainly depend upon specific surface reactions
and variation of reagents. However, in the pyrolysis process, the
heating temperature, pressure, atmosphere, and scan rate
matters the most, which alters the formations of layers and
variations in CNMs. This review summarizes the solid waste to
CNMs conversion strategies, their application potential in
supercapacitors, and other morphological effects affecting the
electrochemical performance of the fabricated supercapacitor
device.

3.1. Solid waste to graphene

Mostly, solid waste consists of a carbonic framework of atoms
having millions of layers; thus, it can be converted into graphene.
Graphene is a single layer of graphite that has a 2D skeleton and is
the thinnest known allotropic form of carbon, with the highest
specific surface area, excellent electrical and thermal conductivity,
surpassing the mechanical strength’®”® due to C-C sigma
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covalent linkage, which makes graphene a brilliant candidate
for its use in various applications.

Essawy et al. have synthesized graphene from waste plastic
bottles containing PET plastic bottles. The plastic wastes were
crushed firstly, and sieved to get micron-size particles, then the
sieved residue (2 g) was placed inside the stainless-steel auto-
clave reactor (SS316), which was placed inside the center of an
electric furnace at 800 °C for 1 h and finally cooled the sample,
which was characterized as graphene.®® Gong et al. have used
the up-cyclization process for the conversion of plastic waste
into graphene. They have reported a simple method of

1458 | Mater. Adv, 2021, 2, 14541484

synthesizing graphene flakes with high yield by introducing
organically modified catalyst (OMMT), which was used as a
degradation agent for waste polypropylene (PP) to graphene
conversion at 700 °C inside the tube furnace under an inert
environment.®!

Fig. 8 displays the synthesis of porous graphitic carbon from
natural cotton and the conversion of reeds into interconnected
porous carbon nanosheets. In the first case, high temperature
carbonization, followed by the activation through sodium metal
ion and further modifying it with an organic molecule, were
performed to manufacture porous graphitic carbon from natural

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Schematic illustration for (a) the synthesis of porous graphitic carbon from natural cotton.®? Reproduced by permission of Elsevier, and (b) the
conversion of reeds into interconnected porous carbon nanosheets.8* Reproduced by permission of RSC.

cotton.*” On the other hand, Fig. 8b depicts the processing of
cellulosic reed by the hydrothermal approach, followed by carbo-
nization and activation to produce interconnected porous carbon
nanosheets.**

Kamali et al. have reported the pyrolysis of waste plastic
bottles in a tube furnace at 1300 °C with the heating rate of
10 °C min ", followed by for overnight air drying with heating
at 80 °C, which converts waste plastics into the graphene
nanostructure.®* Recently, Wen et al. unveiled the conversion
of waste plastic into graphene nanostructure using organically-
modified montmorillonite (OMMT) clay as the catalyst and
solvolytic KOH as the activation agent. OMMT was added in
the mass ratio of 1:5 in the mixture at 190 °C for 5 min,
followed by carbonization in a conventional quartz tube reactor
for 10 min at 700 °C to obtain the resultant CNM/MMT
composite. Further, washing with nitric acid and HF delivers
the purified form of graphene. However, for obtaining
potassium-doped CNMs, the activation process followed by
heating at 850 °C temperature and KOH solution as the
activator were used.®®

Recently, Pandey et al. reported a robust and innovative
approach to deal with waste plastic problem by the mass
conversion of waste plastic into graphene sheets, following
the sophisticated two-step pyrolysis process (Fig. 9). In the first
step, slow pyrolysis was carried out in a primary reactor at
400 °C with a heating rate of 5 °C min~". At this temperature,
lower hydrocarbons were released in the form of fuels and
gases. In the second step, high temperature pyrolysis at 750 °C
was conducted with the heating rate of 10 °C min~" in an inert
environment. The final product was confirmed to be graphene
nano-sheets.®® In another report, Tewari et al. reported an

© 2021 The Author(s). Published by the Royal Society of Chemistry

eco-friendly and green approach for the synthesis of potassium
(K)-doped graphene oxide from the agricultural waste of oak
seeds via solvothermal process using ethyl alcohol and distilled
water as green solvents. The internal part of oak seeds was used
and heated at 120 °C for 4 h inside the oven until a brown
residue was obtained. The brownish residue was again crushed
and mixed in 30 mL distilled water, followed by the stirring of
30 min, has been discussed. Finally, filtration was done by
using 0.2-micron pore-sized nylon filter paper. The obtained
filtered liquid was dried at 100 °C and thus the obtained
material was identified as potassium-doped graphene oxide.®”

The conversion of halogen based solid waste materials,
especially PTFE, PVDF, and PVC into nano-porous carbon,
using zinc powder as a hard template, was reported by
Chen et al.®® The mass ratio between the plastics and zinc
powder as well as the carbonization temperature play a crucial
role in determining the carbonic structure and the resultant
electrochemical performances. The optimized product was
obtained by carbonizing polytetrafluoroethene and zinc powder
(mass ratio of 1:3) at 700 °C under the inert atmosphere of
argon.®®

The conversion of solid waste into CNMs followed the
CVD process, as reported by various research groups. Briefly,
properly washed solid waste materials were placed into a tube
furnace having high temperature and an inert atmosphere.
Further, the scan rate of 150/25 scem acted as a very effective
parameter for the synthesis of graphene. Thus, the treated solid
waste was processed at 1050 °C for 2 hours in the tube furnace
just to remove the presence of oxide functionalities; finally,
the annealing process resulted in few layered graphene. The
scan rates of the gases may be one of the factors behind the

Mater. Adv., 2021, 2,1454—1484 | 1459
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good graphitization of solid waste materials at such a high
temperature.

Papon et al. reported the pyrolysis of carbonic waste in
quartz furnace using Cu foils and a heating range of 1050-
1070 °C with a specific gas flow of 100 square cubic centimeters of
hydrogen in both the pre-annealing and annealing processes.
They found that the gas flow of 98 sccm for argon and 2.5 sccm for
hydrogen produces good quality graphene.’® Cui et al. reported
the CVD method for the production of graphene from waste
plastic, with argon and hydrogen as the continuously flowing
gases. They used various waste plastics, such as PET, PVC, PP,
PMMA, and PS and Ni foil as the catalyst. Ni foil was initially
heated in an Ar/H, atmosphere at 1050 °C for half an hour to
remove the oxides from the Ni surface. Thereafter, the main
annealing process was carried out by following the CVD method
at 1050 °C to produce free-standing graphene foil.”* Sharma et al.
have used the solid waste plastic as a precursor for the production
of graphene by the CVD methodology; further, Raman and other
characterization techniques were used to identify the prepared
product as graphene.”

3.2. Solid waste to CNT

Solid waste can also be converted into carbon nanotubes (CNT)
by variations in the temperature, pressure, and scan rates of
the pyrolysis unit. On the basis of their structural alignment,
CNT is of two types: single walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTS).
The former one has a cylindrical roll of graphene sheets with

1460 | Mater. Adv, 2021, 2,1454-1484

in-phase and out-phase bonding of sp> carbon atoms.”***

SWCNTs are categorized in accordance to their structural
patterns, conductivity, and chirality basis into metallic SWCNTs,
semiconductor SWCNTs, and semi-metallic SWCNTs.?*°> The
co-dimensional arrangement of SWCNTs leads to MWCNTs,
whereas the difference of diameter is also huge for MWCNTSs
in compared to SWCNTs.”® The stronger carbon-carbon sigma
bonds lead to molecular stiffness and toughness of the
CNTs.”

Ganesh et al. reported waste plastic to CNTs conversion by
using Ni/Mo/MgO as the catalyst. The specific activity of three
components Ni, Mo, and MgO was measured and found to be
interdependent. Nonetheless, the effect of Ni was found to be
the most efficient one. The catalyst having a composition of
Ni, M0, ;MgO, ; produces optimum yields of CNT.%®

Mishra et al. used thermal heating for the conversion of
municipality solid waste into CNTs using Ni as the catalyst.
They used 10 g of PP as the precursor and 1 mg of Ni as the
catalyst and further introduced them into a tube furnace under
10 sccm of hydrogen along with 90 scem for argon. The
temperature of the furnace ranged from 600 to 800 °C and
the product obtained at 800 °C was found to be the purest.”
Similarly, the pyrolytic approach for the production of CNTs
from solid waste plastic has been explained by Pol et al. where
they used 1 g polyethene waste with cobalt acetate as the
catalyst placed into an autoclave in nitrogen atmosphere. The
furnace was raised to the temperature of 700 °C and they
reported 0.4 g CNTs as the final product along with emissions

© 2021 The Author(s). Published by the Royal Society of Chemistry
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of some LPG gases, which were said to be responsible for the
generation of pressure inside the vessel.'*

As reported by Wu et al., the gasification of waste PP leads
the formation of hydrogen gas and CNTs as major products
using either Ni/Ca-Al and or Ni/Zn-Al as the catalyst. However,
an enhanced amount of hydrogen was yielded by Ni/Zn-Al
compared to that of Ni/Ca-Al, while Ni/Ca-Al provided higher
amounts of CNTs than that in the case of Ni/Zn-Al from a fixed
amount of polypropylene.'” Nickel dioxides, trioxide, and
hydroxides along with organically modified clay (OMMT) were
used by Jiang et al. for the qualitative formation of MWCNTs at
a temperature of 630-830 °C.'*> They reported a variation in the
quality of CNTs due to slight variations in the temperature
range and OMMT clays concentration along with Ni-based
catalysts.'®®> One-pot direct synthesis was used by Gong et al.,
where heteroatom-based carbonization played a very crucial
role, specially using nickel trioxide and copper chloride as the
catalysts. The direct effect on the morphology and quantity of
CNTs has been observed with the implementation of molar
variations of each catalyst and raw materials."'®®

CNTs having a diameter in the range of 10-40 nm were
obtained by the upcycling of waste carbonaceous material at
the temperature of 450 °C and inert helium atmosphere.'®*
Curved CNTs were synthesized using Ni-plates as outstanding
decomposition catalysts by Mukhopadhyay et al.'* Zhuo et al.
reported the conversion of waste plastic bottle into CNTs via the
up-cyclisation process, where PE and PET bottles were used
under high temperature pyrolytic up-cyclization procedure,
which included three steps.'® In the first step, chipped plastic
bottles were placed at the temperature of 600-1000 °C under
nitrogen atmosphere and lateral stage feedstock pyrolyzates
were introduced into the secondary reactor with venture setup,
which is the synthetic reactor, while O, was introduced to
balance the presence of the lower ratio between carbon and
oxygen in the feedstock. Finally, in the third step, the introduc-
tion of catalytic substrate positioned in the direction of gaseous
flow has been operated.'®

Similarly, the conversion of waste PP into CNT was done by
Liu et al. through binary synthetic pyrolytic approach in a screw
kiln reactor. They reported pyrolysis at 1023 °C in the presence
of zeolite-based catalyst for the decomposition of plastic into a
moving bed reactor with an inert atmosphere. The synthesis of
MWCNTs at 723-1123 °C temperatures in the presence of
nickel oxide as the catalyst has also been reported, having a
maximum yield of MWCNTSs at 973 °C."*® These studies showed
that the nature and proportions of the catalyst play a key role in
the development of CNTs from waste plastic. Some research
studies have also established Ni as an excellent catalyst and
excellent promoter for CNT production. On the other hand, the
optimum quality of MWCNTs was obtained by varying the
concentrations organic and inorganic catalysts and the corres-
ponding temperature. Researchers have revealed that the opti-
mum molar ratios of carbon and nickel can also enhance the
production of CNTs, where click chemistry plays a very crucial
role. A molar ratio of 0.125 for the ClI/Ni complex results in
excellent yield for CNT production.'®*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The implementation of different bed reactors and high
temperatures for the synthesis of CNTs have been reported by
various researchers, where the venture setup of the reactor was
stated as the specific reactor setup, which can control the
production of CNTs with specific flow rates of O, for oxidation.
The temperature of 973 K was specified as the maximum
production temperature for multiwalled CNTs, mostly due to
the distinct folding of the layers at such a high temperature.
The slow or sudden rise of temperature with catalytic eminence
and types of reactors could be the possible reason behind the
changes in production and qualities of CNTs.

3.3. Waste to carbon quantum dots

CQDs have some interesting properties, such as exciting photo-
luminescence behavior, optically stable nature, biocompatibility,
and low toxicity, which have attracted researchers worldwide."®”"*°
Various methodologies, ie., arc-discharge, laser ablation, electro-
chemical oxidation and microwave heating, and hydrothermal
methodology, have been reported for the preparation of CQDs
from waste materials."*'**

In general, there are two methodologies for the synthesis of
quantum dots, which includes top-down and bottom-up
approaches, as depicted in Fig. 10. In the bottom-up approach,
smaller molecules aggregate to form larger ones, while in the
top-down approach, large molecules are broken down into their
smaller counterparts for the synthesis of quantum dots."**''
The synthetic methods follow either of these two broad cate-
gories. In top-bottom and bottom-top methods, however, the
synthesis of quantum dots (QDs) from solid waste materials is
usually processed through the top-bottom approach.

Wei et al. reported the synthesis of CQDs from waste paper
by a simple green hydrothermal methodology, where they
chopped waste paper and sonicated it with distilled water for
30 min, then transferred it into a Teflon-lined stainless-steel
reactor of 40 mL at 180 °C for 10 h. A dark brown precipitate
was collected by centrifugation and the obtained residue
was finally dialyzed for 48 h with distilled water for further
purification.'™

Hu et al. reported the synthesis of CQDs from waste plastic
bags by hydrothermal treatment in H,0, solution, where small
pieces of plastic waste were poured into a 50 mL stainless steel
autoclave having 30 mL H,0, solution at 180 °C for 12 h."*®
Further, centrifugation was performed at 12 000 rpm for 10 min
to remove the presence of various impurities, followed by
dialysis for 3 days under a solution of deionized water to obtain
the pure CQDs. 6 mg of CQDs was dissolved in 100 mL PBS
buffer solution and then ferrate ions (0.1 mL) were added
into the CQDs (0.9 mL) dispersion to record the fluorescent
emission spectra with the excitation wavelength of 320 nm."*®

The conversion of polyolefins into fluorescent CQDs by the
green hydrothermal approach was also carried out by Kumari
et al. A combination of green hydrothermal approach and
chemical oxidation process produced CQDs with a very high
quantum yield of 4.84%.""”

Park et al reported a simple sustainable large-scale
approach to synthesize CQDs, where they converted 100 kg of
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Fig. 10 Schematic representation of the bottom-up and top-down approach for the synthesis of quantum dots.**® Reproduced by permission of

Elsevier.'* Reproduced by permission of MDPI.

food waste into water soluble graphene quantum dots. The
food waste (100 kg) in 500 L 10% ethanol was treated at 40 kHz
ultrasound for 45 min, followed by centrifugation at speed of
4500 rpm for 5 min to obtain uniformity in the particle size and
shape, while a 0.22 pm filtration membrane was utilized in the
final purification of the G dots. The band at 400-470 nm
confirms the synthesis of photo-luminescent G dots (Fig. 11).**®

According to Thambiraj et al., the green synthesis of CQDs
can be achieved from sugarcane bagasse by chemical oxidation,
followed by the high temperature exfoliation of sugarcane
biomass, where they dried sugarcane biomass in sunlight for
a week, then processed it for combustion at 60 °C in an open
atmosphere. After that, the residue was mixed into 200 mL
toluene and stirred thoroughly for 24 h at room temperature;
further sonication was done for 1 h along with centrifugation at
10 000 rpm for 30 min at room temperature, while ethanol was
used for the dilution of the obtained liquid."*°

CQDs were also prepared from orange waste peels via
the hydrothermal carbonization method at mild temperature
(180 °C). Firstly, the orange peels were washed and oven dried
at 150 °C for 10 h, followed by washing with sulphuric acid
(0.1 M), and then oxidized by sodium hypochlorite solution at
room temperature for 4 hours." Finally, the oxidized peels were
placed under hydrothermal conditions in a Teflon-lined autoclave
at 180 °C for 12 h to obtain the desired CQDs. In a similar way,

1462 | Mater. Adv, 2021, 2,1454-1484

Fig. 11 Schematic description of the large-scale synthesis of G-dots.
These nano-dots represent efficient transition from large food waste to
valuable carbon-based nanomaterials.**® Reproduced by permission of
American Chemical Society.

Tyagi et al. also obtained CQDs from lemon peel following the
hydrothermal approach at 200 °C temperature'®* (Fig. 12).

As observed in previous reports, most of the researchers
have followed the hydrothermal approach for the synthesis of
quantum dots from various agricultural wastes. The yield and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 (a) Microwave synthesis of GQDs, (b) GQDs synthesis by exfoliation of CNTs, (c) GQDs synthesis by exfoliation of graphite.*?? Reproduced by

permission of Elsevier.

properties of the developed CQDs mainly depend on the para-
meters of the manufacturing method such as centrifugation
speed, concentration of solid waste, oxidation time, and tem-
perature of the hydrothermal reactor. The time duration of
the hydrothermal reaction also plays a crucial role that affects
the synthesis and quality of CQDs. Moreover, the variation
of different oxidizing agents and solvents affects the optical
properties of the synthesized CQDs. The tabulation of the above
reported data on the synthetic procedure and the conditions for
the development of different CNMs using solid waste as the
precursor has been summarized in Table 2.

It can be clearly visualized from Table 2 that for the synth-
esis of graphene and CNTs, usually, pyrolysis and CVD pro-
cesses are followed, while quantum dots are synthesized via the
hydrothermal methodology. The comparison in the structure
and properties of CNMs derived from solid wastes and conven-
tional graphite precursors is not dependent on the carbon
precursors rather the presence of some impurities in the wastes
that create some defects, such as edge dislocation and point
dislocation in the case of waste-derived CNMs.%® The tradi-
tional Hummers’ method synthesizes graphene, which usually
appears in the oxide form (i.e., graphene oxide), is brownish in
colour. On the other hand, pyrolysis and CVD process provide
graphene that usually possesses lower oxidative functionality

© 2021 The Author(s). Published by the Royal Society of Chemistry

due to high heating rates and pressure. Based on the analysis
from the references in Table 2, it is observed that the slow rate
of pyrolysis, quantity of the catalysts, and the temperature of
annealing are the key factors for the steady conversion of
carbonic solid waste materials into CNMs. These observations
not only give us a clue about the role of the catalyst for the
decomposition of the carbonic layers but also offers a handful
of information about the role of high temperature degradations
on the formations of graphene. In the CVD based methods, the
quality of the CNMs is strongly correlated to the processing
temperatures and flow rates of hydrogen/argon. In the CVD
growth phase, the optimum rate of gas flow per scem with a
particular time span is necessary for the development of
graphene foil (GF). Overall, the quality of graphene mainly
depends upon the atomic composition of solid waste materials,
amount of catalyst, pyrolytic temperature, and gas flow rates.
Graphene obtained by pyrolysis and CVD procedures is mainly
obtained in its 2-3 layered form. It is may be due to the process
of high temperature exfoliation of carbonic form, which allows
van der Waals forces of attractions between the layers of carbon
to get distorted; thus, the separation of carbonic layers becomes
easier. Furthermore, the excessive presence of heteroatoms,
metal ions, and metal oxides can influence the purity of
synthesized graphene.

Mater. Adv., 2021, 2,1454—1484 | 1463
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S. Synthesis Derived carbon
no. Precursor method Synthesis conditions nanomaterials Ref.
1.  PET bottles Controlled Wastes containing stainless steel autoclave reactor was placed at 800 °C Graphene 80
pyrolysis temperature for 1 h
2. Polypropylene Controlled Inside the tube furnace at 700 °C using OMMT catalyst and inert environment Graphene 81
(PP) waste pyrolysis
3.  Waste plastics  Controlled Heated at 1300 °C with the heating rate of 10 °C min~" using inert environment ~ Graphene 84
pyrolysis
4.  Waste plastic Pyrolysis In quartz tube reactor using OMMT catalyst at 700 °C. for 10 min followed by ~Graphene 85
washing with nitric acid and HF
5.  Waste plastic Pyrolysis Two step pyrolysis; firstly, slow pyrolysis at 400 °C with heating rate of 5 °C Graphene 86
min~" and then fast pyrolysis at 750 °C with the heating rate of 10 °C min™"
6.  Agriculture Solvothermal  Internal part of oak seeds was heated at 120 °C for 4 h K-Doped gra- 87
waste phene oxide
7.  PTFE, PVDF, Template Carbonizing the plastic and zinc powder in 1:3 mass ratio at 700 °C under Nano-porous 88
PVC carbonization  argon atmosphere carbon
8.  Solid waste CVD Scan rate of 150/25 sccm and annealing at 1050 °C for 2 h CNMs 89
9.  Carbonic waste Controlled Calcined at 1050-1070 °C under the gas flow of 98 sccm for argon and 2.5 sccem  Graphene 90
pyrolysis for hydrogen in a Cu foil
10. Waste plastic CVD Annealing at 1050 °C in an Ar/H, atmosphere for 30 min Graphene 91
11. Waste plastic CVD Annealed within a Cu substrate at 1100 °C for 1 h under 100 sccm flow for H, Graphene 92
12. Waste plastic Pyrolysis Shredded polypropylene waste was pyrolized in presence of Ni/Mo/MgO CNTs 98
catalyst at 800 °C for 10 min
13. Polypropylene Controlled Pyrolysis at 600 to 800 °C using Ni catalyst under inert environment CNTs 99
pyrolysis
14. Polyethene Thermal HDPE containing 20 wt% cobalt acetate catalyst was placed inside an closed = MWCNTSs 100
dissociation autoclave and heated at 700 °C
15. Polypropylene Pyrolysis Gasification at 800 °C using Ni/Ca-Al and or Ni/Zn-Al as catalyst CNTs 101
16. Solid waste Catalytic Heat-treated at 630-830 °C in presence of nickel compounds and OMMT as MWCNTs 102
combustion catalyst under inert environment
17. Waste Controlled Pyrolysis at 450 °C within Ni-plates under inert atmosphere CNTs 104
carbonaceous pyrolysis
material
18. PE, PET bottles  Pyrolysis Three step pyrolytic up-cyclization into tube furnace under nitrogen CNTs 105
environment at 600-1000 °C temperature
19. PP waste Pyrolysis Two stage pyrolysis: catalytic pyrolysis (550-750 °C) of PP over HZSM-5 zeolite MWCNTs 106
in a screw kiln reactor and the subsequent catalytic decomposition
(500-800 °C) of pyrolysis gases over a nickel catalysts in a moving-bed reactor
20. Paper waste Hydrothermal Treatment of the wastes in a Teflon-lined stainless-steel reactor at 180 °C for CQDs 113
10 h
21. Waste plastic Hydrothermal 5 wt% of H,O, solution at 180 °C for 12 h CQDs 116
22.  Polyolefins Pyrolysis and  Firstly, pyrolysis of waste polyolefin followed by hydrothermal process at CQDs 117
hydrothermal 120 °C for 12 h
23. Food waste Sonochemical 5 wt% of waste in 10% ethanol was sonicated at 40 kHz for 45 min followed by G dots 118
centrifugation at speed of 4500 rpm for 5 min
24. Sugarcane Chemical Sugarcane biomass was dried in sunlight for a week followed by the CQDs 119
bagasse oxidation combustion at 60 °C in an open atmosphere to form carbon. Then the
carbon was added in toluene and stirred for 24 h
25. Orange waste Hydrothermal In a Teflon lined autoclave at 180 °C for 12 h followed by sonication for 1 h  CQDs 120
peels
26. Lemon peel Hydrothermal In a Teflon lined autoclave at 200 °C for 12 h CQDs 121

4. Structural and morphological
properties

Structural properties such as the degree of carbonization or
graphitization, pore size, pore volume, and their surface
morphologies are strongly correlated to the electrochemical
performance of the fabricated device. The doping of metals
and heteroatoms can also control the structural and morpho-
logical properties to some extent.

4.1. Degree of carbonization

The degree of carbonization is very crucial for the electrochemical
study of solid waste based CNMs. The degree of carbonization
alters the rate capacity, comprehensive resistance, power density,

1464 | Mater. Adv, 2021, 2, 14541484

and power delivery along with the cyclic stability and energy
efficiency. Carbonization improves the hydrophilicity for aqueous
electrolytes, which mainly enhances the diffusion of ions along
with the transport number, which enhances the capacitive per-
formance of the fabricated devices.'*® The low resistivity suggests
high conductivity in the sample associated with a high degree of
carbonization or carbonic activation.

But as the carbonization and graphitization increase, the
relative pore volume and the structure gets distorted due to
smaller specific area. Thus, in order to maximize the electro-
chemical potential, we need to find the compromising link in
between the degree of carbonization and the pore structure.
High temperature pyrolysis in an inert atmosphere usually
reduces the functional moieties of the material, which can

© 2021 The Author(s). Published by the Royal Society of Chemistry
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somehow limit the reach of the exact surface area for the
corresponding material. The transition metal and their oxide
based catalytic degradation of solid waste materials is reported
as one of the efficient methods for considerable carbonization
or graphitization for high performance electrochemical studies.
Sun et al. derived two-dimensional porous carbon nanosheets
having an excellent surface area for electrochemical studies by
using coconut shell as the raw material.'** Here, FeCl, and
ZnCl, were used to fix the appropriate ionic composition by using
them as degradation and activation catalysts, respectively. Thus,
the obtained carbon nanomaterial showed an excellent surface
area of 1874 m> g~ and good electrical performance of 268 F g~
at 1 A g using KOH as the electrolyte. Zhang et al. reported
carbonization using K,;Fe(CN)s by the chemical activation of
hierarchical carbon nanotubes, which further offered good
ionic diffusion and excellent conductivity.'** The activated
carbonic nanotubes were further loaded with MnO, and the
resultant hybrid supercapacitor showed huge electrochemical
capacitance of 550.8 F g ' at a current density of 2 A g™, with
62% retention at the current density of 50 A g~ . Interestingly,
90% capacitance retention was reported even after 5000 cycles
for the same device.

Carbonization at a temperature 1000 °C or above results in
excellent conductivity; thus, the prepared CNMs usually act
as excellent candidates for semiconductors, supercapcitor
electrodes, and temperature-resistant catalyst carrier. Typically,
the conductivity increases up to 1000 °C temperature due to the
relative decrease in the CNMs diameter and increase in the
surface area. On the other hand, the favorite alignment of
the carbonic layers having a flat surface rises significantly,
the cavity volume declines efficiently along with the increase
in the crystallite dimension. Consequently, with the increase in
the reaction temperature, the CNMs structure commences to
change into flake-type during the dehydrogenation reaction."
Higher temperature can significantly increase the conductivity.
Thus, the CNMs carbonized at 1000 °C have excellent ‘degree of
carbonization’. At higher temperature range, the outflow and
volatilization of atoms creates pores on the CNMs surface,
which makes these CNMs excellent candidates for different
electrochemical applications. The increase in the carbonization
temperature leads to a denser structure at the nanoscale with a
reduced diameter. This specifies that carbonic weight percen-
tage, in such cases, increases with increasing carbonization
temperature, resulting in progressive graphitization at higher
temperature. CNMs at higher temperature range show signifi-
cantly higher conductivity in comparison to CNMs obtained at
lower temperature, mostly due to the availability of moving
electrons.'*®

4.2. Porosity & surface framework

Solid waste derived CNMs are usually formed with unique
structural framework, which include spherical tubes, hierarchical
spheres, honeycomb lattice of carbon, carbon onion, and vertical
flower. On the other hand, the electrical performance of the
supercapacitors usually increases with increasing specific surface
area of the active material with some diversions.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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In addition to the surface area, the size of the pores, their
distribution, and pore volume are also important factors that
directly affect the possible electrochemical performance of the
device (Fig. 13). The presence of macropores (i.e., size > 50 nm)
can perform as the storage sites for different metal or non-
metallic ions, whereas mesopores (2-50 nm) can offer channels
for charge transfer. Micropores ensure high specific surface
area and contribute to the electrical double layer capacitance.
To obtain the optimized performance, researchers are synthe-
sizing hierarchically porous CNMs, which contain both the
mesopores and micropores by adjusting the experimental
parameters, such as the amount of the actuating reagent,"*'>®
pyrolysis temperature and pressure,"**™"** and activating
reagents. 347139

Recently, highly microporous activated carbon was synthe-
sized from cotton stalk by Ma et al.’*® They altered the mixing
proportion of KOH and carbon and highly ordered, micro-
porous activated carbon (HOMAC) was obtained using the
KOH carbon ratio of 1:4. The synthesized microporous
material-based supercapacitor device showed good specific
capacitance of 322 F g~ ' along with an energy density of
33.91 kg™ ' using H,S0;, as the liquid electrolyte.

Cui et al. reported the synthesis of porous 3D carbon aerogel
by taking proliferate-green-tide in the pyrolysis process,
followed by appropriate chemical activation.'*® The variations
in the temperature for the activation process works as the
regulator of the resulting pore structure and pore sizes, ie.,
macro, meso, and micropores. The obtained material showed
an excellent surface area of 2200 m> g "' and a good specific
capacitance of 260.6 F g~ in the liquid electrolyte, whereas
92% retention for 10000 cycles was reported for the same
device. They also checked the effects of different activation
agents on the porosity and porous nature of the carbonic
nanomaterials using CaCl,, NaCl, ZnCl,, KCl, K,FeO,, and
H3;PO,. Thangavel et al. explained the relationship between
the electrochemical performance and the designed structure
of the carbonic materials with different activators such as KOH,
ZnCl,, and H;PO,."*® They showed very strong correlation
between the activating agents and the structural variations of
different pores. The KOH activated material showed hierarchical,
open, and large pores. The pores with ZnCl, were invisible and
the sample activated with H;PO, showed pores embedded into
different cavities.

Wang et al. synthesized activated porous material from
cornstalk biomass, where they used neutral salts NaCl and
KCl as the activating agents during the process.'*” Fig. 14
represents the schematic illustration of the whole process.
Similarly, sulphur and nitrogen co-doped porous carbon was
synthesized using ginkgo leaf waste by Zheng et al**® They
believed that chemical activation led to the hierarchical
structure of mesoporous/microporous CNMs.

The structural framework of porous carbon can be better
described as zero dimensional (0D), one dimensional (1D), two
dimensional (2D), and three dimensional (3D) materials. The
direct correlation between the pore size and distance of ionic
transport is a very crucial factor for the enhancement of the
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Fig. 13 Electron microscopic images of (a and b) fermented rice derived porous carbon spheres, 13140 Reproduced by permission of Elsevier and RSC,
(c) dandelion derived active carbon,'*>**! Reproduced by permission of Elsevier, (d) coconut derived porous graphene nanosheets,*>1? Reproduced by
permission of Elsevier and RSC, (e) cotton stalk, (i) carbonized cotton stalk, (m) activated cotton stalk,:*2>14* Reproduced by permission of Elsevier,
(f) Saussurea involucrata stalk, (j) carbonized Saussurea involucrata stalk, (n) activated Saussurea involucrata stalk. SEM images of (g) fresh coconut shell,

(k) after the carbonization of the coconut shell and (o) activated coconut shell. The SEM image of algae (h), carbonized algae (l), activated algae (

Reproduced by permission of Elsevier and RSC.

capacitors’ performance. Recently, various structures have been
reported for solid-derived CNMs, such as 0D hollow structure,
1D nanofibers, 1D nanotubes, 2D nanosheets, and 3D hier-
archical framework, which are discussed in the section below.

4.2.1. 0D carbon nanomaterials. 0D carbon nanomaterials
are popular electrode candidates due to their huge surface area
and good charging capacity. The solid biomass waste derived
0D CNMs diameter usually ranges in between 50 and 500 nm.
Yan et al. synthesized oat-meal derived 0D CNMs using the
hydrothermal process following the carbonization approach.
They reported a glossy surface containing CNMs having s
diameter of 2 pm."”® Recently, Gaddam et al. synthesized 0D

1466 | Mater. Adv, 2021, 2,1454-1484

132,144
p).

CNMs using coconut oil as the precursor and the prepared 0D
CNMs exhibited a diameter in the range from 40 nm to 50 nm
along with an accessible surface area of 56 m*> g~ '.'>' Rufford
et al. used sugarcane bagasse as the precursor for the synthesis
of 0D CNMs. The materials showed a specific surface area of
2871 cm? g~ ! and a pore volume of 0.81 cm® g™, During the
synthetic step, ZnCl, was used as the activator for sugarcane
bagasse based 0D CNMs."*” In contrast to the solid spheres,
which do not show good tendency to support charge transport
and diffusion of the electrolytic ions during electrochemical
performance testing, the hollow spheres have gained extensive
interest from the scientific community.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 (a) Synthesis of the meso and macroporous structure from cornstalk,:*2*4” Reproduced by permission of Elsevier and RSC. (b) Synthesis of
hierarchically porous carbon from ginkgo leaf,***4® Reproduced by permission of Elsevier and ACS. (c) Synthesis of porous carbon from pine needles.
(d) Image of pine needles. SEM images of activation at (e) 600 °C, (f) 900 °C.13214° Reproduced by permission of Elsevier and RSC.

Gao et al. reported the synthesis of hollow 0D spheres using
fermented rice as the precursor. The reported hollow 0D carbon
sphere showed a huge specific surface area of 2106.0 m> g~ "
along with a pore volume of 1.1 cm® g~ *.**° The special hollow
skeleton of carbon is usually obtained by activating agents such
as ZnCl,, which usually transfers ions from the electrolyte to
the electrode quickly (Fig. 13a and b). The fabricated device
showed a good specific capacitance of 219 F g ' at a high
current density of 15 A g~ *. Usually, the interconnected hollow
0D carbon spheres skeleton provides continually open ionic
transfer and ionic diffusion at the activated surface area.
It accesses and insures good chemical activation, and charging/
discharging during the electrochemical performance testing of
the fabricated device.

4.2.2. 1D carbon nanomaterials. One-dimensional CNMs
usually differ from 0D CNMs in having a higher aspect ratio,

© 2021 The Author(s). Published by the Royal Society of Chemistry

which somehow benefits them by increasing the relative
surface area. Carbon nanotubes and carbon nanofibers are the
most utilized 1D materials in electrochemical studies. Electro-
chemical spinning is the most simplified and easy procedure to
synthesize 1D carbon nanofibers. Usually, they have s size in the
range of 100 nm. The plant waste (lignin based) was used as the
precursor for the synthesis of carbon nanofiber via the electro-
chemical spinning process by various researchers. In brief,
electrochemical spinning consists of a capillary tube having a
proper power supply along with a collector device. The solid
waste is mixed with reagents to properly design the carbon fibre
and then mixed uniformly with the polymeric solution in a
capillary tube.

Here, the potential flow and its rate, and the quantity of the
solution along with the length of the whole device work as
crucial factors to adjust the structure of carbonic nanofibers.
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Carbon fibers were reported with polymer incorporation in
most of the studies, especially via the cross-linking framework.
Mainly, polymers are used to enhance the viscosity of carbon
fibers in the electrochemical spinning methodology. Recently,
Tao et al. reported the liquification of walnut shells by phenol
along with the addition of polyvinyl alcohol for one hour during
the spinning process."”® They quoted increased fluidic activity
of the solution by the addition of polyvinyl alcohol; the process
resulted in the synthesis of 1D carbon fibers having a diameter
of 280 nm. Thus, the obtained walnut shell/PVA nanofiber was
further used for supercapacitor device fabrication and showed
excellent specific capacitance of 380 mAh g~ at 0.03 A g~ " with
good cyclic stability.

Liu et al. reported the synthesis of 1D porous nanofiber
using lotus seed pods as the precursor through the activated
carbonization method.'>* The fabricated devices showed good
energy density of 13 W h kg™ " and a power density of 260 W kg™"
in the two-electrode system. A good precursor solid waste can have
a hollow framework as that in cotton and willow catkins for the
synthesis of 1D nanofibers. On the basis of various reported
articles, cotton fibre could be used as the best candidate for the
synthesis of 1D fibers via thermal cracking and the pyrolysis
approach. Similarly, willow catkins and poplar are used for the
synthesis of porous nanotubes via the pyrolytic approach, whereas
raw dandelion produces 1D tubular nanofibers.'*! The framework
can be retained via carbonization, which increases the surface and
interaction of ions. Hollow nanotubes with good porosity usually
consist of 20 to 50 pm structural length, where tubes are found to
be interconnected. Overall, both 1D nanofibers and the nano-
tubular structure suggest a new route for charge transfer along
with minimizing the ionic diffusion during the electrochemical
activation process.

4.2.3. 2D carbons High temperature
cracking of solid waste materials into the 2D framework is an
easy, effective, and greener pathway for the promotion of their
electrical properties. Different structures open up possibilities
of promising ionic transportation and enable 2D materials as
excellent candidates for energy storage devices. Long et al.
reported the synthesis of 2D graphene-shaped structure via
the hydrothermal process, followed by pyrolysis.'>® The excellent
surface area of 1100 m* g~ and mass density of 0.96 g cm > was
reported for the 2D graphene-shaped structure. The synthesized
material showed an excellent specific capacitance of 360 F cm >
along with 99% retention over 10 000 cycles. The fabricated device
showed an energy density of 22 W h kg™ along with 96%
capacitance retention for 10 000 cycles. Cornstalk waste biomass
based activated carbon nanomaterials were prepared by using
K,[Fe(CN)g] as a catalyst during pyrolysis.">® Wang et al. used
hemp fibers to design the synthesis of graphene-shaped 2D
nanomaterial. The diameter of hemp fibers was in between
10 nm to 30 nm and is specially made up of multi-level cellulose
and lignin framework. The hemp usually has inherent landscapes
of being incorporated internally in 2 dimensions, which can be
further utilized to be linked with different materials via activation
and carbonization. Zheng et al. reported the synthesis of ultrathin
2D CNM for electrochemical performance testing taking glucose

nanomaterials.
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1.">” KOH was used for the chemical

as the precursor materia
activation of the synthesized 2D nanomaterial. Thus, the fabri-
cated device showed excellent capacitance of 257 Fg 'at 0.5 Ag "
with 72% retention of capacitance at a current density of
100 A g . The good percentage of micropores and mesopores
produces a huge surface area of 2600 m*> g~ '. Thus, the obtained
material is clearly responsible for efficient high electrochemical
performance of the fabricated device. Usually, the layers align-
ment and their incorporation in the metal ions is responsible for
fastening of ionic diffusion, which results in an enhancement in
electrochemical capacitance.

4.2.4. 3D porous and hierarchical carbon nanomaterials.
The excellent capacitance performance, along with good energy
density and high-power density of the supercapacitor device,
have been achieved by good charge accumulation through the
surface contact in between electrolyte and electrode. But lower
energy density of the electrode material is associated with the
disadvantage of supercapacitors. Due to high conductivity,
electrochemical, and thermal stability, the hierarchical carbo-
nic nanomaterials have been identified as crucial candidates to
deal with lower energy density. However, the power density of
porous carbon can be degraded by pore blockage, which affects
the availability of ions under higher current density.

Feng and group reported the unique synthesis of polyporous
3D carbonic structure by using waste bagasse as the precursor
for hydrothermal method, followed by subsequent chemical
activation. The huge surface area and good porosity behavior is
reported for porous 3D framework that showed a surface area of
2296 m* g~'. The fabricated device showed a specific capaci-
tance of 320 F g~ ' at 0.5 A g * with 71% retention of capaci-
tance at 50 A g~ '. Recently, Hao et al. synthesized 3D CNMs
using bagasse as the raw material."”® The fabricated super-
capacitor device delivered good specific capacitance of 142 F g~*
at 0.5 A g '. The prepared device showed 94% retention of
capacitance over 5000 cycles. Similarly, Fan et al reported the
synthesis of honeycomb-shaped CNMs using wheat flour waste as
the raw material via pyrolysis approach along with chemical
activation by KOH." 3D hierarchical and porous framework
produced a large surface area of 1313 m> g ' and displayed
excellent specific capacitance of 473 F g~' at 0.5 A g ' using
6 M KOH as the liquid electrolyte. Recently, activated carbon was
derived from cotton stalk, Saussurea involucrata stalk, coconut
shell, and algae, and is depicted in Fig. 13e-h.

The pores in the structure of cotton stalks were found to have
a diameter of 2 pm, while the stalks of Saussurea involucrata have
a high aspect ratio and the coconut shell showed long fibrous
and denser particle distribution on the surface. Clear changes in
their structural morphologies have been observed after carboni-
zation (Fig. 13i-1)."*> The SEM images of the CNMs after the
activation process are shown in Fig. 13m-p. Fig. 13m depicts the
presence of clear vacancies in cotton stalk derived 3D CNMs.*?
Similarly, CNMs derived from Saussurea stalk displays a distinc-
tive hierarchical porous carbonic structure. The activated carbon
obtained from cotton stalk showed the capacitance of 254 F g~
at a current density of 0.2 A g~', in comparison to that of
the hierarchical porous carbon nanomaterial synthesized from

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Saussure stalk, which displayed a specific capacitance of 322 F g~
at 0.2 Ag™ " current density. The CNMs derived from coconut shell
displayed an electrochemical capacitance of 157 F g~ * at a current
density of 0.2 A g . It also showed 100% retention of capaci-
tance over 10000 cycles at the current density of 1 A g .
The hierarchical porous carbonic network is crucial for ionic
diffusion and transportation along with charge storage. The
electrochemical capacitance of 283 F g~ was reported for the
hierarchical 3D porous network at a current density of 0.2 A g™ "
These results indicate the advantages of porous fibrous CNMs
for utilization in supercapacitor application.

The internal framework is usually interrelated with the
intrinsic structure of the precursor materials. For example,
cotton stalk-derived porous CNM exhibits similar morphological
features (Fig. 13e and m)."** Table 3 depicts the variations in the
pore sizes of different solid waste derived materials and the
cyclic stability of the respective capacitor device.

The mesoporous nanomaterials usually have a cylindrical
pore surface and a wormhole-like structure. Based on this, it
can be said that ion transportation usually takes place through
the pores in electric double layer (EDLC) capacitors. But
because of the very smaller pore size of the micropores, the
electrolyte ions can form an electrical wire in the cylindrical
capacitor (EWCC) network.'® The electrochemical transporta-
tion of ions for the process of charging and discharging is
mainly dependent upon the relative pore size, pore shape, and
their distribution.'”® The hierarchical and porous carbonic
network in 0D, 1D, 2D, and three-dimensional lattice usually tend
to shorten the diffusion distance for ions travelling from electrolyte
to electrodes and ultimately minimizes the diffusion time.

However, the control and selectivity of CNMs synthesis is
especially dependent on the processing temperature, pressure
and catalyst used during the process (pyrolysis or CVD). For the
synthesis of graphene, degradation catalyst such as OMMT and
ZSM are specially used due to their efficiency for CNMs produc-
tion, ease of removal, and lesser consumption during the
processing and manufacturing of graphene. However, during
the synthesis of CNTs, catalysts, especially nickel, aluminum,
cobalt, and other transition metal ions are used owing to their
tendency of easy electron liberation during the high tempera-
ture exfoliation process, which might intercalate into the

Table 3 Precursors of various carbonic bio-waste used for the synthesis
of CNMs, their pore volumes, and cyclic stability of the corresponding
capacitor devices

Carbonic bio-waste Pore volume of the Stability

S.no. as the precursor CNMs (cm® G™Y) (cycle Life) Ref.
1. Acacia based gum 0.99 1000 159
2. Sugarcane bio-waste  0.81 10000 160
3. Flax — 1000 161
4. Bio-waste of corncob  1.95 100 000 162
5. Beans of coffee 0.57 2000 163
6. Coconut outer shell  1.21 2000 164
7. Rice plants husk 1.07 1000 165
8. Oil Palm 0.02 2500 166
9. Carrageenan 1.43 1000 167
10. Shaddok peelings 0.49 132 168
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cluster of the carbonic layers, resulting in the easy exfoliation
of the carbonic layers.

4.3. Surface properties

Precisely, the surface area, porous structure, and other morpho-
logical features signify the electrochemical potential of solid
waste derived CNMs, while the porous nature of activated
CNMs can be easily monitored via chemical doping and activa-
ting by different methodologies that somehow modulates the
variations in the porous nature, viz., meso, micro, and macro.
On the other hand, thermal heating, as well as chemical and
acidic treatments can adjust the position and performances of
the surface functional groups. The adjustment of the functional
moieties does alter many morphological features of solid waste
derived materials, which commonly include electrical and
mechanical properties.'*>'”

The doping of various metallic and non-metallic elements
such as transition metals, p-block gases, and heavy metals
usually signifies the surface porosity and surface morphology
including surface area and electrochemical conductance of the
agricultural waste based carbonic nano-materials.'”*> Recently,
researchers are focusing on the synthesis of CNMs by using
solid waste materials as the precursors and their further doping
via heteroatoms to obtain a visible separation in between the
layers of synthesized CNMs or to intercalate the metal ions for
obtaining a more acute porous nature for the enhancement of
electrochemical properties.”*>'”" Zhang et al. synthesized
oxygen-containing carbon nanomaterials using biological gela-
tin as the precursor, having a layered morphology.'”> The
synthesized carbonic clustered nanomaterial showed excellent
electrochemical specific capacitance of 276.6 F g ' at current
density of 1 A g~ . The electrochemical performance remained
intact and retained almost 73% of the capacitance at 100 A g ".
They outlined the efficiency of oxygen as the modulator for the
electrochemical properties.'”*> Similarly, nitrogen is another
heteroatom that is extensively studied for the device fabrication
of various electrochemical studies. The Doping of nitrogen is
reported to increase the conductivity of carbon nanomaterials
and enhances the specific capacitance of the resulting material-
based supercapacitor device. This may be due to the presence
of lone pair of electrons in the nitrogen atom, which is available
for bonding and conduction purpose, thus increasing the
conductivity and electrochemical performance of the resulting
CNMs. Nitrogen usually exists in three different structural
carbonic species, i.e., pyridine nitrogen, pyrrole nitrogen, and
quaternary nitrogen. The ring atoms of pyridine nitrogen are
reported to exist in sp® hybridization and the lone pair of
electrons, due to the aromatic nature of ring, projects them-
selves outside the ring. This enhances the electrochemical
properties of the doped carbonic materials. On the other hand,
the pyrrole nitrogen ring has no aromatic character and the
lone pairs are delocalized, which also manage to enhance the
conductive property of the doped carbon nanomaterials. On the
other hand, the quaternary nitrogen atom can only enhance
the conductivity by the ionization of the carbonic electrode."”*
Recently, Hou et al. reported the synthesis of hierarchically thin
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activated carbon nanomaterial using raw silk as the precursor,
where the chemical activation and carbonization procedures
was followed thoroughly for the enhancement of electrochemical
conductivity and the performance of the electrode material.'”
A nitrogen rich mesoporous carbonic cluster having a huge
specific surface area of 1030 m> g ' was synthesized by
Zhou et al., which showed 15.0 nm diameter of pore size along
with 7 wt% of nitrogen as the doped atom. The synthesized
material showed excellent specific capacitance of 264 F g~ '.'"*
Cellulosic precursor based porous carbon material was synthe-
sized by Lu et al. They reported microcrystalline structured CNM,
along with intrinsic nitrogen doping."”” The hierarchical porous
structure along with high nitrogen content is more responsible for
charge storage via pseudo storage mechanism. Thus, the synthe-
sized material showed exceptional electrochemical capacitance of
426 F g~ ' with excellent cyclic stability.'”® 3D oxygen and nitrogen
doped carbon nanosheets were reported by Liu et al by taking
waste wood as the precursor. They followed the methodology of
chemical oxidation, bio-swelling, and low temperature pyrolysis
for the synthesis of the material.'”®

Similarly, some other heteroatoms such as phosphorous,
boron, and sulphur are also reported as electrochemical per-
formance booster for CNMs by enhancing their surface area
and adding the pseudo capacitive property. Ling et al. reported
a flexible device with co-doping of boron and nitrogen through
annealing process.'”” Here, boric acid was used as the source of
boron doping. The fabricated device showed excellent specific
capacitance of 268 F ¢~ " at 0.1 A g~ ' along with an extended
lifetime 10 000-15 000 cycles and 105-113% capacity retention.
Dandelion fluff derived porous and hierarchical carbon nano-
tubes with good composition of boron and nitrogen was
reported by Zhao et al.’”® The excellent ionic diffusion and fast
charge transfer mechanism along with a very stable framework
of electrons was reported for the fabricated device. The hier-
archical CNTs showed good energy density of 12.2 W h L™ " and
excellent power density of 699.8 W L™ '. Huang et al. reported
phosphorous-doped porous carbon nanomaterial using coffee
waste materials as the precursor. The chemical activation of
CNM was done with the help of H;PO,."”° Electrochemical
performance testing was performed by using 6 M KOH as the
electrolyte for the process. The energy density of 15 W h kg™"
was reported at a good power density of 75 W kg™ '. A sulphur
and nitrogen co-doped hierarchical and porous activated
carbon-based device was fabricated by Xu et al., using amino
acid rich bean shells along with some vitamins as precursor
material."® The bean was pyrolyzed at a high temperature,
i.e., at 800 °C for 2 h and then activated via organic reaction at
high temperature along with an inert atmosphere of nitrogen
with a constant heating rate of 3 °C min~". They reported that
sulphur enhances the space through the exclusive sorption of
ions, whereas nitrogen enhances the electrical conductivity and
wettability for the fabricated electrode. The specific electro-
chemical capacitance of 202 F g ' at 0.5 A g~ ' current density
was reported by taking 6 M KOH as the electrolyte. The
heteroatoms used in all the above reports are either directly
derived from parts of the solid waste materials or incorporated
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by any activation method. These evaluations concluded that
heteroatom doping in CNMs usually enhances the electro-
chemical performance of the device.

5. Effects of CNMs structure on
electrochemical properties

Carbon nanomaterials have become distinct materials in the
field of science and technology so far due to their extraordinary
properties starting from the electrical, mechanical, and thermal
properties.'®**** On the other hand, some properties such as
chemical stability, light weighted structure, excellent optical
transparency, and extraordinary mechanical flexibility are
responding good to the new technologies in various respective
fields, such as in energy application, ie., solar cells, super-
capacitors, fuel cells, Li-ion batteries, and in the biomedical
field, i.e., drug delivery, bioimaging, and biosensors.®*™°° The
carbon nanomaterials such as graphene, CQD, and CNT have
been synthesized by various research groups, while using
expanded graphite in various solid waste materials as starting
raw materials. The variations in their physiochemical and
mechanical properties have some extraordinary effects in addition.
So, for much a deeper understanding of their potential use, it
becomes very important to discuss their electrochemical properties
in detail.

The solid waste derived carbon nano-materials (CNMs) have
vast variations in their electrochemical properties especially
due to the variation in the specific surface area and the
morphological behavior, while most of the structural properties
of CNMs vary along with the variation in the structural frame-
work of the precursor solid waste materials. Morphological
expansion and changes in the carbonic framework result in
the variation of the electronic conduction inside the layers of
graphitic component, which is an appropriate reason behind
the difference in the qualitative and conductometric behavior
of various carbon nano-materials, such as graphene, CNT,
and GQDs.

Lian et al. fabricated a capacitor using polyethylene derived
hierarchical porous carbon nanomaterials with the incorpora-
tion of ammonia. The obtained activated hierarchical porous
carbonic framework was reported with exceptional high surface
area and contributes in subsequent capacitance along with a
high energy density of 43 W h kg~ *."**

Chen et al. reported porous carbonic material by using straw
cellulose waste as the precursor for supercapacitor applications.
Thus, the obtained porous carbonic material was activated by
sodium hydroxide and showed an excellent rate performance of
281.32 F g~ " using 6 M KOH as the electrolyte at 0.5 A g~ '. The
fabricated device showed 92.93% cyclic stability with 20 000 cycles
rate at 1 A g~ ' and an energy density of 8.67 W h kg™ ' along with a
power density of 3.50 kW kg™ ' using 6 M KOH solution as an
electrolyte.'*”

Recently, Peng et al. derived porous nitrogen doped carbon
nanosheets using waste pomelo mesocarps as the precursor along
with simultaneous activation and carbonization. The developed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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material showed excellent surface area of 974.6 m*> g~ ' and the
fabricated supercapacitor device showed excellent specific capaci-
tance of 245 F g " at 0.5 A g " in 2 mol L™ KOH electrolyte.
Moreover, the supercapacitor possesses an energy density of
14.7 W h kg™ ' at 90 W kg™ " power density, which was operated
in the potential range of 1.8 V in aqueous Na,SO, electrolyte."*?
Li et al. reported mangosteen peel derived 3D porous carbonic
structure, where they concluded its excellent CO, absorbing
capacity with high specific capacitance.”” They reported an
increased surface area, i.e., 1270 m”> g~ ' by following hydrother-
mal methodology in alkaline solution, which showed the excellent
capacity of CO, capture 6.93 and 4.77 mmol g~ " at 0 °C and 25 °C,
respectively.’** At last, the electrochemical performance testing of
the material showed the capacitance of 240 F g~ " using 6 M KOH
in 1 A g ' solution."™*

Zhang et al. fabricated a supercapacitor device using hier-
archically microporous carbonic material on nickel foam. They
reported the high specific capacitance of 1601.6 Fg 'at2 Ag™"
current density for a capacitor with a specific molar ratio,
ie., 4:1 of nickel and cobalt.*®®

Recently, W. Xing et al. developed hierarchical porous
carbons material for an ultra-capacitor electrode. The chemical
activation of the material resulted in the variation in its pore
size and thus the reported capacitance was calculated to be
about 180 F g~ ' at 1 Hz.""°

The electrochemical device was fabricated using biomass
waste derived carbon nanomaterials for symmetrical super-
capacitors by Deng et al.*®” They reported doping with multiple
heteroatoms with a relative increase in the surface area along
with the hierarchical porosity. They also reported the excellent
specific capacitance of 412 F g~ ' in 6 M KOH electrolyte using a
current density of 0.5 A g~ *. Energy density up to 28.78 W h kg™ *
and the power density of 300 W kg~ " at the voltage of 2.0 Vin 1 M
Na,SO, as an electrolyte was reported along with the cycling
stability of 10000 cycles and 92.9% capacitance retention for the
same.'®”

The doping of non-metals, especially p-block elements into
carbonic nanomaterials, usually increases the specific charge
holding capacity along with electron donation ability of the
surface, which somehow alters the electrochemical to thermal
properties related to carbonic nanomaterials. The variations in
the specific capacitance along with the energy and power
density of different electrode materials is mostly due to the
alteration in the surface area and the surface behavior of
carbon nanomaterials.

Some structural modifications such as hierarchical struc-
ture, porous surface, 3D porous modifications, and doping by
various different organic and inorganic reagents including
metals and non-metals have increased the chances of conduc-
tion of electrons within the layer of carbonic framework. This
has become a new route to enhance the electrochemical
performance of the supercapacitors using 3D porous CNMs as
the electrode material.

Hierarchical porous CNMs incorporating heteroatoms such
as nitrogen and sulphur possess exceptionally high surface area
and high energy density due to the availability of adequate sites
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for electron capture and release during the redox reaction or
double layer formation."*® However, the porous carbon materials
doped by alkali metal ions such as sodium and potassium also
possess higher capacitance, basically due to the ease of electron
conduction for charging and charge storage processes. Alkali
metals are electron donors, which make them viable donors.
In addition, the porous nature of carbonic materials helps in
the easy capture of electrons because of the available capture
sites developed due to the good porosity.'*>'** The hierarchical,
porous, and 3D CNMs, especially those deposited on metal foam
(such as nickel, aluminum, or cobalt), hold huge specific capaci-
tance and energy density, may be due to the ease of ionic
movability during the formation of the double layer and during
the redox reactions. Moreover, this discussion concludes that the
hierarchically porous surface and 3D porous CNMs show are
almost similar in specific capacitance; however, the reasons for
their charge storage mechanics lies in the dispensation of elec-
trons around the web of carbonic layers, totally depending upon
the ease of electron availability, surface area, movability of ions,
and the formation of a double layer.

When considering the synthetic methods for CNMs, the
desired structure and properties are largely dependent upon
the size, shape, foreign element doping, and surface functional
groups of the CNMs. Although the properties of the synthesized
CNMs does not much dependent on the carbon precursors,
however, the presence of foreign elements/compounds during
the synthetic procedure could help in the doping and surface
functionalities, which strongly influenced the properties of the
CNMS. The CNMs derived from solid waste can have metals or
phytochemical as impurities, which actually help in modifying
their properties. However, some undesired contamination in
the CNMs might also decrease their performances compared to
purer one.'”® Among solid waste materials, plastics are loaded
with fillers, pigments, metals, agriculture, and food waste,
mostly consisting of natural pigments doped with different
metal depending on their natural precursors.’®® These impu-
rities could stay on the developed CNMs and may positively
or negatively affect the electrochemical performances of the
developed materials.

6. Solid waste derived CNMs in
supercapacitors

As observed in the above studies, the properties of solid waste
derived CNMs are strongly dependent on the raw material and
experimental conditions. They show outstanding electrical
conductivity and very high specific surface area, which facilitate
their application as supercapacitor device fabrication materials.
Supercapacitors are classified as electrochemical storage devices,
which can store and deliver energy at a very faster rate and offer
very high current in a short period. Henceforth, they are fre-
quently applied in electric vehicles, uninterruptible power sup-
plies (UPS), and memory backups in IT systems and in various
other fields. An overview of carbon materials (CNMs) utilized in
different types of supercapacitors is given in Fig. 15.
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Fig. 15 Hierarchy showing the use of CNMs in different types of supercapacitors.

Different surface structure, variation in the quality of CNMs,
i.e., thermo-chemical stability, structural and chemical properties,
etc., are the main parameters behind the variations in the
electrochemical properties. These materials can be further
used as catalytic surfaces for electrode development materials.
Graphene itself has an outstanding electrical conductance
to charge mobility (>200000 cm®> V' s71),"%°7?%" reactive
chemical inertness,”®® and also excellent mechanical strength
(>1 TPa).>®> However, the use of CNMs in various energy
applications have been reported by various groups, such as
electrode materials, catalytic materials for fuel cells, active layer
for solar cells, and Li-ion batteries.

The enormously high surface area of CNMs plays a crucial
role in the conductivity, capacitance, and storage properties.
The conductivity behavior of CNMs and the diffusion rates of
the ions are mostly the responsible factors for the storage
quality of ultracapacitors. Material development part for super-
capacitors is mainly composed of two parts, the first one of
carbon nano-materials, while the other part includes different
metals, metal oxides, and their polymer composites. Table 4
depicts the various types of supercapacitors and materials used
for device fabrication.

Zequine et al.>®® have reported the flexible supercapacitor
device based on bamboo fibers for high temperature super-
capacitor applications. They have developed high-performance
flexible supercapacitors electrode from carbonized bamboo
fibers with specific capacitances of 510 F g " at 0.4 A g~ with
excellent energy density of 54 W h kg™ '. The fibers displayed
excellent charge storage stability without degradation up to
5000 charge-discharge cycles. The fabricated supercapacitor
device was reported to have an aerial capacitance of 1.55 F cm ™2 at
room temperature. On bending, the fabricated electrode device
showed an excellent charge storage capacity with 65% improve-
ment in the performance at 70 °C compared to that at 10 °C.>*

Mishra et al.>*® used polypropylene plastic waste for the
synthesis of MWCNTs at 800 °C by chemical vapor deposition

1472 | Mater. Adv, 2021, 2, 14541484

(CVD) in the presence of Ni as the catalyst. The devices showed
the specific capacitance of 59 F ¢~ with a scan rate of 5 mV s~
in 1 N KOH solution.”**

According to Zhi et al.,>® activated carbon for supercapacitor
applications can be obtained from petroleum-based precursors,
which is prepared by the pyrolysis of raw materials along with
chemical activation. Statistical multiple linear regression and
stepwise regression methods have been employed to investigate
the dependence of specific capacitance on the porosity of acti-
vated carbon. Zhi et al. reported that the specific capacitance is
dependent on the micropores and their volume while it is
independent of the mesopore volume. Nonetheless, the volume
ratio of mesopore/micropore dominates over the absolute volume
of the mesopores.”*®

Waste polystyrene derived 3D porous CNMs were synthe-
sized via Friedel-Crafts reaction using polystyrene waste as the
carbon source. It is believed that high cross linkage and
excessive bonding between the carbonyl group and linear
polystyrenes provides a good pathway for building a hierarchical
porous morphology. Thus, the obtained 3D porous structure
showed a large specific surface area along with high capacitance
and excellent thermo-chemical stability for ultracapacitors.”®*
On the other hand, waste paper based flexible supercapacitors
with their design, applications, and fabrication have been
reviewed by Zhang et al.**’

According to Wen et al,>*® nano-sized carbon black having
nickel oxide in the form of Ni,O; works as a brilliant candidate
for synergistically catalyzing the carbonization of waste poly-
olefin for supercapacitor applications. Polypropylene (PP), poly-
ethylene (PE), and polystyrene (PS) were dehydrogenated into
CNTs by using carbon black along with nickel particle as the
catalyst and the developed materials showed higher specific
capacitance as compared to commercially available CNTs.

Puthusseri et al.”*® developed Li-based capacitor materials
from a waste paper basket using hydrothermal methodology,
followed by high temperature pyrolysis. The materials showed a
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Table 4 Types of supercapacitors and the materials used for their electrode fabrication

S.  Type of

no. supercapacitor Electrode material

Charge storage mechanism

Merits and demerits

1. Electrochemical Activated carbon nano-materials
double layer
capacitor (EDLC)

2. Pseudocapacitors Different metal oxides and polymer composite

having redox property

3. Hybrid
capacitors

For asymmetric hybrid supercapacitors anode
is made up of the same material as in case of
pseudo-capacitance ultracapacitors, while
cathode is usually made up of activated
carbon nano materials

For symmetric hybrid ultracapacitors the
metal oxide with activated CNMs or polymer
matrix with activated carbon nano-composites

very high surface area (2341 m* g~ ") and hierarchical pore size
distributions, where the micro and mesopores are distributed
ideally to be function as high-performance supercapacitors.
Ion liquid gel polymer was used as the electrolyte for the
performance testing of the fabricated device, which showed
a power density of 19000 W kg™ ' and an energy density of
31 W h kg " along with a good energy storage of 61 W h kg~ *.>*°

Dongale et al. demonstrated the modeling of cyclic voltam-
metry using Artificial Neural Network (ANN), as shown in
Fig. 16a. The Levenberg-Marquart propagation algorithm
alongside with sigmoid function was used to optimize the
power of ANNs. The model established good behavior with
an error rate up to 1.24%, 1.03%, 0.87%, 1.17%, and 1.28%
for differently deposited MnO,.>'° Wiegert et al. thoroughly
evaluated the charging process of the supercapacitor and
showed excellent performance with a correlation coefficient
of 0.95 (Fig. 16b).>""* Zhu et al. observed 10 000 evaluations for
the electrochemical capacitance of the carbonic supercapacitors
from almost 1000 articles. They identified five variables, which
affects the capacitance of the supercapacitors such as the surface
area, pore size, Ip/I ratio, doping, and voltage window.>">

Ma’s et al. also predicted the ANN model for the energy
storage of electrode devices (Fig. 16¢ and d) based on the sets of
200 biomass derived carbon nanomaterials and their electro-
chemical properties. They showed that the specific capacitance
can be simulated by features such as aspect ratio, cellulose
content, surface area, pore size and volume, internal resistance,
and conductance. Random algorithm was used for the calculation
of the relative influence on the structural features and the specific
capacitance. Machine-based learning predicted the relationship
between the morphological features and the performance of avail-
able databases. They concluded that the surface area, resistance,
pore size, and volume are the utmost significant variables, having a
weight of 30.1%, 19.4%, and 18.7%, respectively, which affect the
electrochemical performance of supercapacitors.'**

Bridged 3D graphene blocks were used as supercapacitor
electrode materials by Zhi et al,*®> where they reported the
existence of Coulombic interaction between CNTs and graphene
oxide sheets the as results of KOH activation. Wong et al.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Non-faradaic charge storage

Redox electrochemical
reactions with faradaic current

Anodic reaction is redox
reaction while cathode follows
electrochemical double layer
mechanism

Redox reactions and electro-
chemical double layer
mechanism is followed.

Low specific capacitance & energy
density, fare cyclic stability

Low-rate capability and high-power
density, high energy density along with
excellent specific capacitance and good
cyclic stability

Show high energy density and high-power
density with relatively good cyclic
stability

High energy density with moderate cyclic
stability.

reported the intercalation of CNTs into graphene, which provided
a huge surface area and as the result, the obtained material gained
high electrical conductivity (39400 S m™ ") at the mass density of
1.06 ¢ cm >, The energy density of 1172 Wh L™ " or 110.6 Wh kg ™"
and power density of 400 kW kg™ " was reported based on the mass
density of the active material.>"

Table 5 depicts the various agricultural waste derived CNMs
and their activities in supercapacitor applications. The data
shows specific capacitance, current density, and surface area,
and strongly depends on the externally activating agents. The
reported data indicates the presence of huge surface area with a
microporous and meso porous structure, 3D-GO, and 3D-RGO,
2D nanomaterials, hierarchical pore size distributions, varia-
tions in mass loadings, flexibility of device along with other
structural outlining of morphological variations works as the
stimulating agent for enhancement of capacitive properties.
On the other hand, the activation achieved by some alkali metal
ions works as an inclusive agent for the electrochemical
performance of ultracapacitor electrodes. The variation in the
structure and states, e.g., hydrogels and flexible arrangements,
of electrodes have a huge effect on the outcomes of the
electrochemical performances of supercapacitors.

7. Electrochemical performance
testing

Typically, the electrochemical performance of supercapacitors
is evaluated by using either the three-electrode or the two-
electrode system. The three-electrode system is based only on
the testing of the minimum amount of active materials by the
screening electrode. On the other hand, the two-electrode
system is a kind of prototype of the original supercapacitor,
where performance is evaluated under ideal conditions.

7.1. Three-electrode system

This system is generally used for the study of the electro-
chemical behavior of active materials. The system consists
of a working electrode, a reference electrode, and a counter

Mater. Adv,, 2021, 2,1454-1484 | 1473
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Fig. 16 (a) Multilayer supercapacitor model,**? reproduced by permission of Elsevier. (b) Expected cycle life at a discharge current of 2.0 A 322!
reproduced by permission of Elsevier. (c) Artificial model for supercapacitor, (d) importance of inputs and output.**>144 Reproduced by permission of

Elsevier and RSC.

Table 5 Agriculture based solid waste derived CNMs and their electrochemical performance

Activating Specific surface Specific capacitance Current density
S.no  Raw materials agent area (m*> g™ ") Feg™h Aag™ Rate performance  Ref.
1. Coconut shells K,CO; 1506 91.15 0.2 89% at 2 A g_l 214
2. Wheat hay CaCl, 892 275 0.2 81% at 8 Ag " 215
3. Corn-shoot NacCl, KCl 1588 407 1 60% at 20 A g " 216
4. Cotton shoot KOH 1964 254 0.2 87% at 20 Ag " 143
5. Lotus vessel 1015 1340 0.5 67% at 20 A g " 217
6. Flowers of Bougainvillea 850 458 2.28 22% at 5.8 A g " 218
7. Flowers of Rose KOH 1911 208 0.5 52% at 20 A g " 219
8. Rice shell KOH 3120 315 0.1 60% at 50 A g71 220
9. Fish scale KOH 962 306 1 78% at 200 A g 221
10 Rice straw KOH 1122 337 1 83% at 20 A g71 222

electrode, which are connected with a potentiostat (Fig. 17). The
potentiostat is used for controlling the potential of electrodes; it
records the change in the current of the electrode concerning the
potential. It also controls the current that is passing through an
electrode and then records the potential change concerning the
current.’>*?>**

The working electrode is prepared by the coating of a sticky
paste or ink of active materials over the glassy carbon or

1474 | Mater. Adv, 2021, 2,1454-1484

platinum metal. First, the active material is uniformly dispersed
in the appropriate solvent and then coated over the pre-polished
working electrode via drop-casting. Further, a small amount of
Nafion is added over deposited ink deposition, which prevents the
diffusion of ink into the electrolyte. On the other hand, a reference
electrode sets up the base potential in the three-electrode system
by attaining an unchanged potential. There are different reference
electrodes that are used in three-electrode systems such as the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 Schematics presenting the cell connections of the three-
electrode system.

silver chloride electrode (Ag/AgCl), saturated calomel electrode
(SCE), and normal hydrogen electrode (NHE). The final part
includes a counter electrode that establishes the balance in the
reactions happening at the working electrode by tuning its
potential. The CE is generally made of some inert material such
as platinum meshes and graphite rods.

7.2. Two electrode system

This system is the test fixture configurations for material
testing, which can mimic the unit cell and is able to match
the performance of packaged supercapacitor cells, thus giving
exact characteristics of the active materials.”*®> In the two
electrode-system, the two active materials coated electrodes
are used, which acted as the cathode and anode. These electro-
des are electronically separated from each other by the separa-
tors, which avoid short circuit. Also, metal plates, graphite
sheets, carbon cloth, and carbon fibers are used as current
collectors, which act as a substrate for active materials and are
used to establish a connection with a potentiostat. The cathode
and anode are generally made by a coating of sticky paste/ink of
the active materials (carbon nanomaterials, conducting poly-
mers, and metals oxide) over the current collectors. The active
materials may be the same or different for both the electrodes
(Fig. 18).

7.3. Techniques for the evaluation of performance of the
supercapacitor

The performance of supercapacitors is generally measured in
terms of specific capacitance (C) in Farads (F), which is directly
related to the amount of energy stored. This can be evaluated by
cyclic voltammetry, galvanostatic charging/discharging, electro-
chemical impedance, and spectroscopic techniques. Apart from
the specific capacitance, power, and energy density along with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 18 Schematics presenting the cell connections of the two-electrode
system.

Electrode materials

Separator
[~ Electrode materials

cyclic stabilities are also an important parameter for performance
testing of the supercapacitor.

7.3.1. Cyclic voltammetry (CV). CV is an important techni-
que that evaluates the plot between the current and potential
for calculating the specific capacitance of the supercapacitor
and gives the information about EDLC and the pseudocapaci-
tance behavior. Generally, the CV curve shows a perfectly
rectangular shape for the ideal capacitor but due to some
internal resistance, the CV curve gets deviated from ideality
and shows a nearly rectangular shape curve which is thus
responsible for EDLC behavior.

The specific capacitance is measured from the current at the
center point of potential range (I) where the CV curve is divided
into the two equal halves and scan rate (v) by using the
following equation.

where C, I, m, and v represent the specific capacitance,
potential range, mass of active materials, and scan rate, respec-
tively. The equation is used for carbon materials and for those
materials that show EDLC type behavior.

Conversely, specific capacitance can be evaluated from
different equations for pseudocapacitors since pseudocapaci-
tance arises through redox or faradaic charge transfer reaction.
Thus, the CV curve deviated from the rectangular shape and
shows oxidation and reduction peaks. Hence, the average
specific capacitance is measured using voltammetric charge
integrated from the CV curve, according to the following
equation.

_ 0 1
T 2mV

"
2m VVJ,I( V)av

where, Q is the total charge obtained from the area under the
curve via the integration of the CV curve, m is the mass of active
materials coated in electrodes, v is scan rate, (V =V, — V_)
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and represents the potential window between the positive and
negative electrodes.>*

7.3.2. Electrochemical impedance spectroscopy (EIS).
The EIS is a significant technique for evaluating the specific
capacitance and equivalent series resistance (ESR) of the
supercapacitor.””” The EIS is measured at the open-circuit
voltage by applying the small amplitude alternative interrupting
potential (5 mV to 10 mV) over the frequency range of 10 mHz to
10 kHz.**” The EIS also gives the relationship between the fand
imaginary part of impedance (Z’). The specific capacitance is
measured by EIS through the following equation.

1
¢= 727; "m
where, f(in Hz) and m are the frequency and mass, respectively, of
the active materials coated on the electrode.

According to the theoretical concept, in the Nyquist plot, the
ideal capacitor exhibits a parallel line to the imaginary axis.
In reality, the plot exhibits a line with an inclined angle
between 450 and 900 to the real axis, which arose due to the
ion diffusion mechanism between Warburg diffusion and
pseudocapacitance.?*®??° This kind of shift from ideal to real
by parallel line arises due to the different diffusion depth in the
pores and faradaic reaction at the electrodes, which generate
abnormal capacitance and pseudocapacitance.>**?*!

7.3.3. Galvanostatic charge-discharge (GCD). The EDLC
materials showed a triangular shape curve; on the other hand,
pseudocapacitive materials show a non-linear curve due to faradaic
reaction. Therefore, the capacitance is calculated for both in
different ways. For EDLC, the slope of the discharging part is
utilized for calculating the capacitance by using the following
equation.”*

I

C=ja

where, C, I, and dV/dt are the capacitance, applied current, and
slope of the discharging curve, respectively.

On the other hand, the non-linear curve suggested the
pseudocapacitance, which arose due to faradaic reaction and
the capacitance can be calculated for the following equation
without the use of the slope.>*

(An()

C="Ar

where At, I, and AV are the total discharge time, applied
current, and potential difference at the discharging phase,
respectively.

7.3.4. Energy density and power density. The energy den-
sity (ED) gives information about how much energy store in a
given mass or volume and how long the device can perform.
The ED of a supercapacitor can be evaluated by the following
equation and is expressed in watt-hour per kilogram.

1

Ep =5C(A V)?

where C is the specific capacitance evaluated from the CV or
GCD and AV is the operating voltage.
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Alternatively, the power density (PD) determines the quickest
possibility to deliver the power by the supercapacitor under a
constant current. This is expressed in watt per kilogram. The PD
of a supercapacitor is evaluated from the following expression.

(AV)?
o 4I’I1RESR

where, AV, m, and Rggr are the window potential range, mass of
active materials, and Rggy is the equivalent series resistance (ESR)
within the supercapacitor.

7.3.5. Cyclic stability. The stability of a supercapacitor is an
important aspect in terms of the electrochemical stability and
its applicability in real-time applications. From the commercial
point of view, the supercapacitors can produce long life cycles
and retain their capacity even after half a million cycles.
In general, the cyclic stability test for the supercapacitor
performed for 1000 to 10 000 cycles, in which one cycle corre-
sponds to the one charge-discharge cycle at a constant current
density for the cyclic stability generally performed under the
GCD technique at a constant current density. The cyclic stabi-
lity is important for supercapacitors because a long cyclic run
gradually damages the electrode along with the corrosion of its
components, which reduced the capacitance and increases the
ESR. Therefore, reducing the overall electrochemical perfor-
mance of the supercapacitor. This helps in the identification of
materials that can perform or not in real application fields.
Also, the EDLCs-based materials such as activated carbon and
carbon nanomaterials show excellent cyclic performance in
comparison to the pseudocapacitive materials.

7.4. Charge storage mechanism of supercapacitors

The supercapacitor has two type of charge storage mechanisms,
which depends upon the way of energy stored, i.e., electrical
double-layer capacitors (EDLCs), where the capacitance arises
by pure electrostatic charge gathering at the interface of
electrode and electrolyte and pseudocapacitors, where the
capacitance arises due to the fast and reversible redox reaction
in active electrode materials.

7.4.1. Charge storage mechanism of electrical double layer
capacitor. Generally, EDLCs have three components, two
electrodes, an electrolyte, and a separator. EDLCs shows a
conventional capacitor having a charge storage mechanism
via electrostatic desirability between the electrolyte ions and
charge present at the electrode surface, which permits the
formation of an electrical double layer at the interface of the
electrode and the electrolyte (Fig. 19). When the EDLCs charge
via external load, the cations in the electrolyte move towards
the negative electrodes and anions in the electrolyte move
towards the positive electrode, whereas the electrons move via
the external circuit from the negative to the positive electrode,
and the double layer is formed at the interface with the
electrode.>**?*! When the charging is finished, the positive and
negative electrodes attract the anions and cations, respectively,
from electrolytes towards each other and stabilize the double layer
on the electrode surface.”*

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 19 Schematic representation of EDLCs.

Conversely, the discharging process is just the reverse of
the charging process. Such a mechanism of electrical charge
generation at the interface of the electrode and electrolyte
suggested that the electrolyte concentration is always constant
despite the charging and discharging process. Therefore,
energy is accumulated at the interface of the electrode and
electrolyte.

The amount of energy stored in EDLCs is calculated in the
same way as that used in the conventional capacitor by using
the following equation.

_ Ae

Concerning the conventional capacitor, the capacitance (C) is
directly related to the area of plate (A), the permeability of the
dielectric (¢), and is conversely related to the separation (d)
between the plates. In general, EDLCs based supercapacitors
are made to have a high surface area electrode and use high-
permittivity dielectric nature while keeping the current collec-
tors extremely close. Therefore, supercapacitors can attain high
specific capacitance in comparison to the conventional capa-
citor. Due to this, carbon materials such as porous carbon,
graphene, and CNTs attain much attention because of their
high surface area than metallic strips, which allows storing a
higher amount of energy at the collector surface. Besides, the
electrodes are electronically separated by the porous separator,
which is immersed in the electrolyte medium, and due to
higher permeability and close propinquity of the electrodes,
the supercapacitors have a low operation voltage of typically
2.5 V.2% Also, the shorter distance between the electrodes,
which is appreciably higher at the interface of the electrode
and electrolyte, enhances the specific capacitance of the EDLCs
based supercapacitor. In EDLCs, higher conductively electro-
lytes are used, which reduce the internal resistance and also
increase the wettability of the electrode materials; the increase
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in the mobility of the electrolyte ions inside the pores of
the electrodes further enhance the performance of the EDLC
supercapacitor.>?>?*¢ Usually, various carbon materials are
used for EDLCs based supercapacitors but nowadays, carbon
nanomaterials such as graphene, CNTs, and other carbon
nanostructures are used as electrode materials due to their
higher surface area and unique pore size distribution.>*”>*

7.4.2. Charge storage mechanism of pseudocapacitors.
These supercapacitors have fast and reversible faradaic charge
transfer reactions at the interface between the electrode and
electrolyte for energy storage mechanism (Fig. 20); thus, they
are called as pseudocapacitors. The occurrence of reversible
reaction at the surface of the electrode and the presence of
higher surface area along with good electrical conductivity of
the active materials are some necessary tools to get high
performance in pseudocapacitors. Generally, pseudocapacitance
mainly arises from metal oxides such as ruthenium oxides,**°
vanadium nitride,>*® manganese oxide,**' and conducting poly-
mers such as polyaniline (PANI).>** However, carbon nanomater-
ials such as graphene, CNTs, mesoporous carbon, carbon-based
hetero-atoms,”***” and their composite with metal oxides and
conductive polymers have shown excellent pseudocapacitance
with increased specific capacitance for the fabricated devices.
The pseudocapacitor shows 10-100 times higher specific capaci-
tance than the EDLC but it suffers from lower cyclic stability and
power density.>*®

The carbon nanomaterials such as graphene and CNTs are
used in the pseudocapacitor either in the functionalized form
or in the composite form with conducting polymer and metal
oxides. The developed composite showed higher performance
as compared to their native devices. In particular, the metal
oxide-based electrode materials show higher specific capaci-
tance and energy density but these are not economically viable
for commercial production and also have lower stability and
complexity in porosity tailoring along with low conductivity,

Separator Electrolyte

N

®oo® ®Dm

Metal oxide or redox active molecule

Fig. 20 Schematic representations of pseudocapacitors.
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which has a certain effect on the power density and rate
capability performance of the pseudocapacitors.**° Conversely,
the conducting polymer shows good pseudocapacitive behavior
due to their faster charging/discharging rate, appropriate struc-
tures, lower cost, and faster doping and undoping process.
However, the slow diffusion rate of the electrolytes ions in the
polymer network and the volume expansion of the polymers at the
time of charging and discharging, reduce their electrochemical
performance.”®® To overcome these glitches, the composites of
metal oxides with conductive polymers and carbon nanomaterials
have been developed. Such composites can achieve high energy
density without compromising their power density because of
the involvement of both EDLC (carbon nanomaterials materials)
as well as pseudocapacitance (metal oxide and conducting
polymers). Besides, these composites-based pseudocapacitors
also showed longer life cycles.

8. Conclusion and future aspects

The universal status of various solid wastes has come to the
time where we can only control waste by its proper utilizations.
On the other hand, the foundation of a connection between
material science and human world is one of the greatest
achievements of nanotechnology, which that can not only deal
with such a big environmental issue but also it can make a balance
between science and human world. Due to the presence of excep-
tional carbon contents in various solid waste materials, they can be
converted into CNMs, which have distinct incorporative qualities to
be applied in various fields, allowing the CNMs and their compo-
site to exhibit their transitional properties.

During the last three decades, various efforts have been
made by scientists and researchers to balance the relationship
between the waste material based CNMs and various materia-
listic applications of nanoscience and nanotechnology. The
balancing of such a huge issue not only possesses the charac-
teristic that can boost various industries but it can easily provide
a myriad of new opportunities for every field of science and
technology, which can play a crucial role in the development of
human society for decades.

The utilization of waste materials into various CNMs and
their further use into polymer nanocomposites, energy storage,
energy conservation, drug delivery, and aerospace has increased
the waste-based CNMs importance for mankind. Considering
the importance of waste materials as promising candidates for
the production of CNMs, this review article is an attempt to
archive the very recent developments in the field. It includes
the utilization of various kinds of waste materials to produce
different CNMs with controllable shape, morphologies, physical
and chemical properties along with their application potential,
methodological changes and others. The structural necessities
and other aspects are thoroughly discussed along with their
opportunity to regulate the electrochemical to organo-mechanical
properties. This review gives an idea about the comparative
studies of different waste based CNMs. The review not only
clarifies the current universal waste status but also extends the
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strategies for the production of CNMs with a clearer image of
their importance in human life has been also explained.

The waste based CNMs used in different supercapacitors
have been justified starting from preliminary to higher studies.
While the structural analogy and various methodology have
been explained for the justifications of best suitable materials for
specific applications. The variations in pore size, pore volume and
structure, carbonization, pyrolysis temperature, catalyst composi-
tions and its effects along with the effects of surface morphological
changes have been discussed thoroughly. Beside these important
aspects, there are some associated drawbacks with these waste
based CNMs. For example, the presence of various metals can act
as a lethal inclusion for applicative point of view and the toxicity
associated with them also play a critical role in many applications.
This review highlights different scientific statics that are required
to accomplish high specific capacitance and it also includes diverse
technical specifications, along with various parameters required to
remark on the relative potential of the fabricated device.

The modest synthesis methods, with ecofriendly benefits
and cost-effective methodology, are appropriate for the mass scale
production of CNMs from solid waste materials. Furthermore,
courtesy should be made on the synthesis of different CNMs
based composites. The electrochemical performance of 3D porous
CNMs and their composites with transition metals and metal
oxides might be projected as better alternates for energy storage
materials as they have more mobile and sufficient electronic
transition. However, to date, there are various studies on the
synthesis of CNMs and their doping with heteroatoms, metal
ions, metal oxides, and polymers; however, the relation between
the mechanical bonding and physical modification of CNMs
needs to be examined in depth with the help of computational
studies. This will not only be helpful in visualizing the doping
patterns but also induce improvement in mechanics and in
determining the novel design for the synthesis and manufacture
of 3D CNMs. Further, the combination of 3D CNMs with photo-
luminous nanomaterials, viz., metallic quantum dots and G-dots
will explore the potential into some other fields such as
bioimaging, energy conservation, and water purification.

The dispersive properties of CNMs play a crucial role in
elevating some of the properties such as electrochemical,
elasticity and mechanical properties, etc., whereas the mass
production of single layer graphene sheets along with good
thermal stability is a huge challenge in front of the scientists.
The economic production of CNMs is an essential factor for real
life applications. Much advancement is needed for the bulk
scale production of high quality porous CNMs, which is to be
applied in various fields. The absorption of these CNMs into
bulk scale industries can become a very impulsive step for the
growth of universal economy. However, before processing at the
industrial scale, very concise and extensive study should be
made on the labor and maintenance cost, resource type, their
availability, reproducibility, and associated disadvantages.
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