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Abstract: In line with the global recognition of waste-to-
wealth concept aiming for circular economy, scientific
articles are published in greatly increasing number on
the eco-friendly and sustainable utilization of carbon nano-
composites. However, control on the structure and proper-
ties of waste-derived carbon nanomaterials still requires
substantial future research. In this review, recycling mate-
rials into nanocomposites containing graphene are narrated
by overviewing all the 120 publications currently available
in the literature including their pioneering study in 2012 and
their recent developments until 2022, focusing on energy-
related aspects of functional graphene-based nanocompo-
sites. Interestingly, almost all currently available sources
report on composites in which graphene is a high value-
added filler or matrix, and only the other phase originates
from wastes. Flexibility of process parameters of pyrolysis
methods enables the synthesis of biomass-derived gra-
phene composites for virtually any kind of industrial appli-
cations. Biomass often acts both as carbon and SiO, source,
while only a few percentages of graphene material induce
significant changes in their physicochemical properties.
Utilization of wastes for energetic composites increases
abruptly due to their outstanding price-to-value ratio and
reusability. Future perspectives and current green chemistry
or human health related challenges are also discussed to
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pave ways for new developments using unexplored waste
sources.
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1 Introduction

The growing consumption of durable and nondurable
consumer goods and the associated production of waste
materials is alarming global population for taking urgent
steps towards more efficient measures in environmental
protection [1]. One of the fastest growing wastes is waste
electrical and electronic equipment (WEEE) [2]. According
to a recent report by Shittu et al., the global WEEE produc-
tion was 54 million tons (MT) in 2019 which is a rise of 45
MT since 2016 [3]. This escalation is expected to upsurge to
75 MT by 2030 [4]. The concerns are thoughtful due to
human health influences and loss of bio-resources as cli-
mate changes. In a recent review about systematic waste
management, 366 articles were evaluated according to cor-
relations between country income groups and different
issues that indicate possible future trends in the use of
municipal solid wastes [5].

Waste materials are used as raw materials in the pro-
duction of value-added products. Development of perfect
industrial symbiosis and cost benefit analysis in meeting
the demand of sustainable green energy and eco-friendly
recycling of waste materials has been one of the most
perplexing waste-related issues in recent decades [6].
Plastic waste, which is the third most abundant waste
source on the planet after food and organic waste, has
recently emerged to be one of the world’s most serious
public health and environmental issues [7]. The total
volume of plastic waste is growing in lockstep with the
global population and per capita consumption. The amount
of waste produced is inextricably linked to consumption
and production patterns [8], and may differ substantially
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even in the same country. For example, Malaysian house-
hold waste generation varies by region and economic
status, ranging from 0.85 to 1.5 kg per person per day [9].
To deal with the global concerns on waste genera-
tion, there is an ongoing demand for the reconsideration
and improvement of waste management procedures. One
notable example is to introduce economical fabrication
methodologies of waste-derived energetic carbon nano-
materials such as graphene, carbon nanotubes (CNTs),
and graphene quantum dots (GQDs) for energy storage
applications [10]. These energetic substances are classi-
fied according to four categories based on their dimen-
sionality features according to the common terminology
used in materials science and nanotechnology: zero-dimen-
sional (0D), one-dimensional (1D), two-dimensional (2D),
and three-dimensional (3D) nanomaterials. Zero-dimen-
sional energetic nanomaterials [11] include carbon quantum
dots and spherical or roughly iso-dimensional carbon nano-
particles (NPs), which show exciting and indispensable
prospects in the energy conversion and storage including
photo- and electrocatalysis or light-emitting diode and
photovoltaic cell fabrication [12]. 1D energetic nanomaterials
[13], as the second category, include nanowires, nanorods,
nanobelts, and nanotubes. The third category is that of (2D)
materials characterized by a typical layered structure [14]:
nanosheets and nanomembranes. Finally, 3D energetic
nanomaterials [15], constitute structural hierarchies of
the previously mentioned nanomaterials as base units.
Flower balls made of nanosheets and hollow microspheres
made of nanorods are noteworthy examples of such 3D
hierarchical structures [16]. Thus, graphene materials are
suitable for the synthesis of composite materials with dif-
ferent structural, chemical, and morphological properties
and can be produced and used in a wide variety of ways.
Figure 1 shows distinctive examples highlighting schema-
tically the four generic types of synthesis methods for the
production of waste graphene-based nanocomposites. It is
remarkable that most synthesis strategies found in the
literature involve two common steps: (i) formulation of a
composite liquid dispersion containing both composite coun-
terparts in suspended form and (ii) ultrasonication (either
bath or tip sonication). Usually the forthcoming steps differ:
the liquid is usually removed (e.g., by spray evaporation,
drop casting, or centrifugation/drying) or it is kept during
the formation of the composite counterpart (hydrothermal
treatment of carbon sources and metal salt precursors).
Graphene has an atom’s thickness with a high sur-
face area to volume ratio [17], as well as exceptional
mechanical, chemical, thermal, and electrical properties
[18]. Recent price checks in the market have revealed the
worldwide concerns on the production of commercial
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graphene. Large-scale production and supply of cost-effec-
tive graphene-based nanomaterials with desired proper-
ties for specific applications are still an obstacle for its
endorsement with high-end consumers and industries
[19]. A plentiful of studies have reported on the prepara-
tion of nanocomposites of graphene-based materials (che-
mically derived graphene or graphene oxide, GO) associated
with inorganic compounds [20-25], or with polymers [26-29],
and demonstrated their utility in extraction processes [30],
anode materials for batteries [31], electrochemical supercapa-
citors [32], bio-based electrocatalytic sensing [33], photo-
catalysis [34], wastewater treatment [35], energy storage,
and other related applications as shown in Figure 2 [36]. In
2021, graphene-based composite materials have been explored
across half a dozen review papers, ranging from bio-based
graphene nanocomposites [37,38], via magnetic GO nano-
composites [39], to graphene nanocomposites for lithium-ion
batteries (LIBs) [40], and biomass-generated graphene like
carbons for energy devices [41]. None of these reviews focused
on waste-derived graphene nanocomposites.

However, the recent publication trend clearly indi-
cates that the incentive towards recycling of waste deri-
vatives into carbonaceous energetic nanomaterials is
progressively increasing [42-45]. Various environmental
friendly approaches are required to provide value-added
solutions for waste recycling to replace non-biodegradable
or toxic conventional practices [46,47]. According to the
Web of Science search till July of 2022, a total of 62 papers
have been published during 2012-2021 regarding gra-
phene nanocomposites using different waste materials fol-
lowed by an enormous number (58) of new studies in
2021-2022. This shows a significantly increasing and futur-
istic attention (as presented in Figure 3) of this hot topic
among scientific communities.

Based on this, a thorough overview is required to
compile all the state-of-the-art publications that reported
on waste-derived graphene-based nanomaterials. Therefore,
in this narrative review, studies on recent improvement of
eco-friendly waste-generated graphene nanocomposites are
highlighted. To our surprise, this crucially important topic
has not been covered earlier.

The comprehensive search strategy employed to locate
all related publications relied on the Web of Science data-
base advanced search option. The selective keywords and
the derivatives of “waste,” “graphene,” “GO,” “compo-
site,” and “nanocomposite” were used. Peer reviewed
research studies in English language were considered for
inclusion. Owing to the burgeoning advancement in this
field, articles since 2021 are treated separately and they are
only involved in statistics without extensive analysis. Instead
of providing a critical discussion of the available literature
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Figure 1: Commonly employed synthesis strategies in the current literature for waste-derived graphene nanocomposite fabrication, showing
schematic flowcharts of the synthesis steps. (a) Spray pyrolysis derived silicon sludge waste-generated nanocomposite [219]; (b) physi-
cally mixed and dispersed MnO,/GO and MnO,/rGO composites from spent battery powder [230]; (c) drop casted waste wool derived
keratin/graphene thin films [217]; (d) hydrothermal synthesis of magnetic graphitic carbon nanocomposite using chestnut shell (CS) [224].
All cited display items were reproduced with copyright permission.

(the full list of which is tabulated as Supporting Information), applicability, followed by a brief overview of graphene-
we aimed to collect papers in the form of a narrative review based nanocomposites in industry-related applications,
involving the general discussion of waste-derived graphene highlighting especially those fields that are associated with
nanocomposites in order to give a broad perspective of the energy harvesting and storage as displayed in Figure 4.
current state of the art. Then, we combine these two areas into one concept, the

Thus, we begin this review with the discussion of the main focus will be laid on the comprehensive overview of
role of waste materials in the environment and their waste-derived energetic graphene composites. By gathering
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Figure 2: The most notable applications of waste-generated gra-
phene-based nanocomposite materials.

many different examples of their efficient production and
use, we foresee that this review may generate further
interest in the discovery and use of new waste-associated
precursors and novel methodologies towards the safe and
efficient conversion of wastes to valuable energy-related
products.
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Figure 4: Recycling of waste materials into graphene nanocompo-
sites for energetic applications.

2 Waste materials: their
environmental impact and means
for possible reuse

Waste materials are generally defined as liquids or solids,
which are unwanted, unusable, or at least they lose their
basic function after their primary use [48]. The Environ-
mental Quality Act 1974 proclaimed by the Food and
Agriculture Organization of the United Nations defines
waste as any matter, regardless of solid, liquid, or gas-
eous form, which are discharged or emitted to the envir-
onment resulting in its short-term or long-term change
[49,50]. Liquid wastes are, most commonly, residential,
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Figure 3: Number of publications related to waste-derived graphene nanocomposites in the past decade.
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commercial, or industrial excess wastewaters released
after their use such as cleaning, processing, and cooling
[51].

Primarily, waste materials originate from commer-
cial, construction, household, industrial, institutional,
imported, and public goods or products [52]. Waste mate-
rials have also been categorized into solid and municipal
waste, hazardous waste, industrial waste, radioactive
waste, and agricultural waste [53,54]. These waste materials
are disposed irresponsibly to the surrounding deposits, or
even illegally to an adjacent abandoned urban or provincial
area, which creates an adverse effect to the environment
[55]. Therefore, as per current regulations such as Environ-
mental Quality Act 1974 and Environment Quality (Schedule
Waste) Regulations 2005, emerging challenges have been
observed which are threatening the environmental and
waste management [56,57]. Figure 5 illustrates the conti-
nent-based annual waste production categories generated
by the World Bank Database.

It is noteworthy that the projected values of annual
waste production for 2030 and 2050 indicate the largest
absolute growth for Sub-Saharan Africa, but the growth
rate stays minor in four different regions with already dif-
ferent economic development states (Europe and North
America vs Middle East and Latin America) [7,58]. This
indicates that waste production does not correlate with
the current economic development level, but rather with
the foreseen rate of development. Hence, the total amount
of waste generated is predicted to triple in low-income
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countries by 2050 [59,60]. In addition, East Asia/Pacific
region is expected to generate the world’s largest amount
of waste i.e., 23%, on the other hand, North Africa and
Middle East are estimated to produce around 6%. The
highest projection of waste in South and East Asia/Pacific
regions require planned strategies to overcome the conse-
quences to the environment, health, and life [61,62].

2.1 Classification of waste materials

One practical way to classify waste materials is based
on the level of detrimental effects they have on the envir-
onment. Bertram et al. [63], classified wastes into four
categories: (i) eco-friendly, (ii) biodegradable, (iii) non-
biodegradable, and (iv) toxic wastes. They suggested the
introduction of color codes to indicate these categories.
Herein, gray represents category (i), that is, favorable
types of wastes which do not pose any harm to the envir-
onment [64]. White and blue color codes symbolize waste
materials of category (ii) and (iii), respectively, which
degrade by more than 20% of their original mass known
as biodegradable, or less than 20% called as non-biode-
gradable. Finally, toxic and harmful types of waste
materials are categorized under brown color code. The
color classification index which indicates the environ-
mental impact of waste, and its examples are tabulated
in Table 1.
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Figure 5: Amount of global waste materials generated in megatons (MT) per year as reported for 2016 and projected for 2030 and 2050 [7].
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Table 1: Color classification test procedure conducted to group waste materials, adopted by earlier studies [63,64]

Classification Color category

Color code based environmental effects

Examples

Eco-friendly waste Gray

Biodegradable waste White Biodegradation >20%
Non-biodegradable waste Blue Biodegradation <20%
Toxic waste Brown

No significant risk to the environment

Biodegradation <20% and toxicity <10 mgL™*

Food wastes, biomass, etc.

Paper wastes, etc.

Plastic, glass, metals, etc.
Batteries, chemical additives, etc.

Application of toxic chemicals and additives are widely
used in various industries such as oil and gas, electronics,
and other energy related sectors [65]. Several authors have
reported perilous environmental effects on marine life and
humans on using chemical additives such as viscosifiers,
lubricants, and surfactants [46,66,67]. Therefore, it is neces-
sary to replace toxic and hazardous chemical additives and
use natural and non-toxic materials [68]. In short, the use of
eco-friendly and biodegradable materials in the industrial
applications reduces the environmental impact and personal
safety issues. One of the potential types is biowaste which
falls under this category because it is both eco-friendly and
biodegradable [69]. Other noteworthy types of waste include
hazardous or toxic and non-biodegradable. Thus, biowastes
hold great potential as an alternative of expensive and toxic
additives in nanomaterials industry [70].

2.2 Recent applicability of waste materials

Accumulation of waste materials is a rising problem that
not only threatens the environment but also the public
safety. Devadoss et al. reported that Malaysia generated
13.9 MT of municipal solid wastes, heavily relying on
landfilling for disposal [71]. According to recent surveys
[72-74], more than 80% of municipal solid wastes were
disposed in the landfills. To reduce the impact of this
problem, these waste materials can be recycled and uti-
lized in industries instead of disposing them.

For recycling of dangerous and hazardous wastes,
special conditions and measures must be imposed to
avoid mass catastrophes [75]. Furthermore, nuclear and
radioactive materials must be strictly and completely dis-
regarded from consideration for any types of recycling
procedures [76,77]. Besides that, wastes of higher toxicity
and complex handling are also unfavorable in any appli-
cation. This is because waste materials could negatively
affect the public health, safety, and the environment [78].
Thus, an increasing demand for the efficient transforma-
tion of wastes into benign nanomaterials has emerged to
reduce the amount of waste discharged to the environ-
ment [79].

Lately, the increase in global concerns towards the
sustainability of the Earth has increased public and
industrial awareness on the detrimental effects of che-
mical toxic and non-biodegradable materials [80]. Strong
efforts have been exercised to study several non-hazar-
dous waste materials which are applicable in industrial
applications such as food, agriculture and construction
wastes [81]. Also, recycling of electronic waste has not
been extensively adapted though it is a great approach to
handle e-waste materials. The most common sources of e-
waste include electronic toys, computer chips, circuit boards,
batteries, wires, and motherboards [82,83]. Numerous studies
have comprehended the recycling of waste materials by dif-
ferentiating their sources and reutilization, conversion of
these waste sources, implementation of disposal treatments,
and fabrication into value-added nanomaterials. Finally,
energetic applications and energy recovery has been sug-
gested as well [84-86].

3 Graphene nanocomposites for
industrial applications

There are versatile graphene materials that have been
incorporated into industrially relevant composite matrices
[87,26]. The two main categories are (i) chemically derived
graphene materials and (ii) graphene particles obtained
after physical exfoliation or physical deposition proce-
dures [88-90]. Figure 6 illustrates a classification of com-
monly used top-down and bottom-up synthetic routes for
graphene derivatives [43]. The chemical routes offer, at
present, much cheaper and versatile opportunities to obtain
the carbonaceous platelets in large quantities, which can
serve a whole section of industry with at least a ton-scale/
day production rate [91]. Physical exfoliation (scotch tape
method and its developments), chemical vapor deposition
or laser irradiation-assisted methods [92] cannot currently
compete with this scale of production rate. For the chemical
routes, the starting material is almost exclusively graphite
oxide [93]. Graphite oxide is usually exfoliated in a liquid
phase to produce single layers termed as GO, or at least
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Figure 6: Classification of synthetic routes for graphene-based materials [43].

particles that are dispersed into a few-layered graphene
oxide. Graphene-based particles in the final composites
are then obtained usually by thermal decomposition of
GO (to obtain chemically derived graphene) [94], or by che-
mical reduction (to obtain reduced graphene oxide, rGO).
Other commonly derived forms of graphene include holey
graphene, graphene nanoplatelets (GNPs), flower-shaped
graphene/GO, graphene nanoribbons (GNRs), and GQDs,
etc. [95,96]. The origin of high versatility of chemical prop-
erties and structural features is the composition of gra-
phene-based composite materials.

Figure 7 shows the distribution diagram of the appli-
cation fields of waste-generated graphene-based nano-
composites in which the columns are subdivided by the
environmental impact of waste source used according to
Bertram’s classification [63]. The possible ways of reuse
are also tabulated in more details in the Supporting Infor-
mation. First, one finds that energetic nanocomposites
are, at least currently, not among the most frequently
studied ones. Supercapacitor and battery-related studies
rank 4th and 5th and only a couple of papers focus on
solar and fuel cell fabrication or heat storage. The most
dominant fields are those which efficiently exploit the low
electrical or mechanical percolation thresholds provided by
the graphene platelets including studies related to structural
materials used in construction (29 papers) and conductive
materials (7 papers). Second, it is remarkable that most types

of wastes are feasible and usable for the construction of
composites to be further used in all sorts of applications.

With regard to the remarkable properties of graphene
materials, much research has been done by incorporating
graphene and its derivatives into nanocomposites to pro-
duce novel materials that make use the best properties
and characteristics of each material present in these com-
posites [97-99]. The outcomes of these research works
have proven that graphene-based nanocomposites signif-
icantly improved the performance and functionality of
the products, especially in terms of increased electrical
conductivity, greater flexibility, thermal resistance, and
stability [100,101]. Hence, in Section (3), we discuss
the performance of graphene-based nanocomposites in
industrial applications. Before this, however, we find it
important to make the following remarks on the related
terminology:

1) The term “graphene (based) nanocomposite,” at least
within the context of this review, refers to any compo-
site material which contains highly dispersed (single or
few-layered) graphene-like carbon platelets, and it is
not restricted to systems in which the major counterpart
of the composite (matrix) is graphene-based solid. In all
cases, nevertheless, the observable properties of the
composites are affected by the graphene content.

2) “Waste-derived” refers to any nanocomposites which
include a counterpart obtained from a waste material.
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Figure 7: Waste-derived graphene composites in the current literature classified by their respective field of application.

Therefore, wastes may be the source of the carbonac-
eous phase (GO or derived carbons), which is coupled
with a regular nanomaterial (e.g., inorganic oxides) as
reported in a few studies [224,237,331]. On the other
hand, in an overwhelming majority of currently reported
cases, the matrix of the nanocomposite originates from a
waste source (e.g., plastic) and graphene platelets (from
any sources) are employed as high value-added fillers.

3.1 Energy production and storage
3.1.1 LIBs and sodium-ion batteries (SIBs)

The development of LIBs has been triggered by a surge
demand in advanced energy storage due to environ-
mental concerns. LIBs are rechargeable and they have
high energy density and long cycle life which make
them promising to be utilized as power sources for elec-
tric vehicles [102]. SIBs displayed similar electrochemical
behavior to LIBs, due to the high availability of sodium

sources with remarkably low cost [103]. SIBs seem as
potential candidates to be fully utilized as energy storage
systems. The combination of metal oxides and graphene
derivatives are promising anode materials and thus are
heavily used in market leader products [104]. In parti-
cular, power sources based on 1D, 2D, and 3D graphene
nanostructures are the best examples of the frontier
devices for serving the new wave of medical devices,
flexible screens, or wearable electronics [105]. However,
the significant difference between the ionic radii and
atomic weights of Li* and Na* are also seen in the transfer
properties and phase stability which leads to lower energy
density of SIBs. The favorable morphology of composite
materials contributes greatly to the increase in overall
capacity. This is most evident in the case of composites
with metals [106]. Characteristics such as high cyclic sta-
bility, large surface area, high capacity, and low electrical
resistance [107] are still the primary aspects to consider for
energy storage performance, but, for e.g., for flexible bat-
teries, the mechanical and structural properties are also of
utmost importance. Graphene-based matrices and coat-
ings are able to enhance electrochemical characteristics
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in different ways. First, the various nanostructures (GQDs,
rGO, graphene films etc.,) may lead to increased active
surface area, forming greater surface contact with the elec-
trolyte [23]. These materials are also suitable to make elec-
trodes with lower inactive weight and short diffusion path,
which also improve the rate of charging/discharging pro-
cesses. These coatings and composite matrices have improved
the electron transfer processes, which also lead to better
power density [108].

3.1.2 Supercapacitors

Supercapacitors (also known as ultracapacitors) are elec-
trical energy storage devices that, unlike conventional
solid dielectric-based capacitors, rely on electrochemical
double layer capacitance and electrochemical pseudo
capacitance which contribute to the total capacitance
[109,110]. The important difference between conventional
LIBs and supercapacitors is in the quantity of energy
stored and the quantity of energy obtained per unit
time. Batteries can store lot more energy than supercapa-
citors, but the latter ones can be charged/discharged
much faster, so the development of supercapacitors has
recently become a cutting-edge challenge. Especially, the
automotive industry and the space agencies are trying to
build them into the pioneering hybrid energy storage/
regeneration technologies. The electrodes of supercapa-
citors have been typically made of porous carbon, and
graphene-based nanomaterials could provide a suitable
solution to scale up the capacity of these devices as coat-
ings or main components, because they can both act as
matrix or filler in composite materials [111]. For instance,
GO materials are versatile en route products to utilize
electrode surface with graphene [112], rGO [113], or gra-
phene-based hybrid nanomaterials [114], to improve
electrochemical properties [115]. As the maximum energy
storage highly depends on the specific surface area of
carbonaceous materials hybridized with metal, metal
oxide, and metal sulfide composites, they can be uti-
lized as electrode materials of supercapacitors. None-
theless, they have excellent electron transport features
that enhance conductivity. They may also act as struc-
tural materials, because of their small weight and may
also play the role of a bonding agent between the com-
ponents in the composites. However, the direct covalent
functionalization of graphene is tedious. Even a recent
study shed a light for the applicability of GO to improve
the energy storage capacity and power handling cap-
ability [116].
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3.1.3 Solar cells

A solar cell or photovoltaic cell can be defined as a device
that converts the sunlight directly into electricity [117]. In
next generation, graphene-based solar cell materials attract
serious attention of researchers, due to their good con-
ducting properties, low costs, optical transparency, and
lack of toxic environmental effects [118]. Perovskite solar
cells (PSCs) are one of the widely used types of solar cells
[119]. The power conversion efficiency (PCE) of the solar
cells is directly dependent on the electrical conductivity of
the matrix of the counter electrode. Graphene and rGO can
play a crucial role in the improvement of their performance
characteristics. Additionally, the presence of rGO in the
composite can possibly prevent the aggregation of fillers
or dopants helping to keep the electrically active sites intact
during the synthesis process [189]. A few studies revealed
that graphene-based nanocomposites could act as hole
transport layer [120,121]. In some cases, they even outper-
formed the polymer-based composites in PSCs, which were
proved as the best-known materials for hole transport. They
also increased the crystallinity of a perovskite film, leading
to reduced leakage current (which causes dropped perfor-
mance) and decreased the so-called J-V hysteresis, thereby
allowing more actual determination of PCE. The optical
bandgap of the composites is also a direct function of the
degree of oxidation in the GO/rGO composites. In addition,
graphene-based matrices have also excellent film forming
capabilities, which makes them advantageous for the pre-
paration of solar cells containing brittle and unstable semi-
conductor films [122]. In dye-sensitized solar cells, carbon-
based nanostructures and nanocomposites have been used
to improve their electrochemical parameters [123,124].

3.2 Chemical sensors
3.2.1 Biosensors

Biosensors with important features such as low price and
rapid, highly sensitive, and greatly selective response
have been used extensively for clinical diagnostics, metal
ion speciation, and formation of batteries [88,125,126].
With today’s technology advancement, the performance
of biosensors has been greatly enhanced by graphene-
based nanocomposites [127,128]. Graphene-based NPs
are capable to act as biomolecule carriers because the
selectivity of the device lies on the chemical properties
of the immobilized biomolecules [129]. Moreover, their
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good film-forming properties makes them suitable to
be applied for biosensor fabrication. Graphene materials
can be a suitable candidate as a precursor of biosensor
membranes or probes. Although GO does not conduct
electricity because of the presence of the various oxygen
containing functionalities, it can be used as a flat-sheet
surface to immobilize biomolecules. Moreover, functio-
nalization by reduction is also able to restore the aro-
matic m electron system and bonds can be formed with
carboxylic groups and N-terminal end on amino-acids or
proteins, but epoxide or peroxide groups can also be
easily functionalized by acid base or redox reactions.
In biosensing, a direct connection leading to electron
transfer between the active centrum of an enzyme and
the carbon atoms plays key role in the process [130].
Biosensors can be grouped into the enzymatic, non-enzy-
matic and immunosensor categories [131]. According to
the literature, various biomolecules, such as micro-RNA
[132,133], nucleic acids [134,135], or biomarkers [136], can
be detected with good selectivity by graphene-based
biosensors. To enhance the electrochemical behavior,
reduction of GO can be easily carried out under mild
conditions, but even electrochemically reduced GO is
widely used for biosensing.

3.2.2 Gas sensors

Gas sensor is an important device for detecting the varia-
tion in the concentration of toxic, or chemically active
gases, for example to create safe work environment in
industry, where precaution needs to be exercised to avoid
air poisoning or to monitor the presence of explosive
gases. Selective and sensitive gas detection at room tem-
perature and a wide range of ambient humidity is needed
for appropriate environmental monitoring [137]. Graphene-
based materials have multiple advances in these devices.
First, the presence of graphene in metal-graphene sensors
can inhibit the oxidation of the metal component. Moreover,
the high surface area to volume ratio is also beneficial and
the metal-graphene system is also used to establish kinetic
or mass transport selectivity [138]. A large number of studies
have reported the applicability of graphene-based nano-
composites incorporated in gas sensors, but carbon nano-
tubes and nanofibers are also frequently examined [139-141].
Therefore, the most important class of graphene-based nano-
composite type gas sensors is that of electrochemical sensors
[88,142]. The gas adsorption on the carbon-modified surface
affects the electrochemical properties such as bandgap and
charge transfer processes, that may provide a highly selective
sensor membrane with remarkable signal/noise ratio [143].
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Additionally, varying the structure, morphology, type, and
amount of additives or degree of oxidation makes it possible
to influence the selectivity. As it was demonstrated for
biosensors, GO can also undergo surface functionalization
schemes simply, in one step methods. Moreover, graphene
nanocomposites make possible to detect wide range of
toxic gases for example NO, [144], CO [145], formaldehyde
[146], or CO, [147]. Metal oxides or conducting polymers
such as polyaniline (PANI) are commonly used fillers for
the fabrication of graphene nanocomposites, which are
found applicable for gas sensing [137,148,149]. The good
film forming ability is also relevant, but the probe also can
be formed by 3D (i.e., foam-like) composites [150].

3.3 Corrosion protection

Enormous amount of money is spent on repairing the
damage caused by corrosion. Therefore, a wealth of research
projects is devoted to produce anti corrosion coatings with
excellent properties to overcome the problem [151]. Recently,
graphene nanocomposites have become potential candi-
dates to deposit anti-corrosion coatings due to their high
chemical stability [152,153]. Besides, graphene matrix is com-
posed of sp? hybridized carbon atoms that are linked to each
other in a 2D honeycomb lattice structure with high electron-
density in its aromatic rings, which makes it impermeable to
all molecules [154]. In the past few years, a lot of cheap and
simple methods were developed for the mass production
of graphene-based anti-corrosion coatings [155]. However,
according to some of the latest reports, graphene materials
can have a short-term corrosion protection effect but, con-
versely, corrosion promotion activity of the coating may
occur in the long term. It is clearly stated that this phenom-
enon is related to the percolation threshold phenomena
[154]. Above a certain surface coverage of the graphene par-
ticles, they even accelerate the corrosion process either due
to the kinetic effects (the uncoated patches act as defects on
the coating at which the oxidization becomes faster), or
because of thermodynamic effects (decrease in the redox
potential) [152,156]. It is also associated with the oxidation
degree of GO/rGO, which restores the aromatic structure of
graphene. In most cases, however, graphene nanocomposite
coatings can prevent the formation of defects on the coating.
Nonetheless, after the object was oxidized in the end of the
process, the graphene coating helped in keeping the object
in one piece, preventing the release of the corroded material
to the environment [157]. Furthermore, some researchers
stated that the rate of corrosion decreases with the increase
in the number of graphene layers on the surface, [158,159]
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and they did not report the corrosion promoting phe-
nomena, e.g., in the case of plastic/GO coatings. In addi-
tion, for monolayer coatings, there is a great importance of
the perfect coverage, because structural defects may lead
to increased corrosion of the substrate as compared to the
bare materials [160]. In summary, the corrosion promotion
activity of graphene-based nanocomposites is highly
dependent on the quality of the non-carbonaceous com-
ponent too. Graphene/GO is less suitable to form the
matrix in composites, or to be applied only in its pristine
state for corrosion protection.

3.4 Membrane processes

Graphene and its derivatives act as a perfect barrier due
to high electron density of the aromatic rings that block
any atoms or molecules from moving across it. Besides,
graphene/GO fillers are the leaders in advanced compo-
site membrane design studies in terms of mechanical
properties. In the case of biocomposite membranes, GO
loading can also enhance the hydrophilic interactions,
dipole interactions, and hydrogen bonding at the same
time [161]. In the past decades, water purification became
a crucial problem especially for the treatment of muni-
cipal sewage or industrial wastewater. Membrane separa-
tion is a traditional method to clean the used industrial
feed waters and by-product wastewaters [162]. Interest-
ingly, due to their layered structure and special pore
system including water permeation channels, pristine
GO itself is capable to form membranes with advanced
filtering features [163]. However graphene-based nano-
composites are also very competent candidates to bene-
ficially influence the parameters of membranes, but
pristine graphene and GO are also suitable to form mem-
branes [164]. Nanocomposite membranes could be applied
in a wide range of treatment processes. Among graphene
nanocomposites, especially GO has been applied as filler,
owing to its ability to keep the structural integrity of the
membrane even at high pressures and could be used to
form superhydrophilic membranes for increasing the trans-
port rate of the water molecules [165]. For instance, oil-in-
water emulsion separation [166] and toxic heavy metal ion
removal by adsorption [167] are considerable potential
applications of GO composite membranes. It is important
to mention that composite membranes can be bestowed by
anti-bacterial surface modifiers [168], as GO nanocompo-
sites are extremely capable to immobilize almost any kind
of substrates on their surface and the modified carbonac-
eous lamellae can be easily deposited on the membrane
surfaces [169].

Waste-derived graphene nanocomposites = 11

It is easily noticeable that polymer/graphene or polymer/
GO systems represent the vast majority of carbonaceous com-
posites used for membrane separation applications. The
simple reason is that a wide range of polymers (both con-
ducting or non-conducting) can be easily grafted or non-
covalently attached to graphene materials in which graphene
may act both as the matrix or the filler. Metal-like graphene
composite coatings, metal oxide/graphene or GO hyhbrids,
and polymer modified graphene materials and composites
containing layered double hydroxides (LDH) and metal
organic frameworks were also studied but less fre-
quently [160].

In this part, we summarized the most popular fields
of applications of graphene-based nanocomposites, but
some of the fields mentioned below are not explained
here in detail such as fire retardants or organic catalysts,
adsorbent, or photocatalytically active composites. It is
due to the minor fraction of literature papers related to
waste-derived graphene-based materials in other general
applications. Also, the focus of this study is centered
towards energy related applications. Nevertheless, we
will discuss these from the reusing and valorization point
of view.

Without a possibility to give a comprehensive enu-
meration of all relevant papers in the specific areas, we
tabulate representative publications on graphene nano-
composites used in diverse fields of industry, indicating
the chemistry of the studied composite counterparts, the
objectives of the study, and bullet points of its main find-
ings (Table 2).

4 Recycling of waste materials into
graphene nanocomposites

Despite the global COVID-19 pandemic, graphene industry
is expected to grow due to increased demand for mobile
devices such as smartphones and tablets, as well as opto-
electronics and storage devices. While these electronic
devices have numerous advantages, they also contribute
to a major problem, which is the growing pile of e-waste.
According to the World Economic Forum, 50 MT of e-waste
are produced each year, but only 20% is recycled, with the
remainder often incinerated or dumped in landfills [2-4].
More than just adding to landfill, most e-waste is made of
non-biodegradable materials, and it may also contain
materials that are potentially hazardous and toxic to our
health and the environment if simply discarded. As a
result, many problems associated with e-waste manage-
ment are exacerbated [6,7,15]. To address this issue,
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Figure 8: Schematic diagram of synthesis of magnetic cobalt-graphene (MCG) nanocomposite [208].

agricultural waste could be used to create biodegradable
materials, which could then be used to make electronic
devices. After their lifetime (sometimes rather limited),
these obsolete or unserviceable devices (or at least some
of their parts) could then be easily degraded upon their
disposal. This lays the groundwork for circular economy
systems in the electronics industry, increasing their sus-
tainability [61,71,72]. To ensure the understanding of waste-
derived nanocomposites fabrication, Figure 8 highlights the
GO assembling of cobalt-based metal framework into GO—Co
nanocomposite.

4.1 Processing factors of graphene
nanocomposites

GO is an oxidized form of graphene that has widespread
use as a catalyst support, composite filler, or the pre-
cursor of high-surface-area carbon materials [26]. Its ben-
efit as a precursor of processable aqueous suspensions of
carbon nanoplatelets is also increasingly realized and
exploited, leading to various products of electronics and
energy conversion. The presence of oxygenated groups
and aromatic domains on the GO structure resulted in
excellent organic molecule adsorptive capabilities [39].
However, due to the unavoidable van der Waals interac-
tion, GO layers may agglomerate in aqueous medium,
especially at higher salinities or in the solutions of other
electrolytes, already at fairly low concentrations [207,208].
As a result, adsorption capacity is reduced, making the
recovery process more difficult. One way to prevent the
aggregation of GO is to formulate a composite with acti-
vated carbon (AC) or other materials conjugated with GO
by using waste materials as carbon sources. This will sig-
nificantly improve the adsorption efficiency due to the

synergism between the porous structures of the two carbon
materials [208,209].

A variety of methods for the processing of graphene
nanocomposites have been discussed in earlier studies
and are not focus of our work. Examples of dedicated
publications for nanocomposite formulation are: cova-
lent or electrostatic functionalization by Dreyer et al.
[18], silanization by Zou et al. [99], mechanical mixing
by Sun et al. [210], functionalization with NPs or in situ
polymerization by Chen et al. [211], utilizing polymers as
nanofillers by Ramanathan et al. [90], using few layered
graphene materials with polymers by Young et al. [212],
combining multi-layered and monolayered graphene mate-
rials with various nanofillers by Shahil et al. [213], and uti-
lizing epoxy matrix with graphene nanoplatelets by Monti
et al. [214].

Most of these studies have discussed a wide series of
matrices, fillers, and NPs based on their suitability and
application field [125,167]. For the preparation of the
composites, melt processing, solution blending, in situ
polymerization, and sol gel procedures are the most com-
monly used lab-scale methods relying on van der Waals
interactions or the creation of covalent bonds between
base material matrices and NPs [90]. Based on the process
parameters and the particle size and shape of the compo-
nent phases, different morphologies can be attained [210].
Platelets, isodimensional or elongated particles are largely
used types of NPs. Well dispersed, percolating, and agglom-
erating are typical arrangements for isodimensional and
elongated NPs [53,212,215]. However, micro composite for-
mation, intercalation, and exfoliation offer a broad variety
of microstructural arrangements to fabricate nanocompo-
sites using platelet-shaped NPs. Here micro composite
refers to inefficient matrix affinity and particles distance
[170,172]. Also, intercalated and exfoliated nanocomposites
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are noteworthy for their increased interlayer distance and
homogeneous filler dispersion in the polymeric matrices,
respectively [216]. Figure 9 displays the synthesis mechanism
including dispersion, pyrolysis, and oxidization into cobalt
oxide/GO nanocomposite.

To fabricate stable waste-derived graphene nanocom-
posites, a good dispersion of fillers is critical to maintain
their properties [46]. Table 3 entails the role of various
waste-derivatives into graphene nanocomposites using a
variety of matrix, fillers and excellent outcomes for energy
related device transformations.

Numerous types of waste materials such as agricul-
tural and other biowastes, steel waste, plastic, paper, and
other industrial wastes have shown ability to form stable
composites with carbon-based materials by changing
their structural morphologies [217,222,227,229]. Recycling
of these waste precursors into nanomaterials using sev-
eral methods have been highlighted repeatedly [215,218].
In order to get the desired morphology of graphene nano-
composites, graphene-based NPs play a vital role which
enable interaction with the base matrices [220]. Never-
theless, not all groups of graphene family are successful
to get the preferred structures [232,233].

When graphene is used as a filling agent in compo-
sites, it usually results in an improvement of their elec-
trical, mechanical, and thermal properties. Consequently,
the nanocomposite can perform multiple functions when
used in any system. To synthesize GO based nanocompo-
sites, appropriate exfoliation of graphene or GO and their

+ .;.{ S — ) - ;‘ “J
A F” 1) Dispersion ¥ L ° % ;
CoPc  and reduction RN ‘/x o
Graphite CoPc/Craphene
oxide composite
2) Pyrolysis
St 3) Oxidation —
2 oi . o
¢ .
. L/ o L ]
e R

Nanosized-Co/
Graphene composite
(Co/GC)

Nanosized-Co3 04/
Graphene composite
Co30,4/GC

Figure 9: Synthesis of cobalt-graphene nanocomposite (Co/GC)
through (1) dispersion of graphite oxide and CoPc using chemical
reduction, (2) pyrolysis at the temperature of 800°C, and (3) further
oxidation to fabricate nanocomposite at 400°C [208].
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restacking/aggregation are issues to be resolved [235,236].
Conclusively, poor dispersion negatively affects the perfor-
mance in most Kinds of applications. However, greater
levels of dispersion can be achieved for GO as compared
to graphene due to its oxygenated groups which enables
its easy incorporation into water-soluble matrices [238].
Based on recent research works, accommodation of gra-
phene and GO fillers into various types of polymers has
been done using in situ polymerization, solution intercala-
tion, electrospinning, wet spinning, drop casting, melt
intercalation, and freeze-drying procedures [240,241].

A remarkable waste-generated graphene nanocom-
posite was introduced through keratin wool waste into
electronic devices. Energetic nanocomposites were devel-
oped by tuning conductivity of nanofillers among GNPs.
In order to get homogenous dispersion of GNPs with
waste proteins, carbon particles were 100-150 pm thick.
By adding 5wt% of GNPs, the resistance released five
folds from 1,010 Q sq~ to ~105Q sq”’, and as low as
=10 Q sq ! by adding 30 wt% of GNPs. Moreover, capaci-
tors were fabricated using 1 cm? waste keratin with excel-
lent impedance, dielectric properties, and capacitance of
50-550 pF from -85 to 87°. Moreover, this keratin-based
graphene nanocomposite was successfully used to develop
an insulator with soft and flexible texture with no cracks at
ambient temperature [217].

In a recent study, coconut waste has been converted
into rGO nanocomposites with high surface area and
electrochemical properties for supercapacitors. In its fab-
rication, ferrocene was used as a catalyst under 300°C
opposite to the conventional techniques in which it has
been crucial to remove carbon basal plane defects as a
strong reducing solvent. The effects of temperature on the
oxygen content and band gap were evaluated. It was
observed that the increase in the temperature decreased
the amount of oxygenated groups in rGO with high
amount of defects in rGO lattice structure. Thus, suc-
cessful efforts were made to recycle defect free rGO nano-
composites from coconut waste [218].

Similarly, an economical and facile approach of coffee
waste-derived GO nanocomposites has been introduced
for lithium-ion capacitors. Parameters such as particle
size, matrix loading, and conductivity for battery electrode
and pore size and surface area for capacitor electrode were
optimized. It was observed that ball milling method induced
a prominent reduction in particle size of 2-5 pm. The incor-
poration of rGO into the carbon matrix led to significant
increase in the overall capacitance of lithium ion capacitor
(40-70%) on different applied current rates. This state-of-
the-art waste-derived energetic graphene nanocomposite
enhanced power and capacitance for up to 80% after
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3,000 cycles which further heightened to 15,000 cycles
[242].

In an interesting study, researchers reported tire
waste recycled nanocomposite fabricated using poly (lactic
acid) (PLA) and GNPs to accelerate mechanical properties.
The energetic nanocomposite was prepared through twin-
screw extruder using a die press of 0.5 mm thickness and
25 mm width. It was found that incorporation of GNPs (1, 2,
and 3 wt%) in tire waste/PLA blend enhanced the tensile
properties. Morphological analysis through scanning elec-
tron microscopy (SEM) presented that GNP nanocomposite
reduced the formation rate and pore volume. In addition,
GNP nanocomposite increased thermal stability and mechan-
ical properties due to heat deformation. Adhesion of PLA
with tire waste was not homogenous due to polymeric con-
tents as the surface was heterogeneous and the polar
macromolecule of PLA could not interact strongly with
the hydrophobic parts of the carbonaceous nanosheets.
Thus, functionalization through GNP fillers provided an
ideal homogenous dispersion with tire waste (70 wt%)
and PLA (30 wt%) nanocomposite. However, the dispersi-
bility of GNPs was limited which paved a way for further
research works [243].

Furthermore, sludge waste consisting of Si (40%) has
been utilized to convert graphene nanocomposite for
LIBs. Recycling of Si from waste was introduced using
one-step aerosol method which was also recycled into
Si NPs (78%) with SiC mass fraction of 3.2 wt%. Further,
ultrasonic atomization spray pyrolysis was deployed to
produce Si-graphene nanocomposite as efficient anode
material for batteries. As per morphological analysis, the
developed Si—graphene nanocomposite turned into a crumpled
paper ball with the average size range of 0.6-0.8 pm using
different parameters. No variation was found using FESEM
technique in the structural analysis. However, XRD showed
high peaks of Si and SiC as graphene content was lower com-
pared to Si. By increasing the temperature from 300 to
500°C, the Si-graphene nanocomposite size remained
the same (0.66 pm). It was observed that the size distribu-
tion of this energetic nanocomposite was homogeneous as
it aggregated in the absence of graphene and thus, recov-
ered by aerosol method where the particles were spherical
with 0.47 pm diameter. The electrochemical analysis was
performed which revealed highly efficient presentation as
anode materials in terms of capacity, Coulombic efficiency,
and stability for LIBs [219].

The significance of energetic graphene nanocomposites
has also been signified by recycling of coffee waste. Coffee
waste-derived GO was doped using a polymer (PANI) and
silver NPs to fabricate nitrogen doped coffee waste
extracted porous graphene (CEPG-PANI-Ag) nanocomposite.

DE GRUYTER

Development of this novel nanocomposite improved electro-
chemical properties by increasing the electrode surface,
porosity, and high surface area of 1033m?’g™" for elec-
trons mobility due to combined functionality through
nitrogen and oxygenated groups on graphene nanostruc-
ture. Morphological analysis through XRD, FESEM, and
TEM confirmed the crystalline structure of AgNPs, a reflec-
tion at 22.6° diffraction angle, characteristic of graphene,
broad peaks of PANI chains, and about ~200 nm size of
CEPG-PANI-Ag with homogeneous dispersion. For ener-
getic application, it was demonstrated that developed
nanocomposite displayed a very high specific capacity of
1,428 Cg' at 5mV s™* scan rate and 5,000 cycles stability.
This study presented an outstanding example of biowaste-
derived energetic graphene nanocomposite for high per-
formance rechargeable batteries [237].

Newly, oil palm waste-derived AC doped with rGO
has been developed as a nanocomposite for thermal
energy storage. It showed advances of surface area of
680m?g~! and an average pore size of 22A. A fruitful
intrusion of n-nonadecane into the developed nanocom-
posite was completed and their nitrogen gas adsorption-
desorption isotherms were determined. There was no
leakage observed during this phase alteration as it was
homogeneously dispersed from solid to liquid phase in
graphene matrix. This novel, eco-friendly, and thermally
stable waste-generated graphene nanocomposite has been
introduced for thermal energy storage applications [238].

Likewise, oil palm waste-derived lignin GO (L-GO)
was doped with ZnO using 39% carbon and 29% Zn to
prepare L-GO-ZnO energetic nanocomposite. In this recent
work, biowaste-generated anode material was prepared
which was utilized for removal of Cd(u) substrates from
wastewater through microbial fuel cells. Self-assembled
L-GO was combined with ZnO NPs which enhanced phy-
sicochemical properties such as great energy output of
135.96 mA m 2 which is eight times greater than typical
GO anodes. It further evidenced the removal of Cd(n) from
wastewater by using microbial fuel cells via waste-generated
anodes. It was reported that by changing the morphological
characteristics of the designed graphene nanocomposite,
90% of removal efficiency was achieved [235].

In addition, value-added morphological impacts of
other remarkable waste-derivatives, such as human hair
[244], sisal fibers [245], Prosopis juliflora shrubs [246,247],
orange peels [248], olive pits [249], green tea waste [250],
Indian cake husk [251], peanut hull, bagasse, corn stalk,
potato waste, defatted soybean, tobacco rods, fermented
rice, prawn shells, and onion husks [252], have been thor-
oughly evaluated for energetic applications and electronic
devices. Interestingly, most of these wastes have been



DE GRUYTER

converted into AC and graphene flakes, rather than gra-
phene nanocomposites.

4.2 Applications of waste-generated
graphene nanocomposites

The production of nanomaterials from biomass has been
viewed as a bio-based economy and a green solution to
local and global pollution issues. Since graphene-based
technology is efficient, cost-effective, simple, and envir-
onmentally friendly, it has become the solution to today’s
sustainability issues [41,55]. For example, agriculture
waste biomass is a low-cost source for nanomaterial
synthesis, and because of its abundance as well as var-
ious studies on it, mass production of graphene-derived
nanocomposites is possible [234,237,253].

Due to graphene’s excellent in-plane properties, new
opportunities for tailoring nanocomposites have emerged.
Graphene/GO/rGO bio-nanocomposites have a potential to
be applied in various fields including adsorption [254],
separation of organic and inorganic compounds [255],
photocatalytic degradation of organic matters [256], disin-
fection and antimicrobial compounds [257], hydrogen sto-
rage and production [258], and electrochemical biosensors
[259]. Therefore, lots of research are now focusing on the
strengthening/toughening, electrical conduction, thermal
transportation, and photothermal energy conversion of
graphene/polymer nanocomposites as well as studying
the effect of graphene configuration — layer number, defects,
and lateral size, on both intrinsic graphene and graphene/
polymer nanocomposites properties [260,261]. A variety of
waste sources and their utilization for favorable applications
are presented in Figure 10.

[
-

Metals =

Paper

60 nanoparticles

6Graphene derivatives

Waste-derived graphene nanocomposites = 23

Recent studies have shown significant impact of
waste-derived graphene nanocomposites among indus-
trial applications. For instance, Rezania et al. [263] utilized
waste frying oil to synthesize biodiesel using magnetic GO
doped mixed metal oxide MGO@MMO nanocomposite.
They studied the effect of several experimental parameters
such as material amount, methanol-to-oil ratio, tempera-
ture, and time. They observed that the optimized para-
meters were as 94% of yield, 8:1 ratio, and 60°C with the
reaction time of 90 min, respectively.

Other recent studies include utilization of steel sludge
waste in ZnO-GO nanocomposite for improved catalytic
efficiency [239], oil palm biomass derived GO nanocompo-
sites as an effective medium for energy transportation
through microbial fuel cells [235] or for thermal energy
storage [238]. Coffee waste-derived [242], coconut shell
and grapes seed derived [218,264] rGO containing compo-
sites find use in supercapacitors, while Bengal gram bean
husk derived graphene-like porous carbon nanostructure
is applicable for improved adsorption of organic dyes
[265]. Additionally, the impact of GO nanocomposite has
been evaluated on carbon conversion and methane pro-
duction using anaerobic digestion of waste activated sludge
[266]. Table 4 represents the summary of waste-generated
graphene nanocomposites for significant industrial applica-
tions and their impacts.

Fabrication of energetic nanocomposites by incorpor-
ating nanodimensional phases into bulk matrices can lead
to novel structural features and very advantageous properties.
Among them, improved thermal stability, mechanical proper-
ties, high surface area, electrical stability, and enhanced
optoelectronic characteristics are noteworthy [12,13]. It is
also mentionable that the value-to-price ratio is the highest
in the case of energy storing devices. Supercapacitors and

Applications ‘

T
1
1
1
1

Sensors

Membranes

ectronic
device

Figure 10: Schematics of waste source incorporation into graphene nanocomposites and their remarkable energetic applications. The

structural motif of GO is reproduced with permission from [262].



DE GRUYTER

Rabia lkram et al.

24

(panupuo))

apixo un—auaydels SsISayuAs 9)SeM |B0dJBLYD POOM
[622] S3IpN3s |eldeRgIIUY POALIBP-31SEM JO SISaYIUAS 3)10e4 %L wu 0z Jewsay3olpAH 019 pue 1]3ys Inuol0)
a1sem A13sai0) ajqemaual SISayjuhs 09I-1WW
[9zz] juepielal all4 Suisn pasedaid asam saysodwodouen %8°0 wu g /€ JewsaylolpAH -HM ‘O9—-LWW-HM 9]SEM pooM
ssewolq
a1sem wouy AyN)iqels |ewsayl ainjesy 1eyl
sishjeue sajisodwod [aSoiae 350]N])192/0Q9 9zISaYjuAs poylaw
[esa] Aynqess jewnsayy 0} payafoid usaq sey poylaw 3198} Y %Y pue ‘c ‘T ‘T ‘0 wr 001 Suixiw a)dwig 950|N]192/09 a)sem wied |10
paisal
uopjepesSap  aJam sw)y Suijeoly Sd-sysodwodoueu 7NEY 9)sem
[122] anhjeledoloyd -8/094/%011 Alpualiy-033 B 3AII3Y] %S pue g wu /g  uoljeud|ed a)de4 YN€)-8/094/01L (Sd) auaifyshjod
pajeduqey
sisAjeue 3lam sajisodwodoueu uogied snolodosaw
[osz] saijpeded uondiosqy paiapio paseq-Q9 paALAP Hsny adly %50 wu 0s Suixiw uolnjos JOWO0/09 ajsemsny adly
uoljeipes
weaq uoJjdd)a Suisn paonpoud a1am sja8oupAy jusqiosqesadns uonezuawAjod
[697] sa1uadoud 198 panosduw 9j1sodwodoueu paseq-auaydeln %170 - uoinjos  09I-IWI pue 0H-IWD 950]Nn]19)
s9}1sodwod0uURU ISA]IS paseq 91SeMm ]]9ys
[89Z] sieiaw Aaeay jo Sujsuas -auaydelS paonpas Jo uoljedlige) usalg %L wu 0s-0€  SisayjuAs jod-aup SONODI®9HY p43j1ajo bburioy
An1solod juaiedde snoJod
[292] saipadoud jeatueydapy pue AJAI3INPUOI |B2113I3]3 panosdu| %Y wu 99-%¢ 3ulw jeg IV/€0%v—auaydely 9JSem wnujwny
saiyadoud |eaueydaw 9)1sodwodoueu 19pniIxa
leve] 40 uonenieAy  SdN9/aIsem ai1} pajaAkdal YyUm paulquiod yid %€ pue ‘¢ ‘T - M3IDS-UIM] SdND/V1d/MY 9lsem all|
9)Isodwodoueu Q5 PaAIIBP-9ISEM 331j0D uonjeziswAjod
[£€Z]  sauaneq ajqeasSieyday Suisn |elid}eW dP0III)I |9A0U JO UOlIRIIIqe] %S'0 wu 0g uolnjos SV-INVd-9d3D 9)SEM 330D
S]192 19Ny 1BIqOIdIW DIA sapoue Quz—Q9 paseq-ujusy Suisn Aq poylow
[seT] uonjepodsues) AS1aug  133emalsem d13ayuAs woly (1) pD 40 |eAOWY %G — |ewIaylonjos ouz-09-1 ajsem wied 110
y1SuaJls |edlueyIaw jeijuRISqnS
yum wiy Suipueisaaly e ojul wiy wns anlq
[ect] sa|yadoud Jalleq seg  |yj pawlojsuel) 18yyny 09 JO uolIppe syl %50 wu 00¢ Sunses uoiNos  09-9) ‘09-)9 ‘09-YO ajsem wng aai]
sisAjeue saijadoid aysodwodoueu
[zee] |edIUBYIRW-OWIdY]  IdQT] Ul Pasn aIam I3)lY 09 PaleIodap-d¥H %S Pue ¥ ‘€ ‘T ‘T wu00¢-0s ssacoud nys uj 3dA11/dvH-09 915eM S])ays333]
saiyadoud jeaueydaw 9j1sodwodoueu dd
[ece] pue uonezijjelshi) padop SdND PIALIIP-d1SEM D11} JO UOIRILIqR] %l wu os Suxiw 3PN dd—-SdND 9lseMm all|
s9}1s0dwod Y9—-IS YlIM palenjead ssaz0.d
[612] sg|7  Sem aduewloiad |BIIWSYI011I3]3 parosdw| %S0 wu zeg Josoiae dajs-auQ ¥9-IS ajsem aspn|s
S3JIAP
J1U0.323)9 3]qeuleisns (;_bs U 01=) @duelsiSal ajsodwodoueu
[212] J0 uodNpold 199YS 3)qeyewal Y}Im sapoiidald 3)qixa)4 %G — Suysiadsig auaydeiS—-upjeia) 9)SeM |00/
uoljes}uladIU0I sisayjuis
j9y  suonedndde c1jasSiauz sawodInQ auaydesn 9zis 9)d1Med J0 poyle sa)isodwodouep S|elajew ajsem

suoijednjdde Jelisnpul 1oy sayisodwodoueu suaydelS paAllap S92IN0S dISEM JO 9)0Y ¥ d)qe]



25

Waste-derived graphene nanocomposites

DE GRUYTER

ayisodwodoueu sajejdoueu ausydess/(piae a13oe))Ajod yum pauiquod ajsem pajdhdal ‘sdND/vV1d/MY esodwodoueu apixo auiz/apixo ausydels paseq ulusl ‘Quz-09-1
‘aysodwodoueu aso|n)ad jAylaw/apixo auaydesS pajnpas Ajjedatwayd QW\09YD ‘dusodwodoueu apixojuad/wnipeuea/spixo suaydess ‘1d-AQ9 ‘e1sodwodoueu Qoi/apixo auaydesS/anu
-ojjowjuow yym padop sajeshjoipAy-oine poom ‘091/Q9-LIWIN-HM ‘o11sodwodoueu apixo uil—auaydess ‘019 ‘ausjAdoidAjod ‘dd ‘e31sodwodoueu uoqied snosodosaw paiapio paseq apixo
auaydeis ‘OWO/0D ‘opixo auaydesS painpas Alysiy ‘0oiH ‘eusodwodoueu auajAylahjod Ajisuap mo) Jesul) paseq Q9 PaleI023p dVH ‘IddT1/dVH-09 ¢9nsodwodoueu QH-aj}auSew—aseq
HIY2S ‘09Wgs ‘eusodwodoueu Q9.i/apixo auaydesS-asoin|ad jAylswixoqied ‘0oi-I ) pue 09-IW) ‘eysodwoloueu IaAjIS paseq apixo sauaydelS pajnpal ‘SHNQDI@9Y ‘aysodwodoueu
9pIxo auaydelS paseq-1aA|IS ‘09HS8y ‘93sodwod susydeiS—uodis ‘Yo9-1s ‘wns nSoSepuoy yym padop 09 ‘09-9) ‘eAesey wns yym padop 09 ‘09-)D diqely wnS yum padop 09 ‘09-vO 810N

pazisayjuAs sem aysodwodoueu ssadoud
[£22] Aranrjap 8nig aso|njad |Ayiaw/091 Ajjestwayd %l wu 00t Suixiw uoinjos JW\09YD djsem saliayjeg
S3IpNJs 13dued 9j1sodwodoueu ssazoud
[9/2]  -nue pue jeiqoniwnuy  (AQ9D) dpixojuad wnipeuea/Q9 Jo SISayuAs %¢ pue wu 0§ |ew.Iayjoajos 1d-A09 ajsem-3
191eM3)sem wolj (1)n)) pajnpoJjul sem
[s2z] sielsw Aaeay jo Jeroway aysodwodoueu QoH-ajilouSew-aseq J1yds %SG°0 — Suixiw uoinjos 09wgs uesolyd
ajisodwodoueu %IM uoieal (309
[tvz] SuusaulSua anss|y auog 09 PaALIBP-3)SEM JO SISAYIUAS udals v 0T pue ‘s ‘¢ ‘1 wu 0€-0T uolezawAjod 09-Nd 13d) aueyiainAjod
sajisodwodoueu
suopjeddde ysnoJay} salpnis d13xup| pue ‘yysualls wu 8¢ pue
[v22] |eaipawolq anjea-ysiy ]edIuBYI3W ‘UOIIRIUBWIRY JO UOIIBNIBAT  9%IM G pUB ‘€ ‘T ‘T ‘TY'ST'TE  uolRIUBWLIRY NYIS Uf 094/24 MeJ)S suediesng
Apmys psou1bniap 9)15BM uBSONYD
[eL2] lelqotaiw padueyul sbuowopnasd jsuieSe AJIA30e 1ajealn %1 wu 0§ ssadoud njIs x3 098y pue woouysny
snjoiqijue
jsuiese Aduayye pasnpoid a1am sajisodwodoueu uonendidaid
[9gt] uondiospe aA13I9Y3 094 AlyS1y paniiap-aisem dliseld %S0 wu 0§ -0 3SI9AU| 09JH 915BM dlISB|d
uoljesjuadIuo0d sisayjuis
j9y  suonedndde c1jasSiauz sawodInQ auaydesn 9zis 9)diued J0 poyle sa9)isodwodouep Ss|elajew ajsem

panujuo)  a)qel



26 —— Rabia lkram et al.

DE GRUYTER

Table 5: Literature of waste-generated nanomaterials for comparing their performance outcomes

Supercapacitors Specific Current Capacity Number of Energy density Power density Ref.
capacity (Fg™) density (Ag™") retention cycles Wh kg™ kW kg™

PANI@sulfonated 752.3 1 85.90% 5,000 23 6.1 [182]

graphene

Graphene@NisV,0g 748 0.5 71% 3,000 103.94 46 [186]

Waste-derived

rGO/MnOx 34.4 96.60% 20,000 4.8 1 [227]

Spent battery 150 1 100% 1,000 - — [230]

powder@rGO

LIBs Reversible capacity (mAhg™) Current density (Ag™) Capacity retention Number of cycles Ref.

CuSi,Ps@Graphene 2,069 2 — 1,500 [177]

SiOx@Fe;0,@FLG  833.4 0.5 81.80% 500 [178]

Waste-derived

Si@GR 1,626 0.2 ~75% 50 [219]

CEPG-PANI-Ag 397 5(mVs™ 94.50% 5,000 [237]

LIBs can be charged and discharged many times providing
repeated usage for the composite material. Table 5 contains
the energy related materials from cutting edge research arti-
cles of composite designing specified in Tables 2 and 4.

Remarkably, the specific capacitance of graphene com-
posite based LIB materials was not higher in magnitude as
compared to the waste-derived composites indicating that
the composites generated from waste sources can reach
similar energy outputs as the state-of-the-art energy storage
composite materials. On the other hand, the cyclic stability
of waste-generated materials varies over a wide range,
which can be an obstacle for mass production in which
only the highest performing solids are desired.

There is no significant tendency found regarding the
capacitance retention for the battery materials. Based on
the above studies, the specific capacitances were already
lower in magnitude for waste-generated materials as com-
pared to conventional ones for supercapacitors. On the other
hand, one beneficial feature could be that lower power and
energy density may lead to much longer life cycle and better
capacity retentions which promotes the long-term usage for
waste-based energy storage composites.

4.3 Recent studies on graphene
nanocomposites for energetic
applications (2021 till July 2022)

As direct energy storage materials, supercapacitors became
popular among reports published since 2021. Preparing AC
matrixes for composites synthesized using pyrolysis were

carried out using different fruit waste [278], cigarette filters
[279], and canola waste [280]. The resulted AC was mixed
with GO. These devices showed a good electric double layer
capacitance due to the optimal morphology. One of these
studies shed light to the fact that covalent functionalization
of AC@GO composites with conductive polymers bestowed
pseudocapacitive behavior to these materials [280]. AC
derived from animal bone waste was also used in the
counter electrode of composite supercapacitor devices
[281]. Besides that, one possible way to create the pseudo-
capacitance-based composite was to use plastic waste-
derived graphene and to grow V,05; nanospheres on the
graphene surface via hydrothermal method [282]. A similar
strategy is that acidic hydrolyzed corn stalk is subjected
to hydrothermal treatment to obtain carbon nanospheres
and crossing them with GO. Another hydrothermal step
provided carbon/rGO hydrogel with appropriate superca-
pacitor properties [283]. Saccharides can also be used
as reducing agents for growing metal NPs on graphene
sheets. Industrial molasses was used to fabricate multi-
functional composite materials with photocatalytic activity
and high gravimetric capacity as supercapacitor [284]. It is
important to highlight that the electrochemical perfor-
mance outcomes of waste-generated nanomaterials (typical
examples are shown in Table 5) are competitive as com-
pared to the performance parameters of recently published
non-waste-derived supercapacitors or other functional elec-
tronic [92,285-291] composites.

According to the studies published in the topic of
nanocomposites produced from waste shows that 32 of
the 58 research articles were energy related in the last year
till July 2022 as presented in Table 6. One can conclude
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that regarding this trend, composites connected with energy
using or energy storage applications of waste materials pro-
vides the most sustainable approach of utilizing waste gra-
phene materials as the basis of green graphene composite
using technologies.

4.4 New frontiers in waste-derived graphene
composites for non-energy related
applications

We briefly discuss the best performing non-energy related
composite materials reported recently (2021 till July 2022),
in terms of their fields of application. Adsorption is one of
such fields, for which composite materials were prepared
by either hydrothermal or pyrolysis methods. Pyrolysis of
waste wood and graphene together afforded graphene@-
biochar hybrids with high adsorption capacity for Cu?*
ions [317]. Sodium silicate originating from rice husk car-
bonization was mixed with a block-copolymer, GO, and
surfactant, subjected to hydrothermal treatment that
resulted in highly ordered mesoporous structures with
higher adsorption capacity for methylene blue (MB)
than non-waste-derived similar materials [318]. Hydro-
thermally synthesized waste polyacrylonitrile (PAN)/rGO
composites demonstrate outstanding oil absorption capa-
city and good reusability [319].

Waste-derived composites also open new frontiers in
catalysis. GO—straw—CuNP composite, in which the plant
additive was not completely carbonized, shows optimal
porosity, pore size distribution and hydrophilic surface
acts as feasible catalyst support in p-aminophenol
reduction [320]. Sugarcane bagasse was used for the for-
mulation of Cu,0-Au@rGO composite to analyze sonoca-
talytic material in decomposition of 4-nitrophenol [321].
Eggshell-transitional metal composites were demon-
strated to be appropriate catalysts for carbon nanotube
growth [322].

New construction materials still dominate the research
on non-energy related waste-derived composites according
to the number of publications. Of these, concrete admixture
was the most frequently reported topic. One approach was
adding waste-derived material combined with GO to the
grouting paste [323]. A chitosan waste based nano-sealant
was developed [324]. Adding very low amounts of GO to
waste concrete powder provides a cement which can
then produce a recycled concrete that competes with
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conventional concretes in terms of flexural and compres-
sive strength [325]. Remarkably, carbonized textile indus-
trial waste combined with GO and colloidal silica has
resulted in concrete material with enhanced thermal and
mechanical parameters [326]. Polymer wastes can also be
utilized with GO for cementitious composite materials. A
recent report on upcycling PP waste originating from
waste disposable masks revealed that the GO can have a
multiple role (dispersing agent and regulator of hydration
precursor distribution) in the cement composite produc-
tion process [327]. Composite waste polymer/GO filler loaded
asphalt exhibits comparable performance with those cur-
rently used without any filler [328]. Consequently, great
quantities of plastic wastes can be utilized in road construc-
tion. In summary, polymers, carbons, or waste concrete
powders are recently incorporated into cementitious or
asphalt matrix in which GO can regulate the structure for-
mation and enhance the mechanical strength, producing
high quality materials in a sustainable way.

Finally, bioresource derived wastes are increasingly
exploited for a vast range of applications. Rice husk
derived plant waste carbons were able to improve the
mechanical properties [329] and tribological parameters
of aluminum matrices [330]. Related research may attract
considerable attention because aluminum composites are
largely unexplored. Other recent non-energetic research
trends include rubber waste for graphene fabrication
[331], eco-friendly routes of graphene synthesis from
waste [332], sugar beet bagasse waste for pesticides
control [333], blackberry waste extract for graphene nano-
composites [334], or waste grapefruit peel for environ-
mental applications [335]. An increasing emphasis is laid
on the use of GO in composite formulation owing to its
multifunctionality. GO/cellulose composites with micro-
crystalline cellulose acid hydrolysis are obtained using
the waste acids generated by the Hummers method [336].
Collagen-modified GO finds utility in ultrafiltration [337],
fruits and vegetable peel waste in antioxidant analysis of
ultra-fast selectively recovered 4-hydroxy benzoic acid
[338], walnut shell derived GO/hydroxyapatite nanocom-
posite in osteogenic differentiation and antimicrobial
activity [339], and waste rice husk/PVC/GO nanocompo-
site as green additives [340]. Recycling of disposable
mask affords graphene nanoplatelets [341], sugarcane
bagasse agricultural waste can be converted into nano-
scale graphene containing photoluminescent and anticorro-
sive epoxy paints [342], and a green conductive composite of
graphene oxide-like char and zero-valent iron was found to
be efficient for biogas production [343].
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5 Limitations and future
recommendations

5.1 Challenges

The use of functional materials incorporated into nano-
composites has undoubtedly increased their performance
in various applications. However, there are still many
challenges that need to be addressed before the applica-
tions of nanocomposites can be fully commercialized as
shown in Figure 11.

Several key challenges have been identified and will
be discussed further in this section.

e Toxic effects: The toxicity of nanocomposites need to
be addressed which include health and environmental
issues. Both composite counterparts (the carbon and
the non-carbonaceous phase) may be toxic not only
to human consumers, but to living organisms as well.
We especially foresee two main hazards that threat
healthy species: metal ions and compounds (typically
heavy metals) and organic contaminations (carcino-
genic or mutagenic compounds). The former may ori-
ginate typically from the non-carbon composite coun-
terpart, for example, by the chemical dissolution of
semiconductor metal oxide or metal sulfide NPs used
in optoelectronic applications (such as cadmium or
chromium compounds). However, such metallic con-
taminations may also originate from the waste-derived
graphene-based NPs, in case the waste source is not
carefully purified from metallic components. A typical

Toxic Effects

Structural Modifications

Morphology Control

Green Synthesis

Scale-up processing

sabuajleyn

Cost-effective Production

Environmental Impacts

—

Figure 11: Key challenges related to waste-generated graphene
nanocomposites for future studies.
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example is that of rare earth elements, which are
commonly found in e-wastes produced from high tech-
nology devices, including smart phones, digital
cameras, computer hard disks, and fluorescent and
light-emitting-diode lights, flat screen televisions, or
electronic displays. These electronic devices trashed
into e-waste are usually a mixture of the broken
metallic functional parts (hard disks, cables, connec-
tors, etc.) and the plastic housing. The incomplete dis-
assembly of these electronic devices or when the
metallic parts are not removed selectively by magnetic
separation will result in the metal contamination of
the polymeric waste, which retains its metallic com-
pounds even after the polymer is pyrolyzed or trans-
formed to graphene by other means.

Structural modifications and morphology control: As
the key ingredients in producing nanocomposites, size,
distribution, shape, surface area, structure, and phase
transitions are significant features that should be focused
for the analysis of nanostructures which require advanced
analytical tools.

Green synthesis: The other, non-metallic type of toxins
involve a wide variety of organic molecules, such as
aromatic mutagenic or carcinogenic compounds, which
may form during the carbonization process of the waste
and may slowly dissolve into a water sample or cause
skin irritation during physical contact with the nano-
composite assembly. This latter threat may be easily
overcome by a proper formulation of the graphene
counterpart upon controlled pyrolysis or proper washing
and purification.

Scale-up and cost-effective production: Optimization
of the aforementioned green techniques are required in
order to produce nanomaterials in a large scale at an
affordable cost before the applications of nanocompo-
sites can be fully commercialized. Besides, the commer-
cial application of waste-generated nanocomposites
beyond the lab-scale necessitates the cost-effective pro-
duction and consolidation into the end product preser-
ving the stable nanostructures. During the synthesis of
nanocomposites, the thermal effects of endothermic
and exothermic reactions are remarkable. Therefore,
more knowledge on the thermal behavior of the com-
posites would be useful for elaborating the optimized
processing conditions. Important factors include burning
rate, thermal stahility, particle coagulation/sintering effects,
and ageing characteristics of the waste-generated nano-
composites. These properties can be tested using standard
characterization methods.

¢ Environmental impacts and human health: The hand-

ling of the nanocomposites is also an issue. Proper



32 —— Rabia lkram et al.

guideline of handling and storage needs to be imple-
mented in order to prevent any contamination of the
nanomaterials. Any contaminations also pose a risk to
the human health, because the long-term health effects
of many molecular or particulate compounds are unknown.
Long-term exposure of waste-derived composites incorpo-
rated to devices that are contacted with the skin (e.g., in the
form of sensors, wearable electronics) are potentially dama-
ging. However, waste-derived materials do not seem to pose
especially larger risks than any other nanocomposite mate-
rials already commercialized.

5.2 Future prospects

Nowadays, waste treatment and reuse are one of the most
important aspects in industrial production and municipal
activities, which generate serious amount of waste. Waste
management includes waste collection, transportation,
reuse, and landfilling. This study aimed to shed a light
on a completely new approach of wastes recycling focusing
on bhottom-up synthesis of nanocomposites, containing
high value-added graphene derived nanomaterials. To
promote, this interesting and valuable research direction
with globally forward-looking advantages, we would like
to present our ideas into a few suggestions.

1) Only a few studies focus on the usage of sulfur—graphene/
GO nanocomposites, which have promising applicability
in electrical devices such as supercapacitors and batteries
[344]. 1t has to be highlighted that sulfur waste is gener-
ated in serious amounts as a petroleum industry by-pro-
duct and during biogas desulfurization in sewage sludge
treatment, which can be perfect sources of waste-derived
nanocomposites production.

2) Metal sulfide/GO composites have very similar advan-
tages and they can be produced by one-step methods
such as hydrothermal synthesis, which reduces the
cost and allows a facile and efficient reuse process.
Furthermore, as mentioned before, one-step hydro-
thermal method was successfully used in the case of
metal waste-derived composites.

3) Red mud is a by-product of aluminum industry and it
is generated in large quantities. However, very few
research studies on its incorporation into graphene
derived nanocomposites is known [345,346]. According
to its metal composition, it could be a suitable candidate
of producing composites with photocatalytic activity,
electrical devices (supercapacitors, batteries, gas sensor
membranes), and anti-corrosion coatings for anodic pro-
tection. Moreover, one-step hydrothermal method is a
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potential synthesis process to get this new, multifunc-
tional nanocomposite from this unexploited source
(347,348].

4) Graphene/LDH nanocomposites can be very efficient
adsorbents of heavy metal ions. According to the lit-
erature, LDH particles can be prepared by one-step co-
precipitation method, which could be formed from
the cationic metal ion contamination of wastewaters
[349]. In addition, LDH/graphene hybrids can be pro-
duced as a result of this very simple synthesis method.
As various studies presented, these solids show good
adsorption properties for heavy metals [350]. Further-
more, the spent adsorbent can show significant cata-
lytic/photocatalytic activity on the metal centers (Pb,
Pd, Hg). It is also important to point out, beside the
well-known catalytic combustion of organic pollu-
tants, that Pd centers can also be utilized as selective
CO, reducing agents.

5) Graphene/cement-based materials proved to be extre-
mely useful for the improvement of mechanical fea-
tures. To take into account the amount of the globally
gathered construction waste, graphene-based nano-
materials can be interesting in the recycling and reuse
of construction waste as nanostructured additives.
According to the literature, a lot of study has been pub-
lished about the effects of graphene-based materials on
the physicochemical properties of cement-based matrices
[351,352], but to the best of our knowledge none of them
tried to apply them for waste-derived nanocomposites.
To highlight that, the car industry produces a serious
amount of limestone as by product, which is a possible
raw material for cementitious graphene containing
structural materials because the graphene and gra-
phene-based materials can largely affect the pore
formation processes.

6) Finally, we suggest that future studies of waste-derived
graphene nanocomposites should contain more infor-
mation on important morphological characteristics,
particle size of composite counterparts, or other phy-
sical dimensions of the bulk composite structure,
such as the layer thickness when the composite is
formulated into thin films.

6 Conclusion

Over the years, many great achievements of materials
science induced a strong connection between waste man-
agement and the development of functional graphene-
based materials. To deal with the current extreme climate
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and environmental changes, a balance is required to con-
trol proper recycling of waste materials, which are excel-
lent carbonaceous sources for nanocomposites. The con-
cept of producing graphene or GO directly from waste is
quite appealing but at present a well-established direct
conversion methodology similar to the production of
waste-derived AC e.g., from bioresources (coconut shell,
rice husk, etc.) does not exist. In terms of valorization,
GO/rGO is currently considered as the high value-added
composite counterpart. Accordingly, many types of nano-
composites featuring low amounts of GO or rGO (typically
0.1-2 wt%) are reported to exhibit outstanding perfor-
mance not only in energy driven applications but also as
gas barriers, fire retardants, photocatalysts, or structural
materials.

Various composites are synthesized from biomass,
eco-friendly waste, or biodegradable sources but they
are not valuable for the mitigation of overall negative
environmental impacts of wastes. Composites of the above-
mentioned applications were fabricated from plant wastes
but simple and low-cost production methods need to be
developed to make their application cost-effective.
Cellulose is the most abundant natural source, but many
types of non-biodegradable plastic wastes may also be
efficiently reutilized by carbonization [353]. The simple
recycling methods of industrial metal and metal con-
taining wastes provide the top quality of contemporary
waste-derived nanocomposite production [354]. Decora-
tion of graphene with metal NPs for photocatalytic, cata-
Iytic, or electrode materials are very effective in terms of
valorization.

Regarding the utilization of waste materials for ener-
getic applications, the two critical parameters of the per-
formance of the final composite are usually the filler con-
tent and its degree of dispersion, because they vastly
influence the percolation threshold of the system [355].
In case the particles represent a long-range connectivity
(e.g., continuous electrical pathway), the use of various
(non-conductive) matrix materials are possible without a
loss of performance. However, for future applications,
electric/conductive properties need to be more thoroughly
investigated regarding filler-matrix effects.

Biomass waste sources were appropriate for pre-
paring composite materials for all listed applications.
However, using eco-friendly waste as precursor does
not lower the negative environmental effect of waste,
these materials can act as carbon sources and inorganic
material sources (e.g., SiO, derived from waste rice husk).
In terms of environmental effects and cost effectiveness,
the energy storage materials derived from industrial metal
(e.g., silicon) or metal oxide (manganese oxide waste from
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Hummers method or waste batteries) waste means the
most noteworthy research direction of the waste-derived
graphene composites.

To enhance the functionality, porosity and other
properties, numerous carbon-based nanomaterials such
as graphene, GO, and rGO-based nanocomposites have
been modified through recycling, activation, thermo-che-
mical exfoliations, and post-treatments. It was observed
that this functionalization helped to increase the surface
area of these waste-derived graphene nanocomposites for
efficient electronic devices and energy storage systems.
These nanocomposites also showed great potential for
other applications such as drug delivery, gas capturing,
biomedical, catalysis, and wastewater treatment. An inter-
esting finding of our literature review is that in almost all
cases, the graphene phase was the high added-value com-
ponent, and only the composite counterpart was derived
from waste materials. However, we foresee that nanocom-
posite materials entirely derived from waste sources will
be developed for future valorization.

Additionally, good mechanical properties (as pro-
vided by the flexible but strong carbon particles) and
high electrical conductivity of waste-derived nanocom-
posites are effective in sensors and fuel cell applications.
Similarly, high surface area, porosity, particle size, and
structural chemistry boost the performance of these nano-
composites as electrodes among batteries. In summary,
waste-generated energy-driven graphene nanomaterials
have the potential to be used as a great alternative of
conventional carbon materials (such as carbon blacks or
graphite powder) and their composites for the future
industrial applications.
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