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Abstract

Advanced materials such as graphene and the family of two-dimensional crystals are very attractive
because of the myriad of applications that could be developed based on their outstanding
properties. However, as soon as material development reaches enough maturity for production to
be scaled up and to enter the market within products, it is crucial to place the technology in the
context of possible risks to economic well-being, social equity and environmental harm. This
review aims at highlighting the current state of art on sustainable development of graphene-related
materials and related environmental impact assessment studies using life cycle assessment (LCA).
We show that sustainable development has focused mostly on the use of waste or low cost materials
as precursors. However, the findings from relevant LCA studies reveals the limits of this approach,
which does not take into account that waste recycling is often very energy intensive. We provide an
overview on the life cycle environmental impact assessment, with a focus on global warming
potential and energy demand, carried out on different graphene productions methods for specific
applications, ranging from composites to electronics. Finally, an outlook is given focussing on the

comparison of the different production routes and the results from the LCA.

1. Introduction

Sustainability is becoming a very important aspect
in manufacturing because of the growing concerns
over its environmental impact. Considering the com-
plexity and energy demanding preparation and pro-
cessing routes of advanced materials, evaluations on
their environmental impact are of crucial importance.
For example, plastics is one of the most commonly
used material due to its wide range of tuneable physi-
cochemical properties, low weight, resistance to acids,
and low-cost production. Yet, the exponential use of
plastics with related increase in their waste, and low
value recycling, has led us to face new challenges in
material science, associated to generation of micro-
plastics and nanoplastics. There is growing evidence
that humans are exposed to such micro- and nano-
plastics through inhalation or ingestion and that the
small size of these particles may allow for bioaccumu-
lation and retention in the body [1-3]. Hence, it is
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very important to discuss sustainable development of
advanced materials already at the early stages of their
commercial exploitation.

One of the most recent advanced materials with
large potential in a wide range of applications is
graphene [4], defined as a single layer of graph-
ite. The development of several production meth-
ods as well as the ability to easily tune the surface
properties via covalent and non-covalent methods
has led to the production of a large family of
graphene-related materials (GRMs), figure 1. The
ability to produce different graphene grades is very
useful for developing applications as each grade
will match with the material’s requirements for a
specific application [5]. The ‘graphene roadmap’
has envisaged the use of GRMs in many differ-
ent fields, ranging from electronics, photonics, sens-
ing to composites, energy storage devices and bio-
applications [6]. In this framework, some of the
GRMs applications are still at the very early stages,
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Figure 1. Schematic showing the family of GRMs.

while others have already developed products on the
market.

To a first approximation, the scale of any GRM-
related sustainability issues should be proportional to
the scale of global production volume. It is accep-
ted that in nascent markets there is a high degree
of uncertainty in market forecasts, as highlighted by
Daoscher et al [7]. Market forecasts are prone to sig-
nificant errors (both over and underestimating sup-
ply) due to the small market volume, disproportion-
ate impact of new players, a lack of trend data and
inaccurate assumptions. Thus, forecasting the scale
of future environmental impact is equally prone to
uncertainty. However, it is to note that graphene pro-
duction has been growing rapidly for several years
with remarkable recent announcements from Nan-
oxplore (4000 t a~!' coming online in 2020) [8] and
Sixth Element (1000 t a=!) [9]. In 2021, the repor-
ted production capacity across the top 34 suppliers
totals 9.7 kT in 2021 and estimates of the demand are
~900 tonnes. Composites (275 tonnes) and batteries
additives (160 tonnes) make up ~50% of the orders.
Combined with the demand from paints & coatings,
electronics, automotive and construction sectors this
accounts for 75% of the total market demand [10].
While this is far below the reported global production
capacity (>10 kt a=! in 2020) [7], many large usage
product streams are ready to come online making a
review of the associated sustainability a timely subject
of merit.

Despite the strong potential of GRMs in future
applications and the ability to mass produce low
grade graphene at a low cost, very little attention
has been dedicated so far to potential environmental

impacts of their production and manufacturing.
Several review articles discussing the preparation
of GRMs using non-conventional starting materials
have been published [11-14]. Different approaches,
with common starting materials but making use of
environmentally friendly reagents and processes have
been recently described in numerous works [15-
22]. However, many works have mostly focused on
the use of waste material as a source for GRMs, but
other aspects related to manufacturing and disposal,
including recyclability, have hardly been considered.

The goal of this review is to offer a comprehens-
ive and critical look on the sustainable production of
GRMs as well as a prospective view about the future
of this kind of strategies and their results, by con-
sidering also their life cycle environmental impacts
using life cycle assessment (LCA). LCA is an environ-
mental management tool that quantifies the environ-
mental sustainability of products, processes or activit-
ies throughout their life cycle [23, 24]. This is achieved
through the quantification and translation of envir-
onmental burdens into potential impacts, e.g. green-
house gases emissions into global warming poten-
tial (GWP) [23], using scientific models developed
by international organisation such as the Intergov-
ernmental Panel on Climate Change (IPCC) and the
World Meteorological Organization (WMO) [25].
Typical life cycle stages considered in LCA include the
extraction and processing of raw materials, manufac-
ture, use, end-of-life management, e.g. reuse, recyc-
ling, final disposal, and transportation across the
stages.

This review is organized as follows: in the first
part, we will provide an introduction to GRMs and
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their traditional production routes and characteriza-
tion methods as well as a short introduction on LCA.
In the second part, we will give an overview of the
works published in the contest of the sustainable pro-
duction and related LCA. In the last part of the review,
we provide an outlook on the use of waste materi-
als for production of GRMs by highlighting the most
promising waste materials and processes, taking into
account the preparation procedures, yield and quality
of the final products.

1.1. Graphene-related materials

The GRMs family encompasses a wide variety of
materials ranging in thickness, lateral size, chemical
composition, structural defects and chemical moi-
eties, which all determine the properties of each
GRM, figure 1. Common examples are graphene
(single to multilayer), graphene oxide (GO), reduced
GO (rGO), quantum dots (graphene or GO) and
graphene-like carbons.

The layer number of GRMs indicates the num-
ber of graphitic layers comprising each material, and
they are often described as mono-/single, few- and
multi-layer, generally corresponding to one, less than
ten and more than ten layers respectively. In terms of
lateral dimensions, GRMs below 10 nm are classified
as quantum dots, referred to as graphene quantum
dots (GQDs), GO quantum dots (GOQDs) or carbon
quantum dots (CQDs), depending on their chem-
ical structure [6, 26-30]. Note the nomenclature
QDs denote a 0-Dimensional material, which there-
fore will have different properties compared to two-
dimensional (2D) graphene, although made by the
same type of carbon bonding. Dimensionality is
indeed well known to affect the optical and electronic
properties of nanomaterials. Larger GRMs (ranging
from tens of nm to pum-sized) are often described as
platelets, sheets, flakes among other terms, and often
with the prefix nano-, indicating their small size in
the range (6, 26-30]. Although standardised termin-
ology of graphene and 2D materials has been pub-
lished [31], there remains no current consensus on
the precise meaning of these terms, and thus it is
fairly common to see them used interchangeably in
different works. In regard to their chemical structure,
GRMs are usually labelled as graphene or GO when
their oxygen content is close to 0 and 50 at.% respect-
ively, but again it is not uncommon to read descrip-
tions of highly oxidised GRMs labelled as graphene,
and vice-versa [6, 26-30]. Lastly, there is a number
of GRMs with an array of 3D morphological charac-
teristics, comprising graphene foams, graphene-like
carbons, carbon nanosheets among other terms [6,
26-30]. We finally remark that in some applications,
such as in the biomedical field, the surface charge is
also another parameter to take into account to define
the GRM’s properties [32, 33]. It is well known that
cationic nanomaterials show better interactions with
the biological environment, such as better cellular
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internalisation due to stronger affinity to the neg-
atively charged biomaterials such as small interfer-
ing ribonucleic acid [34]. Furthermore, the charge is
also a significant contributor to the nanomaterial’s
toxicity [35].

1.2. Graphene-related materials preparation
methods

Preparation methods of GRMs have been widely
discussed in a number of reviews, [6, 26—30] and
are often divided between top-down and bottom-up
strategies. The former is based on the delamination
of graphite down to multi-, few- or monolayer sheets,
while the latter consists on the assembly of molecular
or atomic precursors to obtain graphene. Currently,
the most widely spread top-down preparation meth-
ods for GRMs are: the Hummers’ method [36], the
liquid phase exfoliation (LPE), [37-39] and the elec-
trochemical exfoliation (ECE) [40—44]. The Hum-
mers’ method relies on the use of strong oxidants
on graphite, promoting the formation of oxygen-
containing functional groups that expand the inter-
layer distance and facilitate the dispersion of GO
monolayers in water or other solvents. GO shares
certain morphological characteristics with graphene,
but owing to the covalent functionalization caused
by the oxidation step, its mechanical, electrical, elec-
trochemical and optical properties are substantially
different from those of pristine graphene. A number
of modifications and improvements to the original
method have been reported [45-47], as well as reduc-
tion processes, giving rise to rGO [48, 49]. rGO is still
a defective graphene as the reduction process typically
introduces new defects, while removing oxygen from
the carbon scaffold, but in term of electronic grade,
rGO is conductive and therefore can be used as elec-
trode [50]. In LPE, stable colloidal graphene disper-
sions are obtained through the exfoliation of graphite
into few-layer nanosheets [26, 39, 51, 52]. Exfoliation
is achieved by means of sonication [39], shear mix-
ing [53], microfluidization [54] or ball-milling [55],
and either organic solvents or surfactants are needed
for the colloidal stabilization of graphene. The GRM
obtained by LPE is characterized by a distribution
in size (from 800 to 50 nm) and in thickness (from
1 to 100s of layers) [26]. The exact lateral size and
thickness distribution can be tuned by liquid cascade
centrifugation [56]. The graphene material obtained
keeps its pristine structure, i.e. no significant increase
in their oxidation or defects has been observed, unless
harsh sonication conditions are used [57, 58]. The
(anodic) ECE is a method driven by electrical current,
based on the intercalation of ions from an aqueous
electrolyte into a graphite electrode [40,41]. The
intercalation is driven by an applied voltage, which
also promotes the decomposition of the electrolyte
into gas species, contributing to the expansion of
graphite, and its subsequent exfoliation into graphene
nanosheets. The resulting material is comprised of
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mono- to few-layer graphene, with lateral dimensions
in the range of few pum [40, 41]. Depending on the
chemical reactions induced by the electrical current,
the obtained graphene can be oxidised and defective,
or can be similar to pristine graphene [59, 60].

The starting materials are often based on com-
mercially available graphitic materials and usu-
ally, inexpensive e.g. graphite powder in Hummers’
method and LPE, graphite rods and foil for ECE. Most
preparation methods are not generally considered as
environmentally friendly, owing to the use of haz-
ardous reagents, solvents and/or processes [6, 26—30].
With the dual intent of reusing waste materials and
reducing the need for pure, high-quality starting
materials, numerous research groups have developed
strategies to produce GRMs from carbon-containing
waste products. This research is extensively covered in
the first part of this review.

Bottom-up methods, such as chemical vapour
deposition (CVD) and epitaxial growth, have been
covered elsewhere [12, 14], but they will be discussed
and compared to top-down methods in the third part
of this review, dedicated to LCA.

1.3. Characterization of GRMs

When considering the preparation of GRMs using
waste materials as carbon sources, one of the main
questions to address is related to the quality of the
final product in terms of chemical and morphological
features, such as composition, defects, layer number,
lateral size, conductivity, etc. These parameters must
be evaluated and compared with those of GRM:s pre-
pared by common procedures.

Unfortunately, characterization of GRMs is very
challenging, in particular when produced by LPE and
ECE. The first measurement standards have been
only recently established within ISO/TC 229 [31].
Typically, a large range of techniques are used to
provide complementary information, and they have
been extensively described in several recent reviews
[6, 26, 61-63]. Here, we only provide a short list
of the techniques that are typically used to charac-
terize GRMs made by waste materials as precurs-
ors. Scanning and transmission electron microscopy
techniques (SEM and TEM, respectively) are very
powerful techniques to study GRMs morphology, and
can help elucidate lateral sizes and number of lay-
ers [64]. In the case of liquid dispersions of GRMs,
atomic force microscopy (AFM) provides informa-
tion on flake thickness and lateral size [26], although
determination of number of layers could be more
challenging for solution processed GRMs [65]. The
chemical composition can be determined by means of
different techniques, e.g. elemental analysis, energy-
dispersive x-ray spectroscopy (EDS, EDX, EDAX),
inductively coupled plasma atomic emission spec-
troscopy, x-ray photoelectronic spectroscopy (XPS),
each one with its own limits, in terms of applicability
[6, 26, 27]. Given the crystalline and layered nature of
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GRMs, diffraction techniques are often used for their
characterization, e.g. x-ray diffraction (XRD), selec-
ted area electron diffraction [6, 26, 27]. A number
of spectroscopic techniques are often used to char-
acterize different parameters of GRMs. In particu-
lar, Raman spectroscopy has proven to be one of the
most powerful techniques for the characterization of
GRMs [66—68]; although a unified method to extract
the thickness of all types of GRMs is still missing,
the intensity ratio of the D and G band (Ip/lg) is
often used as key parameter to evaluate the amount
of defects in GRMs [69, 70]. Note that this parameter
alone may be misleading as Ip/Ig does not always
increase with the number of defects, in particular at
very high defects concentration, and it also changes
with the laser excitation energy [69, 70]. Furthermore,
in case of defective GRMs, Raman spectroscopy can-
not be used to determine the thickness by using the
shape of the 2D peak [71]. Fourier transform infrared
spectroscopy (FTIR) allows the identification of func-
tional groups, while ultraviolet—visible—near infrared
spectroscopy provides information on the electronic
conjugation and oxidation on GRMs [6, 26, 27]. Some
GRMs (e.g. QDs) exhibit photoluminescence (PL),
as this property is related to their size and chem-
istry [72, 73]. Zeta-potential analysis and dynamic
light scattering are used to measure the charge and
hydrodynamic size of particles in colloidal disper-
sions, respectively, and therefore provide informa-
tion about the colloidal stability [6, 26, 27]. Ther-
mogravimetric analysis (TGA) is used to study the
thermal stability of GRMs and to get information on
the presence and amount of functional groups, as they
get removed at different temperatures [48]. Nitro-
gen adsorption isotherms and their analysis through
the Brunauer—-Emmett—Teller theory (BET) provides
information about pore size distribution and specific
surface area, respectively [74]. Electrical conductiv-
ity measurements are used to study the electronic
properties of GRMs, which in turn depend on struc-
ture, size, thickness and surface chemistry of the flakes
(6, 26, 27].

1.4. Introduction to LCA
LCA is widely used in industry, Academia and gov-
ernments for a variety of applications as its results
can be used to make informed decisions across vari-
ous issues [23, 24]. Some examples include product
development, process design optimisation, compar-
ison and selection of more environmentally sustain-
able alternatives and policy making [23]. However,
LCA only addresses the environmental dimension of
sustainability [24] and in order to conduct a sustain-
ability assessment, LCA must be integrated with other
complementing tools capable of addressing the eco-
nomic and social dimensions of sustainability, such
as life cycle costing and social LCA [75].

The LCA methodology is a standardised envir-
onmental assessment tool recognised under the
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ISO environmental management 14040 series, which
comprises of international standards and technical
reports [23, 24]. The principles and framework, and
the requirements and guidelines are outlined in the
ISO 14040:2006 [76] and ISO 14044:2006 [77] stand-
ards, respectively. According to these guidelines, the
LCA methodology comprises four iterative stages: (a)
goal and scope definition; (b) inventory analysis; (c)
impact assessment; and (d) interpretation. These will
be discussed briefly in the next sections. The LCA,
being a complex methodology, has its own limitations
[78]. For example, the outcome of any LCA study
will be highly dependent on data availability and reli-
ability, e.g. representative of the system. The imple-
mentation of the methodology can be time consum-
ing/resource intensive and the interpretation of the
results requires specialist knowledge, impartial judge-
ment and transparent communication, e.g. report-
ing of assumptions made. Some of the LCA require-
ments (as defined in the ISO standardised frame-
work) are open to interpretation, therefore adding to
this complexity when it comes to addressing multi-
functionality issues in a system or defining consistent
functional units and system boundaries for a given
sector or application. This is particularly the case
when it comes to applying the LCA methodology to
emerging technologies and materials, where a con-
sensus among experts may be required for setting
more specific guidelines, e.g. predefined assumptions
or reporting guidance. The carbon capture and util-
isation (CCU) community, for instance, has recently
developed specific guidelines in order to improve
comparability of LCA studies of CCU [79, 80] and
support decision-making across stakeholders.

The next sections discuss each of the four stages
in LCA as dictated in the ISO 14040 and 14044
guidelines, making emphasis on the mandatory ele-
ments of LCA and reporting of results, and the pur-
pose of optional elements such as normalisation and
weighting. A comprehensive description of each one
of the LCA phases and their elements can be found
in Hauschild et al [81] and the ISO 14040 and 14044
standards [76, 77].

1.4.1. Goal and scope definition
The first step in the LCA methodology consists of
defining the reasons for carrying out the study, the
intended application and intended audience, thus set-
ting the context of the study and the subsequent steps
(23, 24, 77, 81]. This is followed by the scope defini-
tion, where the system under study is defined and the
function it delivers is established, which leads to the
selection of the system boundaries and the functional
unit of the study [24]. The interpretation of the res-
ults and overall outcome of an LCA study will be dir-
ectly influenced by the choices made during this ini-
tial step, hence its importance.

When taking a life cycle approach, the con-
tributions from some or all the different stages
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in the life cycle of a process, product or activity
are accounted for, including the extraction of raw
materials, manufacturing or processing stages, use or
application, recycling and/or reuse of materials, end-
of-life, and transportation. Typical system boundar-
ies can be studied from ‘cradle to gate, ‘cradle to
grave’ or ‘gate to gate), which only considers activities
within the manufacturing stage. Choosing the func-
tional unit of the study is no trivial task and it will
depend on the goal of the study. For example, when
comparing two types of packaging material, these
should be compared in terms of their function, i.e. to
‘contain’ a product, rather than their physical quant-
ities, e.g. per kg of material, as different amounts of
materials may be required to provide the same func-
tion due to materials’ density differences [81].

1.4.2. Inventory analysis
The second phase consists in the quantification of
all the inputs, e.g. raw materials, energy, and outputs,
e.g. products, co-products, waste, of the system under
study and associated emissions, i.e. air, water and soil,
also known as the life cycle inventory (LCI) of the sys-
tem [23, 77]. Depending on the nature of the study,
data can be obtained from various sources. This may
include data directly provided by industry, e.g. com-
missioned study [23], sourced from literature, process
simulation data, scaled up experimental data, data-
bases, expert calculations, etc. In the absence of data,
approximations and/or informed assumptions can be
made. However, the reliability of the results of an LCA
study will largely depend on the quality of the data
and soundness of the assumptions made [23, 24].
The representativeness of the data is another
important factor to consider in LCA, as the quality
level will depend on the geographical, time-related
and technological representativeness of the data used
[81]. The quality and uncertainty of the LCI data can
be assessed using a variety of methods including data
quality ratings [82], consistency checks (ISO), and
other analytical methods such as pedigree matrix or
Monte Carlo analysis [81]. LCA practitioners heav-
ily rely in the use of LCA databases for sourcing data
[23], e.g. Ecoinvent database [83], as these databases
already include LCI data for a wide range of industrial
processes, manufacture of basic chemicals (organic
and inorganic) and other raw materials, energy pro-
duction and transportation systems, waste manage-
ment processes, etc. These databases include element-
ary flows as well as the emissions released.

1.4.3. Impact assessment

This phase, also known as life cycle impact assess-
ment (LCIA) consists of translating the environ-
mental emissions resulting from the inventory ana-
lysis phase into environmental impacts [23, 24]. This
is carried out through the selection of impact cat-
egories, classification of environmental burdens and
their characterization, which are referred to as the
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‘mandatory’ steps in LCIA [77]. The selection of
environmental impact categories must be consistent
with the goal and scope of the study [23, 81]; in
some cases ones will become more relevant than
others due to the sector’s or activity’s nature. How-
ever, when looking at conducting an environmental
sustainability assessment, all impact categories must
be considered in order to prevent burden-shifting
across impacts [81]. Environmental impact categor-
ies can be divided into: emission-related impacts, e.g.
GWP, acidification potential, human and eco-toxicity
potential; and extraction-related impacts, e.g. abiotic
depletion of resources potential [81].

Environmental emissions may comprise a wide
range of substances, which in turn are responsible
for different environmental impacts depending on
their known potential effects and their environmental
mechanism, e.g. fate, exposure, effects, damage [81].
Therefore, the LCI results must be classified into their
corresponding impact categories. For example, car-
bon dioxide is a well-known greenhouse gas and con-
tributes to global warming, whilst CFCs are known
to cause global warming and ozone depletion [84].
Once the environmental burdens are classified, these
are translated into environmental impact poten-
tials using characterization factors. These factors are
estimated using scientific models developed by inter-
national organisations [81], such as the IPCC and
the WMO [25]. As a result, each environmental
impact category is measured using distinctive equi-
valent units that take into account the relative effect
of all relevant substances with respect to a designated
reference [24]. For instance, GWP, which measures
the relative impact of greenhouse gases on radiat-
ive forcing [85], uses carbon dioxide as the reference
substance and has mass units of CO, equivalent, e.g.
‘kg of CO, equivalent. The use of characterisation
factors, therefore, allow measuring and comparing
the radiative forcing effect of other greenhouse gases
with respect to carbon dioxide over a given period
of time [86]. The characterisation factor of methane
for a 100 year time horizon ranges between 28-36 kg
of carbon dioxide equivalent per kg of methane [85],
and this factor indicates that methane has 28-36 times
the cumulative radiative forcing of CO, [81].

There is a wide range of LCIA methods avail-
able and their selection will depend on various factors
such as latest developments in the field, type of assess-
ment, e.g. midpoint or endpoint, compatibility with
other studies, and the use of regional normalisa-
tion factors [81]. The most commonly used methods
include CML [87] and ReCiPe [88], and the ILCD
[89] which include European as well as global nor-
malisation factors. In the United States, the Environ-
mental Protection Agency’s in—house LCIA method
TRACI is strongly recommended due to the use of
regional normalisation factors [90]. The LCIA step
is commonly carried out using specialised LCA soft-
ware that includes one or more LCIA methods to
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choose from. Examples of software packages for LCA
includes SimaPro [91] and GaBi [92], which are both
commercially available, as well as open sourced ones
such as Open LCA [93] and CCaLC [94].

Following the impact characterisation step, other
optional steps such as normalisation and weighting
can be applied to the results obtained to better under-
stand the meaning of these [24, 81]. For example, nor-
malisation is done to understand the relative mag-
nitude of the results obtained for each indicator, i.e.
share of a regional impact [24, 81]. Weighting can
help determine the level of importance of the envir-
onmental impacts assessed using weighting methods
(24, 81, 84]. However, this step tends to lack objectiv-
ity as it will reflect the preferences or priorities of the
individuals selecting the weighting factors [24, 81].

1.4.4. Interpretation

This phase consists of evaluating the LCI and LCIA
results obtained with respect to the study’s goal and
defined scope, with the purpose of reaching conclu-
sions and/or making recommendations [24, 77, 81].
This is achieved through an iterative process, starting
with the identification of significant issues [24] such
as major burdens, environmental impacts and major
contributors or ‘hotspots’ in the life cycle [23]. This
is followed by an evaluation process to determine the
robustness and reliability of the study through com-
pleteness and consistency checks as well as sensitiv-
ity analysis [24, 81] around the assumptions made,
methods employed and data used, e.g. quality and
sources [81]. Once the evaluation process in com-
plete, conclusions can be reached and recommend-
ation can be made according to the goal and scope
of the study and to the intended audience. It is also
important to identify and report the limitations of
the study based on data quality and availability, and
assumptions made [24, 81]. This is to ensure trans-
parency and impartiality in LCA reporting [23].

2. Graphene-related materials prepared
from waste materials

In order to establish preparation protocols of GRMs
from carbon containing waste materials, careful con-
sideration needs to be accounted regarding the chem-
ical composition and morphology of the initial pre-
cursors. Waste materials containing graphite can be
readily exfoliated into GRMs by means of common
strategies with little or no previous treatment. How-
ever, carbon-containing waste materials are often
composed of complex mixtures of chemicals (e.g.
biomolecules, polysaccharides, polymers) that need
to be transformed into a carbonaceous material.
This transformation is generally realised by means of
thermal treatments and, depending on the specifics
of this step and the desired characteristics of the final
GRM, a final exfoliation step is usually needed.
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Figure 2. Summary showing the number of works published in the last 10 years reporting the use of carbon-based waste

Based on the current state of the art on use of
carbon containing waste materials for the prepara-
tion of GRMs, in this review the carbon sources have
been classified into two broad categories: (a) biolo-
gical waste and (b) non-biological waste, as shown
in figure 2. The selection was made based on the
number of works published in the last 10 years as
well as the chemical nature of the source, since this
strongly affects the preparation methodologies. We
have found a total of 88 works, of which 66% are
related to biological sources. Each category can be
divided into different sections attending to the spe-
cific waste material (i.e. paper, wood, plants, animal,
batteries, graphite, coal, polymers), as displayed in
figure 2 and tables 1-10. These categories are not
intended to be exhaustive, since a number of works
describe the use of more than one type of waste mater-
ial, but they are meant to provide a broad understand-
ing of the current progress on the use of each kind of
waste in terms of preparation strategies and results.

2.1. Biological sources

2.1.1. Carbohydrates and polysaccharides
Carbon-containing wastes from biological sources
are currently used as the main initial precursor for
the sustainable production of GRMs, as summar-
ized in table 1. A wide variety of materials have
proven to be suitable to this purpose, such as paper,
wood, sugar and chitosan. Since the composition
of these carbon sources comprises non-graphitic
materials (e.g. carbohydrates, polysaccharides), a

graphitization process is required in order to trans-
form the crystal structure [95-97]. This goal is usu-
ally attained by means of thermal treatments (pyro-
lysis) at temperatures ranging from a few hundred to
above 1000 °C and often in the presence of catalysts
or with the aid of intermediate phases. The chem-
ical transformation due to the thermal treatment is
optimized in inert (N, or Ar) or slightly reducing
(mixture N, and H, or N, and NH3) controlled atmo-
sphere avoiding the presence of oxygen that might
led to combustion and formation of highly oxidized
material, volatile compounds and gases decreasing
the desired product yield. The graphitization mech-
anism for materials such as cellulose [95, 96] and
wood [97] has been studied outside the prepara-
tion of GRMs, but some of the works presented here
provide insights on the effects of temperature and
catalysts. This process often involves the condensation
of organic molecules (i.e. polysaccharides in the case
of cellulose) into an intermediate phase at temperat-
ures in the range of few hundreds of °C. This phase is
then treated at temperatures up to 1000 °C (often in
the presence of a catalyst), which promotes the trans-
formation into a graphitic structure.

The first report, to the best of our knowledge, on
the use of paper for the preparation of GRMs is the
work of Zhao et al in 2013 [98]. Paper cups were
first treated with KOH and impregnated with Fe**
ions, and subsequently heated to 1100 °C in inert
N, atmosphere, figure 3. This treatment promotes
the transformation of lignin and hemicellulose fibres

7
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present in the paper into multilayer graphene, in a
process mediated by the formation and decomposi-
tion of Fe;C. The resulting material is functionalized
with Fe nanoparticles (NPs), which can be removed
to obtain non functionalized graphene, or replaced
with Pt NPs by means of an interchange reaction. A
different approach was taken by Adolfsson et al, who
treated paper with H,SO, and HNOj in two separate
steps at low temperatures, by obtaining GOQDs [99].
The acid treatment transforms the fibre structure in
the paper into small (0.5 nm thick and 15 nm lateral
size) GOQDs, whose fluorescence was also measured,
showing an emission peak at 450 nm. Co and Co3O4
functionalized graphene structures were obtained by
Xu and co-workers from paper waste [100]. The paper
was first treated with HCl and subsequently subjected
to thermal treatment at 1350 °C in argon atmosphere
to obtain a microporous carbonaceous pulp, which
was then mixed with cobalt acetate and phenantroline
and heated up to 800 or 950 °C to yield Co;04 and
Co/graphene respectively. Another strategy for the
conversion of paper into graphene materials relies in
the use of urea as a reagent, as it promotes the forma-
tion of an intermediate g-C;N, phase that will evolve
to graphene. Moreover, urea is beneficial in the pro-
cess because it can be used as nitrogen source for
obtaining carbonaceous materials containing nitro-
gen functionalities and as templating agent, as its sub-
limation leads to the creation of voids increasing the
available surface area. Both the works of Ye et al [101]
and Singu et al [102] made use of this method, apply-
ing temperatures of 850 °C-1000 °C after mixing
paper waste with urea. Their results show the form-
ation of GRMs with varied amounts of oxygen and

nitrogen, as well as a range of impurities, depending
on the exact paper source. Pure cellulose was used
by Xie et al to prepare CQDs through a two-step
process [103]. An aqueous solution of cellulose was
first heated in an autoclave at 200 °C, and the result-
ing solid was carbonized at 100 °C-1500 °C in a N,
atmosphere. As a result, CQDs with 7.8-9.2 at.% oxy-
gen content, and graphitic and amorphous domains
were obtained. SEM and TEM imaging of the
products show the presence of small particles, but
precise size measurements were not provided.

Table 1 shows that amongst the few works based
on paper-based waste as precursors, only two groups
have reported graphene nanosheets, [98, 101] but
quantitative elemental composition is lacking in both
cases.

2.1.2. Waste biomass

A variety of other waste biomasses (i.e. wood, leaves,
bagasse, fruit, paper, bones, cow dung, industrial
soot) was used by Akhavan et al to obtain GO [104].
The starting materials were first heated up at 400 °C-
500 °C, then treated with FeCls, and subsequently
used as a graphite substitute in a modified Hum-
mers’ method. The resulting GO is made of mono-
and few-layer nanosheets, showing contamination
of a number of elements in different proportions
for each starting material (i.e. N, Na, Mg, P, S, K,
Ca, De, Cu, Zn, Pb, <3 at.% each). A very differ-
ent approach was taken by Chyan et al, who used
a pulsed CO; laser to turn a number of starting
materials (e.g. cloth, paper, food, wood) into GRMs
[105]. TEM imaging of the products revealed the
formation of few-layer graphene sheets with different

9
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chemical compositions, depending on the starting
material (50-80 at.% C, 20-40 at.% O, 0-5 at.% N,
0-5 at.% P). Kraft lignin was also recently used in a
modified Hummers’ process by Li and co-workers to
obtain GO [106]. In order to achieve a graphitic struc-
ture that could be oxidised and exfoliated, the authors
used Fe(NOs3); as a catalyst for the graphitization of
lignin at 1100 °C in argon and methane atmosphere.
Their resulting graphitized samples were used in a
modified Hummers’ method, yielding GO comprised
of 1-3 nm thick flakes. Medium density fibreboard, a
wood-derived product, was successfully transformed
into a porous graphene-like carbon by Gomez-
Martin et al, through its nickel-catalysed graphitiz-
ation [107]. To this end, the starting material was
impregnated with Ni(NOs), and heated up to tem-
peratures from 300 to 1000 °C in a N, atmosphere,
resulting in graphitized and crumpled nanosheets.
The latter has an oxygen content of 11-29 at.%, as well
as small quantities of nitrogen (2-7 at.%) and resid-
ual amounts of nickel (<1 at.%). In a catalyst-free
process, spruce tree bark was converted into vertic-
ally aligned graphene nanosheet arrays by Sun and co-
workers [108]. The bark was ground and mixed with
KOH, and subsequently heated up in a N, atmosphere
at 800 °C-1000 °C. This process yielded nanosheet
arrays with high surface area (2028-2385 m?g—!)
and oxygen contents of ~5-13 at.%. Several research
groups have made use of coconut shells as starting
materials for the preparation of GRMs. For example,
Sun et al mixed the shells with FeCl; and ZnCl,
(acting as catalyst and activating agent, respectively),
and then treated the mixture at 900 °C in N, atmo-
sphere [109]. This process yielded few- and multi-
layer nanosheets with low amounts of oxygen and
defects (O/C = 0.05812, Ip/Ig = 0.25), as well as a
high surface area of 1874 m?g~!. By using bamboo
tinder waste in a multi-step acid and heating treat-
ment, Tade et al recently reported the preparation
of GQDs [110]. First, the waste material was sub-
sequently treated with HNO; and KClOs, followed
by a reaction with H,SO, and the heating to 180 °C
for 8 h. As a result of this process, 9.8 nm-sized
GQDs were obtained. The water dispersible GQDs
resulted substantially oxidated (56.9 at.% O), and
they showed fluorescence emission peaks at 245 and
365 nm. The works of Darminto et al and Asih et al
made use of the same process and also using coconut
shells to prepare rGO [111, 112]. For this purpose,
the shells were burned, ground to fine powder, and
subsequently treated at 400 °C-1000 °C in air and
sonicated in water, yielding materials with layered
structure and oxygen functional groups, as evidenced
by XRD and FTIR, respectively. Recently, Tamilselvi
and co-workers described the use of coconut shells
and coir using a much lower temperature catalytic
process, mixing the starting material with ferrocene
and treating it at 300 °C in air [113]. As a result
of this process, few-layer, oxidised nanosheets were
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obtained. Using a more complex process, Yadav et al
reported the preparation of porous GO, and its S-
or N-doping [114]. The process involves two heating
steps (1 h at 300 °C and then 3 h at 750 °C in Ar)
in the presence of KOH, followed by two acid treat-
ments (HCI for 12 h and HNOj for 12 h). In order to
dope this porous GO with S- or N-containing func-
tionalities, the material was mixed with either sulphur
or urea, and heated first to 450 °C for 40 min in Ar,
and then to 750 °C for 30 min in H,. The result-
ing materials (GO, S—-GO, N-GO) resulted to be thin
(0.9-4.2 nm thick) and porous nanosheet structures
as observed by AFM, SEM and TEM. XPS analysis
shows C, O, S and N signals, with C content in the
67-85 at.% range, S, N contents of 0.9 and 3.9 at.%
respectively and oxygen making up the rest of the
composition.

Table 2 shows that this approach is mostly suit-
able for the production of various forms of defective
GRMs.

2.1.3. Plant-derived waste

Biomass organic waste derived from plants has also
been successfully processed into GRMs by means of
different combinations of chemical and thermal treat-
ments. Palm tree residues (i.e. kernel shell, leaves,
empty fruit bunch) were carbonized at 400 °C-
900 °C in N, atmosphere and subsequently used in
an improved Hummers’ process by Nasir et al obtain-
ing GO as final product [115]. The resulting mater-
ial was obtained with a 26-37 at.% vyield and dis-
played a porous layered structure and oxygen func-
tionalities derived from the initial oxygen contained
in the starting materials. In a later work, palm ker-
nel shells were also used by Nurdin et al to prepare
GRMs [116]. The shells were first mixed with urea,
FeCl; and ZnCl,, and subsequently heated to 350 °C
for 1 h and then to 900 °C for 90 min, all in N,
atmosphere. The resulting material was comprised of
highly graphitized few-layer nanosheets, and while
the nitrogen functional groups appear in the FTIR
spectra, the detailed composition is not reported in
this work. In 2012, Ray and co-workers reported the
high-temperature, controlled atmosphere treatment
of flower petals [117]. The authors treated the start-
ing materials at 800 °C-1600 °C in Ar atmosphere
obtaining thin graphene layers with very low amounts
of oxygen (C/O = 82-142) and different amounts of
defects (Ip/Ig = 0.37-1.31). More recently, Lu et al
reported the use of camellia shells for the preparation
of a graphene-like nanocarbon [118]. Their process
makes use of activation with KOH at 180 °C, followed
by a calcination step at 800 °C in Ar atmosphere.
The resulting material is made of thin, graphene-
like sheets; its characterization revealed the presence
of residual nitrogen (<1 at.%) and a surface area of
633-1020 m%g~!. Another plant-derived waste used
for the preparation of GRMs is sugarcane bagasse,
which has been the subject of recent works, as listed
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Figure 4. Thermal transformation of wheat straw into graphene. Reprinted from [124], Copyright © 2016 Elsevier B.V. All rights

in table 3. Using a similar procedure, almond shells
have been reported as the starting material to pre-
pare graphene-like activated carbon [119]. The shells
were crushed and dried, followed by a reaction with
KOH at 700 °C-900 °C for 2 h in N, atmosphere.
As aresult, an activated carbon with few-layers (4-6),
nanosheet-like morphology and high surface area (up
to 2539 m?g~!) was obtained. XPS analysis revealed
the presence of C and O, but no quantitative and
detailed composition is given. In the work of Babu
et al, biowaste bagasse was treated with melamine at
180 °C, followed by 3 h at 850 °C in Ar atmosphere
[120]. Nitrogen doped, graphene-like carbon sheets
were obtained, made of 4-8 layers and containing up
to 14 at.% nitrogen. In 2019, Baweja and co-workers
reported the use of two different methods for the
conversion of sugarcane bagasse into GO and CQDs
[121]. In both cases, the starting material was dried
in natural atmosphere under the sunlight and ground
to fine powder. In order to produce GO, the material
was treated with ferrocene at 300 °C in air, resulting
in oxidised single and few-layer nanosheets. To obtain
CQDs, the dried and ground bagasse was treated at
60 °C, followed by a sonication step in toluene. As a
result, QDs of 1-18 nm in size were obtained, with
emission peaks at 409-437 nm. Recently, Hashmi
et al reported the formation of GO NPs from sugar-
cane bagasse, orange peel and rice bran [122]. These
waste materials were treated with ferrocene at 300 °C
and the resulting material consisted on thin, layered
sheets, 1-9 nm thick, with both nitrogen and oxygen
functional groups, as evidenced by FTIR characteriza-
tion. Pomelo peels have also recently been reported as
the starting material for the preparation of graphene-
like porous carbon nanosheets [123]. To this end, the
peels were treated first with acetic acid and hydro-
gen peroxide at 120 °C, and then heated to 800 °C
for 3 h in an Ar atmosphere. SEM and TEM ana-
lysis showed the material was comprised of porous,
10-100 nm thick nanosheets, with a BET surface area
of 808.9 m’g~!. XPS and EDX analysis show only
C and O signals, but no quantitative composition is
reported.

Straw waste has also been proven to be a viable
option for its conversion into graphene and GO, as
evidenced by the works of Chen et al [124] and Gos-
wami et al [125]. In the first work, the authors firstly
treated wheat straw with KOH at 150 °C, follow-
ing by thermal treatments at 800 °C in N, atmo-
sphere and 2600 °C in Ar atmosphere (figure 4). As
a result of these high temperature treatments, the
polymers present in the straw (i.e. cellulose, hemi-
cellulose and lignin) were transformed into a layered
structure, resulting in few-layer nanosheets as evid-
enced by SEM, TEM and AFM imaging, with low
amounts of oxygen (~1 at.% O). Following a differ-
ent approach, Goswami and co-workers treated straw
by means of two thermal steps, one in air at 80 °C
and one in N, atmosphere at 450 °C. The result-
ing product was then used in a modified Hummers’
method, yielding GO nanoplatelets with lateral sizes
between 60 and 100 nm. Using the procedure shown
in figure 5, in 2015 Ding et al used peanut shells
for the preparation of two different carbon materials,
designated as nanosheet carbon and ordered carbon
[126]. For the nanosheet preparation, peanut shells
were first treated with H,SO, at 180 °C, and then
with KOH at 800 °C in Ar atmosphere. This process
transformed the starting materials into a sponge-like
structure comprised of nanosheets that displayed very
high surface area (1998-2396 m?g~!) and variable
oxygen and nitrogen content (9.7-13.51 at.% O, 0.58—
0.96 at.% N). For the ordered carbon preparation, a
one-step procedure consisting on the carbonization
of the starting materials at 1600 °C in Ar atmo-
sphere, which yielded a material with similar struc-
ture than the previous one but with lower surface
area (78-476 m*g ") and heteroatom contents (5.57—
6.09 at.% O, 0.73-0.97 at.% N). Following a thermal
procedure, Sha and co-workers reported the pro-
cessing of soybean okara into nitrogen-doped meso-
porous graphene-like nanosheets [127]. The dried
okara was carbonized at 800 °C in N, atmosphere and
a layered, oxidised material was obtained (9.43 at.%
0, 2.17 at.% N). Soybean flour has been also used as
starting material, by treating a mixture with glucose
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Peanut Shell Nanosheet
Carbon (PSNC)

Peanut Shell Ordered
Carbon (PSOC)

Figure 5. Nanosheet carbon and ordered carbon prepared by thermal treatment of peanut shells. Reproduced from [126] with
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at 180 °C for 8 h in an autoclave [128]. The res-
ulting product was characterized as few-pm carbon
spheroids composed of graphitic layers that displayed
the typical graphite/graphene XRD peaks. FTIR ana-
lysis revealed the presence of N and O functional
groups, and XPS showed a composition of 74.10 at.%
C, 2.22 at.% N, 23.68 at.% O. Dead leaves have also
been reported as a source for the preparation of GQDs
(neem leaves in Suryawanshi et al [129]) and few-
layer graphene (camphor leaves in Shams et al [130]).
Neem leaves were pyrolyzed at 1000 °C in Ar atmo-
sphere to yield turbostratic carbon, which was sub-
sequently treated with H,SO, and HNOj3 at 90 °C,
yielding GQDs 0.4-1.7 nm thick (1-5 layers), 5-6 nm
in lateral size and with a C/O ratio of 3.17. Shams and
co-workers used camphor leaves that were pyrolyzed
at 1200 °C in N, atmosphere, and then sonicated in
chloroform with the aid of D-tyrosine. The dispersed
product was made of thin nanosheets (2.37 nm, ~7
layers) and the process showed a low yield of 0.8%.
In 2014, Muramatsu ef al used rice husk for the pre-
paration of graphene in a two-step thermal procedure
inair[131]. The starting material was first burned and
then treated with KOH at 850 °C, yielding nano-sized
crystalline graphene with residual amounts of oxygen,
silicon and calcium (6.6 at.% O, 2 at.% Si, 0.2 at.%
Ca). Carbon nanosheets were obtained from hemp
waste from Wang and co-workers, using a prepara-
tion method consisting in the treatment with H,SO,

at 180 °C followed by a chemical activation step with
KOH at 700 °C-800 °C in Ar atmosphere [132].
The resulting material displayed an interconnected,
sheet-like structure with sheets 10—100 nm thick, with
high surface area (1505-2287 m?g~!') and residual
amounts of oxygen and nitrogen (4.19-5.60 at.% O,
0.9-1.48 at.% N).

2.1.4. Food waste

Food waste has also successfully been processed
through (combined or separated) thermal and chem-
ical treatments to produce GRMs by a number of
research groups. Panahi-Kalamuei et al have repor-
ted the use of waste bread for the preparation of
graphene and GQDs by means of a low temperat-
ure, two-step procedure [133]. The bread waste was
first heated in deionized water at 70 °C-80 °C to pro-
duce a gel suspension, and then to 180 °C in an auto-
clave. As a result, a mixture of GQDs, few- and multi-
layer graphene was obtained, which displayed peaks
in XRD diffractograms corresponding to a layered
structure. Coffee waste has been reported as a start-
ing material to be processed into graphene and GO,
in the works of Wang et al [134] and Sundriyal et al
[135] respectively. In the first work, the authors used
a microwave plasma treatment to transform the start-
ing material into fibres made of slightly oxidised, few-
layer graphene sheets with yield between 10% and
20%. In the second work, ground coffee was mixed
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with ZnCl, and then pyrolyzed at 900 °C in a N,
atmosphere, with a final oxidation step with H,0,
at 65 °C. Porous, layered GO sheets were obtained
as a result, displaying oxygen functional groups, as
evidenced by FTIR, as well as a high surface area of
1033.65 m?g . Tea waste has also been used for the
preparation of GO by means of a carbonization step
at 650 °C in Ar atmosphere, followed by a modi-
fied Hummers’ method [136]. In this work, Amir Faiz
and co-workers obtained multilayer GO sheets but no
quantification on Oxygen content or number of lay-
ers was provided in the paper. Using the same waste
material, Abbas et al prepared GQDs in a multi-step
process [137]. First, the tea leaves were washed, dried,
crushed and heated to 500 °C. In a following step, the
resulted materials were mixed with HNO3, subjected
to microwave heating and finally heated to 200 °C for
8 h. The end product consisted of GQDs with size of
0.5-3.5 nm and with a composition of 56.45 at.% C,
36.73 at.% O, 4.76 at.% N, and they also show fluor-
escence emission at ~430 nm. Following a low tem-
perature approach, potassium-doped GO nanosheets
were prepared by Tewari et al using oak fruits as
the carbon source [138]. To this end, the starting
materials were washed, ground and heated to 120 °C,
yielding a brown solid that was dispersed in distilled
water. Analysis of the final product revealed the pres-
ence of photoluminescent GO nanosheets comprised
of ~4 layers, and its doping was evidenced by EDX
(6.81 at.% K).

Tables 3 and 4 show that the last two methodo-
logies tend to give different forms of GRMs; in par-
ticular, in the case of food waste, it seems to be quite
difficult to achieve any carbon form similar to that of
pristine graphene.

2.1.5. Monosaccharides hexoses

Simple molecules, such as glucose and sucrose, have
been two of the earliest and most commonly repor-
ted precursors for the preparation of GRMs. The first
example of the use of glucose can be found in the work
of Li et al in 2012 [139]. In order to obtain graphene
nanosheets, glucose was treated with dicyanamide
at 600 °C to form g-CsNy, which was then decom-
posed at 800 °C, both steps being carried out in N,
atmosphere. The resulting nanosheets were mono-
and multilayers, with a relatively high surface area of
820 m?g~! and a chemical composition of ~93 at.%
C, with the remaining being oxygen and nitrogen.
In 2013, Wang and co-workers reported the produc-
tion of 3D structures, named ‘strutted graphene), by
means of a polymer intermediate formation (figure 6)
[140]. Glucose was polymerized in the presence of
NH4Cl at 250 °C, and the salt decomposition gave
rise to bubbles that promoted the 3D strutted struc-
ture. In a second step, the polymer-containing solid
was graphitized at 1350 °C in Ar atmosphere to yield
GRMs. SEM and AFM analysis confirmed the form-
ation of nanosheets that were found to be ~2.2 nm
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thick (six layers) and ~100 pm lateral size, with 99%
of sp? carbon and high surface area and conductiv-
ity (1005 m*g~" and 20000 S m™~! respectively). The
Raman spectrum showed sharps D, G and 2D peaks,
indicating the presence of low amount of defects;
being a defective GRM, Raman spectroscopy cannot
be used to determine the thickness from the 2D peak
shape [71]. Few-layer graphene has also been pro-
duced from glucose by Zhang et al, in a thermal pro-
cess where FeCl; acts as both the template and cata-
lyst [141]. Glucose and FeCl; were mixed in water
and dried at 80 °C in air, and subsequently cal-
cined at 800 °C-1000 °C in Ar atmosphere. In the
second step, Fe-catalysed graphitization of the gluc-
ose occurred, yielding a solid product comprised of
few-layers graphene with a composition of 98.5 at.%
C and 1.5 at.% H and various amounts of defects
(Ip/Ig = 0.1-1.1). CQDs have been prepared from
glucose by Xie et al by means of a hydrothermal pro-
cess [142]. Glucose was heated at 200 °C in an auto-
clave, and as a result CQDs with layered structure
surrounded by amorphous carbon were obtained.
CQDs showed small and narrow size distribution
(~5.15+£0.83 nm), and a chemical composition con-
sisting of carbon and oxygen (60.2 at.% C-C/C=C,
21 at.% C-0, 9.1 at.% C=0, 9.7 at.% COOH). Also
using glucose, Yao et al prepared GQDs by subjecting
a mixture with ethylene glycol to microwave heating
for 9 min [143]. The resulting GQDs were ~1.7 nm
thick and 2.6-3.8 nm in lateral size, showed fluores-
cence emission at 440-492 nm and had a composition
of 63.4 at.% C and 36.6 at.% O. In 2013, Pan et al pro-
duced nitrogen-doped graphene from sugar and urea
by means of a high-temperature treatment [144]. The
mixture of reagents was pyrolyzed at 800 °C-1000 °C
in Ar atmosphere, resulting in wrinkled, interconnec-
ted graphene nanosheets ~2 nm thick (5-7 layers).
The material showed a polycrystalline nanostruc-
ture, and XPS analysis showed that the surface chem-
istry was predominantly made of carbon, with varied
amounts of oxygen and nitrogen, related to the start-
ing materials and temperature difference treatments
(2.61-2.96 at.% O, 3.02—11.2 at.% N). Parvathi et al
prepared graphene-sand composites by treating mix-
tures of sugar and sand in a two-step process [145].
The mixtures were first heated at 200 °C and then
at 750 °C, in both cases in a reducing atmosphere.
The resulting material was made of graphene sheets
anchored to the sand surface, as evidenced by the
SEM images. EDAX analysis showed the graphene was
composed of 43.20 at.% C, 36.97 at.% O, 10.75 at.%
S, 5.99 at.% Si, with traces of aluminium, calcium
and iron. In 2017, few-layer graphene was prepared
from sugar by Yassin and co-workers [146]. Sugar
was ground with ammonium acetate and sintered at
1100 °C in Ar atmosphere, resulting in the graph-
itization and conversion of sugar into 4-7 layers’
graphene nanosheets. This material displayed a high
surface area varying from 477.42-1098.99 m*g~"! and
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Figure 6. 3D strutted graphene prepared from glucose and ammonium chloride. Reprinted by permission from Springer Nature
Customer Service Centre GmbH: Springer Nature, Nature Communications [140], Copyright © 2013, The Author(s).

Graphene

’f'ﬁ.

1,350 °G
.JJO]

the characteristic D and G Raman bands of graphene
materials, but no information on the chemical com-
position was given.

2.1.6. Animal-derived waste

A few animal-derived wastes (i.e. silk, chitosan, gelat-
ine, chicken feathers, chitin) have been success-
fully used as carbon sources for the preparation of
graphene materials. Hierarchical porous nitrogen-
doped carbon nanosheets were prepared by Hou et al
by means of a high temperature of silk [147]. The
starting material was first mixed with ZnCl, and
FeCl; and heated at low temperatures (60 °C and
80 °C) to form a carbon precursor that was then
annealed at 900 °C in a nitrogen atmosphere. In this
process, the metallic salts first facilitate the dissolu-
tion of silk, and then act as activation-graphitization
agents, promoting the transformation of the starting
material into graphene-like nanosheets. The result-
ing product is made by a stacking of thin nanosheets
(~2 nm, 4-5 layers) with a high surface area of
2494 m?g ! and a chemical composition of 90.3 at.%
C,4.1at.% N and 4.1 at.% O. The group of Prof. Gar-
cia reported in 2012 a two-step thermal treatment of
chitosan that yielded N-doped graphene nanosheets
[148]. To this end, chitosan was first annealed at
200 °C and then pyrolyzed at 800 °C, both steps being
carried out in Ar atmosphere. The first step resulted in
the conformational relaxation of the polymer, which
the authors mention is beneficial for the quality of the
graphene material obtained after the second step. As
a result of this process, single and few-layer graphene
nanosheets with single crystalline domains were pro-
duced, and XPS analysis revealed ~10.71 at.% of N
content. In 2014, the same group described another
process to obtain N-doped graphene, also using
chitosan as the starting material [149]. This process
involved the formation of chitosan aerogels through
precipitation with NaOH, and then treating them in
a two-step process similar to the one previously repor-
ted, first at 200 °C-280 °C and then at 200 °C-
900 °C. As aresult, 1-5 nm thick graphene nanosheets
were obtained, with nitrogen contents that varied
between 5.4 and 16.2 at.% with the pyrolysis tem-
perature. In 2018, Zhang et al prepared CQDs from
chitosan in a one-step hydrothermal procedure [150].

Chitosan was heated at 200 °C in ethanol, and ~4 nm,
amorphous CQDs were obtained as a result of this
process. The material displayed oxygen and nitrogen
functional groups, as evidenced by XPS and FTIR
analysis, but no quantification was provided. Its PL
emission was measured and the CQDs showed emis-
sion peaks at 400-550 nm as a function of the excit-
ation wavelength. Very recently, Gao et al used a
two-step process to transform chitin into 2D porous
carbon nanosheets [151]. Chitin naturally displays a
layered structure and, in order to weaken the inter-
layer interactions, it was first treated with phytic acid
and hydrogen peroxide via a hydrothermal process,
yielding ~10 nm thick, porous chitin nanosheets.
This material was then carbonized at 700 °C-900 °C
under Ar atmosphere to obtain 2D porous carbon
nanosheets ~3.6 nm thick, with an elemental com-
position of 85.49 at.% C, 4.53 at.% N, 7.89 at.% O,
1.35 at.% P, Ip/Ig = 0.82—0.87 and a surface area of
717-1049 m?g~". Gelatine was used by Ling et al to
obtain B,N-doped carbon nanosheets, by means of a
thermal treatment in the presence of boric acid [152].
The reagents were annealed at 900 °C in N, atmo-
sphere: during this process the gelatine is transformed
into carbon nanosheets via a thermal-induced poly-
condensation and carbonization, while boric acid
decomposes into boron oxide. The resulting mater-
ial was made of 5-8 nm thick nanosheets with lateral
sizes in the 100-200 nm range, and having a C/O ratio
of 7.72 and 8.6 at.% N, 3.3 at.% B. In 2017, Li and co-
workers used chicken feathers in a three-steps thermal
procedure to prepare a multi-layered graphene-phase
biochar [153]. The starting material was first treated
at 220 °C to crosslink and reformulate its struc-
ture, and then carbonized at 450 °C. The carbon-
ized product was subsequently mixed with KOH and
heated at 800 °C, with all the steps being carried out in
Ar atmosphere. The product of this process was mul-
tilayer graphene, as evidenced by SEM and TEM ima-
ging, and its composition was elucidated by means of
elemental analysis, resulting in 66.06-84.77 at.% C,
9.85-16.41 at.% O, 4.28-14.15 at.% N. The material
exhibited the characteristic D, G and 2D bands in the
Raman spectrum, as well as oxygen and nitrogen con-
taining functional groups signals in FTIR and a very
high surface area of 1838.86 m?g~!. More recently,
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Pajarito et al reported another approach for the use of
chicken feathers as a starting material for the prepar-
ation of graphite nanoplatelets [154]. Chicken feath-
ers were first washed and dried, carbonized at 400 °C
for 5 h, and treated with FeCl; at 60 °C. The res-
ulting material was subsequently sonicated in an IPA
aqueous solution, yielding GNPs with thicknesses in
the tens of nm range, and lateral sizes below 1 pm.
GNPs obtained with this method displayed C=C,
C=0 and —-CONH signals, as well as typical XRD and
Raman signals for graphitic materials.

Amongst the methods discussed so far, monosac-
charides hexoses and animal-waste based precursors
gives in most cases GRMs with nanosheet morpho-
logy and lowest oxygen content, although impurit-
ies or other defects may be included in relatively low
amount (tables 5 and 6).

2.2. Non-biological sources

A few products from non-biological sources have
been recently used as starting materials for the prepar-
ation of GRMs. Namely, the use of discarded batter-
ies, graphite, coal, fuel oil and polymers derived from
plastic. Owing to the chemical composition, mor-
phology and structure of each waste material, differ-
ent approaches have been taken. Graphite materials
can be processed with common exfoliation proced-
ures, however non-graphitic carbon sources such as
coal, fuel oil and polymers require high-temperature
graphitization steps, preferably in inert or reducing
controlled atmosphere, as seen for materials from
biological sources.

2.2.1. Discarded batteries

Non-rechargeable batteries are not as extensively
used because of the widespread adoption of built-
in rechargeable batteries; however, they still consti-
tute a considerable source of waste today, as well as
an environmental concern due to their high environ-
mental risk if incorrectly disposed [155]. Among the
variety of commonly used batteries, some categories
require the use of graphite in their electrodes. Namely,
Zn—C dry cells use graphite rods as the cathode elec-
trode, and the more common Li-ion batteries (LIB)
make use of a paste containing graphite powder in the
anode electrode. Both of these graphitic materials can
be easily recovered from discarded batteries and pro-
cessed for their use in the preparation of GRMs, as
several research groups have demonstrated in recent
years. This approach has an inherent advantage when
compared with other carbon sources discussed later
in this review, as the starting materials already have
a graphitic structure and can be readily exfoliated
without the need of a graphitization process.

The first example of graphene materials prepared
from waste batteries, to the best of our knowledge,
is given by the work of Roy et al in 2016 [156].
The authors recovered graphite rods from discarded
Zn—C batteries, washed and ground them, and used
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the resulting powder as a substitute for commercial
graphite for the preparation of GO through Hum-
mers’ method. GO nanosheets were obtained with a
composition of 45.72 at.% C, 49.21 at.% O. A signi-
ficant contamination of 1.56 at.% Al and 3.51 at.%
Si, derived from the electrochemical processes dur-
ing battery life. This GO could be reduced by reac-
tion with hydrazine, yielding rGO with a composition
of 74.54 at.% C, 24.72 at.% O and a small amount
of contaminants (0.48 at.% Al, 0.26 at.% Si). A sim-
ilar route was described by Rahmawati et al, using the
same waste materials [157]. GO was obtained by a
modified Hummers’ method, although a wide range
of metal oxide impurities (i.e. MnO, Na, O, SOs3, K;O,
Si0,, MgO, CaO, Al,O3) were found. Graphene pro-
duction by ECE [38, 158] has also been demonstrated
starting from graphite rods derived from Zn—C bat-
teries, owing to the ease of use of the rods as elec-
trodes. Bandi et al performed anodic ECE using 0.5 M
H,S04, applying 10 V for a duration of 2 h [159].
As represented in figure 7(a), the rods were exfo-
liated into multilayer GO nanosheets with an oxy-
gen content of 22.8 at.%. The material obtained was
then thermally reduced at 650 °C to yield rGO with
13.6 at.% oxygen. Another example of graphene pro-
duced by ECE from discarded battery graphite rods is
found in the work of Prakoso and co-workers [160].
In this work, the authors reported anodic ECE using
solutions of poly(sodium 4-styrenesulfonate) (PSS)
as the electrolyte, and applied potentials of 5-8 V for
4 hs to exfoliate the rods into graphene. The exfoliated
material is given by few- to multilayer nanosheets,
and the functionalization with PSS molecules allows
its water-dispersibility. Due to the anodic ECE con-
ditions the material becomes significantly oxidised,
as evidenced by XPS and FTIR. However, the precise
oxygen content was not reported.

Some examples of the use of graphite from dis-
charged LIBs have been reported recently. Using a
modified Hummers’ method, Wang et al obtained
few- and multilayer GO nanosheets with an oxy-
gen content of 26.3 at.%. The material could then
be thermally reduced into rGO (17.2 at.% O),
and showed small amounts of Si contamination
(~0.4 at.%) [161]. A similar route was reported by Li
et al, who treated the electrode graphite powder with
H,S0,4, KMnO, and peroxyacetic acid to obtain rGO
nanosheets [162]. The final material was comprised
of few- and multi-layer nanosheets and displayed
a higher oxidation degree than the one obtained
from commercial graphite in the same process (C/O
ratios of 1.79 and 4.25, respectively). Using graph-
ite recovered from different types of LIBs in a mod-
ified Hummers’ method, Yu et al recently prepared
GO nanosheets [163]. The final product was made
of ultrathin nanosheets and had oxygen content
of 33-36 at.%, depending on the starting material
and showed no impurities from the other battery
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Figure 7. Graphene and GO preparation from waste batteries. (a) ECE of Zn-C battery anodes. (b) Hummers’ oxidation, shear
mixing of Li-ion cathode graphite. Reprinted from [159], © 2018 Elsevier B.V. All rights reserved. Reprinted with permission
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components. In 2019, Zhang and co-workers repor-
ted the use of discharged LIB anodes by exploit-
ing several routes, as depicted on figure 7(b) [164].
The authors described the preparation of GO using
Hummers’ method, and the resulting material was
mostly made of monolayers with an oxygen content
of 40.4 at.%. In the same work, the authors used the
discharged anodes to prepare graphene nanosheets by
means of shear mixing [26, 38, 53]. Their graphene
dispersions were comprised of few-layer nanosheets
(<7 layers) and displayed a higher colloidal stabil-
ity than those prepared by the same method with
commercial graphite, showing some degree of water
dispersibility after several days. This behaviour was
attributed to the functional groups in the material,
as evidenced by the XPS spectra of the dispersed
nanosheets (11.2 at.% O and up to 3.5 at.% F, from
the anode binder). In further experiments, H,SO4
treatment of the discharged anodes prior to shear
mixing increased the exfoliation yield up to 87%, and
the water stability of the nanosheets, possibly due to
increased oxidation of the material (15.4 at.% O).

These results, summarized in table 7, indicate that
graphite from discarded batteries has been mostly
used to prepare GO nanosheets, yielding materials
with similar characteristics to those prepared from
common graphite sources. As shown in table 7,
impurities are often in not negligible percentage
[156, 157, 164] so particular care needs to be taken
to purify the final products. Nevertheless, even GO
produced by Hummers’ method does contain a wide
array of impurities in small quantities (ppm range
for the most part) [165]. Remarkably, LPE has been
hardly investigated: the only work based on shear
mixing does report considerably higher C/O ratio,
compared to GRMs produced following the GO
routes, indicating the possibility to achieve GRMs
with low defect concentration in relatively good yield.

2.2.2. Waste graphite

Untreated waste graphite of different morphologies
have been used as substitute for commercial graph-
ite powder in the preparation of GO following several
variations of Hummers’ method with mixed results,
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owing to the different characteristics of each graph-
ite. Gonzalez-Barriuso et al produced monolayer GO
using waste graphite powder and highly oriented
pyrolytic graphite (HOPG) as starting materials in a
modified Hummers’ method: the obtained material
had similar features as the ones prepared with com-
mercial graphite powder [166]. Ground graphite foil
was used by Barbakadze and co-workers, yielding GO
with C/O of 0.62 that could be subsequently reduced
with ascorbic acid to produce rGO with a C/O of 4
[167]. Also using a modified Hummers’ process, Kus-
rini et al used graphite waste from the spent pot lin-
ing of aluminium industry to produce multilayer GO
[168]. This material displayed incomplete oxidation
(C/O of 6.22) and presented impurities of several ele-
ments such as Al, Na, F and Ca, proving the exfoli-
ation conditions were not adequate for the prepara-
tion of high quality material. Graphite waste from the
diamond industry was used by Ding and co-workers
in a modified Hummers’ method, yielding few-layer
GO with similar properties, as commonly produced
GO [169]. In 2019, Tian et al employed an improved
one-pot Hummers’ method using waste toner powder
to prepare GO [170]. The final material is comprised
of few-layer GO nanosheets and significantly oxid-
ised with a C/O ratio of 1.82, and only 0.1 at.% Fe
and 0.2 at.% Si were still present from the starting
material. Using a different approach, waste graphite
powder was used to prepare S- and N-doped GQDs
by Jlassi et al in a multi-step procedure [171]. Graph-
ite was treated first with H,SO4 and HNOj; for 12 h
at 120 °C, and then with NH; at 180 °C for another
12 h. The resulting material was comprised of aggreg-
ated 1-10 nm thick GQDs that showed fluorescence
emission with a maximum peak at 437 nm. FTIR and
XPS analysis showed the O and N functional groups,
but no quantitative chemical composition was repor-
ted. Lastly, Sankar et al used discarded graphite rods
from mosquito repellent in an ECE process, using
sodium dodecylbenzenesulfonate as electrolyte [172].
The obtained graphene shows the typical D, G and 2D
Raman bands and a lamellar morphology, while both
XPS and FTIR show that the material is significantly
oxidised. No qualitative composition nor a discussion
on the material thickness is reported.

Table 8 shows that this strategy seems to be effect-
ive for the production of GO based materials. As dis-
cussed for the case of batteries, only one work reports
the use of ECE for production of graphene. It is clear
that more studies need to be conducted based on the
use of ECE and LPE in order to evaluate the use of
waste graphites for production of pristine graphene.

2.2.3. Coal and oil waste

The first report, to the best of our knowledge, on the
use of raw coal waste as precursor is from 2012 [173].
The starting material was graphitized at 2400 °C in
the presence of iron, followed by a Hummers’ pro-
cess. The GO obtained in this way was subsequently
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reduced with H, plasma, yielding thin graphene
structures. A different approach was taken by Ye and
co-workers for the production of GQDs from coal
[174]. In this work, the authors sonicated the raw
coals in sulfuric and nitric acid mixtures, followed by
mild heating at 100 °C~120 °C for 24 h. The resulting
product was water-dispersible and oxidised GQDs,
with sizes ranging from 2.3 to 2.96 nm and Ip/Ig
of 1.55. In 2020, Lawagon and co-workers described
the preparation of sulfonated GO using heavy fuel oil
as the starting material [175]. To this end, oil was
first treated with sulfuric acid for 24 h and heated
it to 900 °C in the presence of a Mn salt. The car-
bonized product was then processed following Hum-
mers’ method, and lastly sulfonated using chloro-
sulfonic acid, yielding a sulfonated GO with a C/O
ratio of 0.90 and containing 7.58 at.% S. Using a sim-
ilar approach, Sahoo et al have recently reported the
preparation of GO from bio-soot [176]. The residue
from diesel engines was collected, washed, sonicated
in water and treated with HCI for 24 h, before being
used in a modified Hummers’ procedure. The res-
ulting GO shows the typical nanosheet and graph-
itic morphology, with a composition of 94.34 at.% C,
5.66 at.% O, hence indicating a much lower oxida-
tion degree than what is found commonly for GO [46,
47]. Using a high-temperature approach, Yang et al
produced porous carbon nanosheets from petroleum
asphalt [177]. The authors mixed the starting mater-
ial and NaCl and used ball-milling for 8 h, before
heating the product to 800 °C for 1.5 h in Ar atmo-
sphere. The resulting product displayed nanosheet
morphology, a high number of defects as shown by its
Raman spectrum (Ip/Ig = 0.92-0.99), and the pres-
ence of C, O, N, and S in its composition. In 2020,
Luong et al reported the flash Joule heating of a num-
ber of carbon sources (i.e. carbon black, anthracite,
coke, coffee) to produce graphene structures in grams
scale [178]. In their process, the starting materials
were placed between two electrodes and electrical cur-
rent was passed through, causing the temperatures to
reach 2227 °C-2727 °C by inducing graphitization.
As a result, turbostratic layered structures with lateral
sizes of 0.5-1.2 um were obtained, with varying oxy-
gen contents and defects, depending on the starting
materials (~0-4.4 at.% O).

2.2.4. Waste plastics

Algozeeb et al extended the applicability of their pro-
cess to polymer waste such as polyethylene tereph-
thalate (PET), high-density polyethylene (HDPE),
polyvinyl chloride (PVC), low-density polyethylene
(LDPE), polypropylene (PP), polystyrene (PS) [179].
The material produced with this method was made
of thin (~4 layers), 16—27 nm wide nanosheets, with
variable amounts of defects (Ip/Ig = 0.03-0.14) and
trace O signals. Other types of polymer waste derived
from plastic have also been used in the preparation
of graphene, following different thermal treatment
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procedures in order to transform the structure of the
starting materials. In their work from 2014, Gong et al
pyrolyzed discarded PP at 700 °C in the presence of
montmorillonite [180]. After processing, the result-
ing material was comprised of multilayer graphene
sheets (<12 layers) with an Ip/Ig of 1.35 and C/O
ratio of 4.88. With a similar strategy, the work of
Pandey et al made use of bentonite as a template for
the pyrolysis of different polymers (i.e. PP, PET, PS)
in a two-stage process, at 400 and 750 °C [181]. As a
result of this process, few-layer graphene nanosheets
with an Ip/Ig of 0.90 were obtained, but no quant-
itative measurement of their thickness or oxidation
was reported. PET derived from plastic bottles was
used by El Essawy et al, as the starting material in
a pyrolysis process [182]. The starting material was
heated inside a stainless steel reactor at 800 °C for
1 h, yielding a mixture of graphite and few-layer
graphene characterized by Ip/Ig of 1.13 and trace
amounts of oxygen. Very recently, Ko and co-workers
reported the conversion of PET into graphite and its
subsequent exfoliation [183]. The authors carbon-
ized the polymer at 900 °C and then carried out its
boron-catalysed graphitization at 2400 °C. Graph-
ite prepared by this method was then treated with a
mixture of sulfuric and nitric acids, subjected to a
microwave treatment and finally sonicated in NMP,
yielding to few-layer graphene nanosheets. Polyam-
ide was used by Stanford et al as the starting material
for the preparation of laser-induced graphene [184].
The authors irradiated the starting polymer with a
pulsed CO, laser, promoting its transformation into
nanosheet structures that displayed the typical D, G
and 2D bands in their Raman spectrum. This poly-
mer was also used by Huang et al recently to prepare
both GQDs and nanosheets [185]. The material was
pyrolyzed at 800 °C-2000 °C and then used in an
ECE process with diluted NHj as the electrolyte, pro-
ducing GQDs (1-6 layers thick, 3.9-7.45 nm wide),
with a composition of 60-77 at.% C, 12-20 at.% O,
10-20 at.% N and a 98% yield. The authors found
that polyimide pyrolyzed at higher temperatures
(2300 °C-2800 °C) did not yield GQDs when used in
the same procedure, but using (NH4),SO, in the ECE
step yielded graphene nanosheets with a yield of 82%.
These nanosheets were found to have single-crystal
graphitic structure, but no further characterization
was reported. In 2017, Nguyen et al annealed Para-
film on Ni meshes at temperatures between 600 °C
and 980 °C in vacuum conditions [186]. The resulting
hollow fibres were comprised of few-layer graphene
(6-8 layers) with low amounts of defects, as evid-
enced by Ip/Ig of 0.14-0.54, having lower ratios at
higher temperature treatments. 3D graphene struc-
tures were obtained by Wang and co-workers in 2019
using waste tires as the starting material [187]. In
this work, the authors used KOH as the activat-
ing agent in a pyrolysis process at 800 °C-100 °C,

obtaining interconnected nanosheet structures
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comprised of few-layer graphene with low amounts of
oxygen.

Tables 9 and 10, summarizing the results obtained
with the last two approaches, show that thin
nanosheets or filaments are typically produced, with
an exact elemental composition that depends on the
source of carbon and processing used.

3. Environmental impacts of
graphene-related materials production
processes

As a result of the environmental concerns around
the production of nanomaterials, several LCA stud-
ies focusing on the environmental impacts of dif-
ferent GRM production processes have emerged in
the literature, with the earliest study dating back to
2014 [188, 189]. These studies are listed and sum-
marised in table 11. As can be observed, these stud-
ies have looked at few production processes and their
variations: chemical oxidation with chemical, biolo-
gical and thermal reduction using various reduction
agents for production of GO and rGO, microwave-
assisted exfoliation, LPE, ECE, ball milling exfoli-
ation, CVD, and epitaxial growth. We remark that
some of these methods, such as microwave-assisted
exfoliation, epitaxial growth or biological chemical
reduction are currently not considered as technolo-
gies for scalable production of graphene (section 1.2).
In the case of GO, in addition to the traditional
Hummers’ method, other modified approaches have
been also considered, such as the Marcano, Fugetsu,
Bangal and Jeong methods as well as the first methods
used to produce GO by Brodie and Staundenmaier
[45, 190-194].

All studies included in this section reported direct
contributions from the production of GRMs, how-
ever, the system boundaries varied from ‘cradle to
gate) [188, 195-201] ‘cradle to installation’ [202] and
‘cradle to grave’ [189]. The functional unit varied
across these studies, with the large majority defined
in terms of mass, e.g. mg, ¢ or kg of graphene pro-
duced. In the particular case of CVD and epitaxial
growth, the functional unit has also been defined in
terms of surface area in some studies [197, 198, 200],
e.g. cm? of graphene. This is because these meth-
ods produce graphene monolayers rather than disper-
sions (see section 1).

The studies considered different types of feed-
stock for the production of GRMs, including graph-
itic and non-graphitic, fossil based or renewable
sources, e.g. biomass [195]. Other carbon-based pre-
cursors, which we have described in the second part,
were not considered. Most studies relied on labor-
atory scale data to conduct the LCA studies for the
GRMs. The studies conducted by Ampah et al [196]
and Cossutta et al [200] used simulated commer-
cial scale data based on various assumptions, whilst
Arvidsson and Molander [198] used experimental
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and commercial data at laboratory and pilot scale
and a hypothetical industrial scale scenario based on
what-if assumptions.

The environmental impacts were assessed using
different LCA methods including CML, ReCiPe,
TRACI and ILCD. The number of environmental
impact categories included varied across studies, with
GWP and energy demand, e.g. cumulative energy
demand (CED), process energy, being consistently
assessed in most studies. Therefore, this section will
discuss and compare GWP and energy demand res-
ults reported in these studies, which are presented
in figures 8 and 9, respectively. Given that GWP can
be directly associated with embodied energy estima-
tions, e.g. reactants, and process energy consumption,
assuming these are sourced from fossil fuels, their
combined analysis can help identifying clearer envir-
onmental sustainability trends amongst production
processes. The variations in GWP and energy demand
observed for each production process are due to vari-
ous factors including methods employed, structure of
GRMs and scale considered, and will be discussed in
detail over the next sections.

3.1. Chemical oxidation with chemical and
biological reduction

The studies conducted by Khanam et al [199],
Cossutta et al [200], and Serrano-Lujan et al [201]
assessed the production of GRMs from graphite,
and Arvidsson et al [188] from hard coal using the
chemical oxidation with chemical reduction process.
Khanam et al [199] also looked at microbial reduc-
tion using E. coli. All studies reported GWP and/or
energy demand results on a mass basis and are presen-
ted in figures 8(a) and 9(a), respectively. As it can be
observed in figure 8(a), there is a large variation in
the GWP results reported in these studies. One of the
reasons behind this is the different graphite oxidation
methods used, e.g. Hummers’ or modified methods
(referred as: Marcano’s, Brodie, Staundenmaier), and
the reduction agents employed, e.g. hydrazine, gluc-
ose, E. coli. In the case of the Hummers’ method using
hydrazine as the reducing agent, the GWP is reported
at 586 kg CO, eq. kg~! graphene, with the produc-
tion and use of hydrazine and phosphoric acid iden-
tified as the main hotspots [201]. When using gluc-
ose as the reducing agent, Serrano-Lujan et al [201]
found that the GWP of this process reduces by 40%
(343 kg CO; eq. kg ! graphene). The GWP associated
to some modified versions of the Hummers’ method
are reported by Cossutta ef al [200] at 153 kg CO,
eq. kg™! graphene, 146 kg CO, eq. kg™! graphene
and 380 kg CO, eq. kg™! graphene for the Fugetsu,
Bangal and Jeong modifications, respectively. These
modifications, which have been reported to improve
the oxidation efficiencies of the process via temperat-
ure and acid ratios tuning, [200, 201] offer significant
GWP reductions as well (35%—73%) with respect to
the original Hummers’ method using hydrazine. The
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large GWP difference observed between the Fugetsu
and Bangal methods with the Jeong method is due
to the higher amounts of sulphuric acid employed in
the latter [200]. Cossutta et al [200] also looked at
the Brodie and Staundenmaier methods, which res-
ulted in a GWP of 207 kg CO, eq. kg~! graphene
and 210 kg CO, eq. kg™! graphene, respectively.
Besides graphite consumption, these studies have
identified the chemical inputs and the acid neutral-
isation step as the main hotspots of this production
process, whilst energy consumption was found to be
aminor contributor. The oxidative agents used across
these methods also contributes to the differences in
GWP reported. For example, the Hummers’ method
and its modifications used potassium permanganate,
which has a GWP of around 1.78 kg CO, eq. kg™ !,
[83] whilst the Brodie method uses sodium chlorate
[83] (4.96 kg CO, eq. kg™ ') and the Staundenmaier
method employs potassium chlorate [83] (around
7kg CO; eq. kg™!), which have higher environmental
burdens associated with their production processes
[200, 201]. From all the methods reported here, the
Bengal modification of the Hummers’ method has
the lowest GWP mostly because it uses potassium
permanganate as the oxidative agent, employs less
acid and the process is carried out under 30 min
at 35 °C, thus minimising energy requirements
[200].

Another factor contributing to the large differ-
ence observed across GWP results reported in the
literature and as shown in figure 8(a), is the struc-
ture of the GRM obtained and the intended applic-
ation. For example, the studies previously discussed
looked at the production of thin-films [201] and
nanoplatelets [200] of graphene for bulk applications,
which ranged between 146 and 586 kg CO; eq. kg™!
graphene.

Khanam et al [199] studied the production of
graphene sheets using the Hummers’ method with
hydrazine as the reducing agent, and reported a GWP
of 85 kg CO, eq. kg~! graphene. The final applic-
ation of the GRM was not specified in the study,
and whilst this is the lowest value reported for this
production process using laboratory scale data, there
is not enough information available to help explain
such difference with respect to other studies. The scale
of the process, and therefore the data and assump-
tions made, also contributes significantly to the dif-
ferences observed. For instance, Cossutta et al [200],
which used simulated process data at a commer-
cial scale, reported one of the lowest GWP results
observed for chemical oxidation with chemical reduc-
tion at 81 kg CO; eq. kg~! graphene, which is 4 times
lower than the average GWP results based on labor-
atory scale date for this process [199-201]. Khanam
et al [199] also considered chemical oxidation via the
Hummers’ method with biological reduction using
E. coli as the reducing agent, and reported a GWP
of 60 kg CO, eq. kg~! graphene. The conversion
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Figure 8. GWP of graphene expressed (a) per kg graphene and (b) per cm? graphene [195, 198-203]. Average GWP values are
displayed and the error bars indicate the ranges reported in the studies included here. The values of some production processes
have been scaled to fit. The original values can be obtained by multiplying the value shown on top of the bars by the scaling factor
given on the x-axis. Ball milling (BM) results are reported in melamine solution (MS), water solution (WS) and on a dry basis.
Epitaxial growth results are reported in terms of the SiC wafer thickness. CO: chemical oxidation; ECE: electrochemical
exfoliation; LPE: liquid phase exfoliation; CVD: chemical vapour deposition.

process occurs at room temperature thus reducing the
energy requirements of the process. Serrano-Lujan
et al [201], Arvidsson et al [188] and Khanam et al
[199] also assessed the energy demand for the pro-
duction of GRMs via chemical oxidation and reduc-
tion. Whilst a direct comparison of the results is not
possible as the studies employed different methodolo-
gies (see figure 9(a)), all three studies concluded that
the chemical reduction step is energy intensive and

was identified as the main hotspot for this process.
For example, Serrano-Lujan ef al [201] estimated the
CED of the GRM:s and reported values of 33470 and
38150 MJ kg ! graphene for the Hummers’ method
using glucose and hydrazine, respectively, with pro-
cess electricity consumption contributing with 80%—
95% of the total CED (see figure 9(a)). Arvidsson et al
[188] estimated the heat and electricity requirements
of the GRM production process using the Hummers’
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(a) Energy demand per kg of graphene
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Figure 9. Energy demand of graphene production expressed (a) per kg graphene and (b) per cm? graphene [188, 189, 195-199,
201, 203]. Average energy demand values are displayed and the error bars indicate the ranges reported in the studies included
here. The values of some production processes have been scaled to fit. The original values can be obtained by multiplying the
value shown on top of the bars by the scaling factor given on the x-axis. Ball milling results are reported in melamine solution,
water solution (w/0) and on a dry basis. Epitaxial growth results are reported in terms of the SiC wafer thickness. CO: chemical
oxidation; LPE: liquid phase exfoliation; CVD: chemical vapour deposition. Cumulative energy demand (CED); process energy
(PE), abiotic depletion potential (ADP).

method and the Marcano’s modification, and the
results are included in figure 9(a). The study found
that the Hummers’ method requires 1100 MJ kg™!
graphene, which is around 25% more energy con-
sumption compared to the Marcano’s method estim-
ated at 780 and 980 MJ kg~ ' graphene, depending
on the amount of oxidative agent used. The heat-
ing requirements of the chemical reduction stage and
hydrazine production were identified as the main
hotspots for these processes [188]. Khanam et al
[199] assessed the abiotic depletion potential of fossil
energy for the studied GRMs production routes, and

the results varied slightly depending on the reduction
agent used, 139.38 MJ kg~ ! graphene for hydrazine
and 127.26 MJ kg~! graphene for E. coli. The study
also identified the heating requirements for the chem-
ical reduction as the main hotspot, and the produc-
tion of hydrazine accordingly.

Based on these findings, the selection of oxidat-
ive and reducing agents can play an important role
in reducing the total GWP and energy demand of
GRMs produced using chemical oxidation and reduc-
tion. Moreover, the scaling up of this production pro-
cess also offers ample room for improvement through
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higher energy efficiencies and higher acid recovery
rates.

3.2. Chemical oxidation with thermal reduction
The GWP results for chemical oxidation with thermal
reduction presented in figure 8(a) correspond to
the study by Cossutta et al [200]. The study com-
pared five GO production methods from graphite
with thermal reduction carried out under the same
conditions at laboratory and commercial scale. The
chemical oxidation methods included three modi-
fications of the Hummers’ method (Fugetsu, Bangal
and Jeong) and the Brodie and Staundenmaier meth-
ods. The GWP values for this production process
ranges from 86 to 320 kg CO, eq. kg™! graphene
at laboratory scale, were the Bangal and the Jeong
modifications of the Hummers’ method have the
lowest and highest GWP, respectively. The repor-
ted GWP of the Bangal method at the commer-
cial scale (46 kg CO; eq. kg™! graphene) is 46%
lower compared to the results estimated at laboratory
scale due to potential improvements based on exper-
imental insights around energy efficiency and mater-
ial recovery. The GWP of chemical oxidation with
thermal reduction is between 16%—40% lower com-
pared to the results reported for chemical reduction
discussed in section 2.1, as this method requires less
chemicals.

3.3. Chemical exfoliation (electrochemical,
ultrasonic, microwave assisted and ball milling)
The studies conducted by Cossutta et al, [200] Ampah
et al, [196] Pizza et al [189], Arvidsson et al, [188]
and Beloin-Saint-Pierre and Hischier [203] assessed
the production of GRM:s using different exfoliation
techniques from graphite. Cossutta et al [200] estim-
ated the environmental impacts for the production
of graphene sheets via ECE, including GWP results.
Ampah et al [196] and Pizza et al [189] reported
energy consumption values for the production of
GRMs using both expansion and ultrasonic exfoli-
ation and microwave-assisted exfoliation. In the case
of Ampabh et al, [196] the study looked at the pro-
duction of graphene ink to make coatings for heat
management, whilst Pizza et al [189] considered the
production of epoxy-based nanocomposites using
graphite nanoplatelets as fillers. Both studies focused
on the energy requirements for the production of
GRM components. Ampah et al [196], Arvidsson
et al [188] and Beloin-Saint-Pierre and Hischier
[203] looked at variations in ultrasonic-assisted exfo-
liation for the production of GRMs using different
solvents as exfoliation agents. Ampah et al [196] and
Arvidsson et al [188] reported the energy demand
of the production of GRMs using sonication and
dimethyl formamide and dimethyl ether as exfoliat-
ing agents, respectively. Beloin-Saint-Pierre and His-
chier [203] assessed a ball milling process for the pro-
duction of GRMs in water with and without using
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melamine as the exfoliating agent and reported val-
ues for GWP and CED, among other environmental
impacts.

The GWP of graphene produced using ECE
ranges between 330 and 620 kg CO, eq. kg™!
graphene according to the study conducted by Cos-
sutta et al [200], where different set of electro-
lytes (sodium acetate and potassium hydroxide) and
operating conditions (9 and 15 V) were considered
at laboratory scale. These results are presented in
figure 8(a). It was observed that energy efficiency
increases with higher applied potential for both elec-
trolytes, however, the use of the potassium hydrox-
ide electrolyte at 15 V resulted in the highest energy
efficiency and therefore was reported to have the low-
est GWP at 330 kg CO, eq. kg~! graphene. Electricity
consumption was identified as the main hotspot and
the contributions from the production of the electro-
lyte were reported to be negligible. Whilst scaling up
the technology to a commercial scale can offer further
GWP reductions due to energy efficiency improve-
ments, the study reported a reduction of around 14%
(284 kg CO, eq. kg~! graphene) with respect to the
best performing scenario. This is because the process
energy consumption is assumed to be driven by res-
istance losses, which remain constant at different pro-
duction capacities of the process.

Beloin-Saint-Pierre and Hischier [203] reported
a GWP of 2160 kg CO, eq. kg~! graphene for the
production of GRMs in melamine solution using a
ball milling process, as shown in figure 8(a). The large
majority (97%) of this impact is attributed to electri-
city consumption in the process, which is a lengthy
one. For example, for the preparation of 1 mg of
graphene, the mixture of graphite and melamine is
milled for over 30 min followed by sonication. The
study also looked at the removal of melamine via dia-
lysis to produce a GRM in water solution (with traces
of melamine) and the production of GRM powder
(dry) using a freeze-drying process, which increased
the GWP results significantly due to the additional
electricity consumption of such steps. These were
reported at 183000 kg CO, eq. kg™! graphene in
water solution and 854 000 kg CO, eq. kg ~! graphene
powder.

The energy demand results for the production of
graphene using expansion with strong acids and exfo-
liation by microwave are presented in figure 9(a), and
these are reported at 284 MJ kg~! graphene for ultra-
sonic exfoliation [196] and 1879 MJ kg~ ' graphene
for microwave assisted exfoliation [189]. Whilst the
expansion processes reported in both studies requires
heat, [189, 196] the large majority of the energy
demand is attributed to the exfoliation process. How-
ever, the significant difference observed between the
two studies with microwave assisted exfoliation con-
suming five times more energy compared to the
ultrasonic exfoliation process. This is because the
microwave exfoliation process was carried out over
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3 h [189], whilst the ultrasonic exfoliation was com-
pleted under 30 min [196].

The energy demand between the sonication and
ball milling processes varied significantly as shown
in figure 9(a). For example, the average energy
demand values reported in Ampah et al [196] and
Arvidsson et al [188] are 148 M]J kg~! graphene and
470 MJ kg_1 graphene, respectively, whilst the ball
milling process was reported to consume between
52900 MJ kg~! graphene and 21000000 MJ kg~!
graphene, depending on the graphene state [203].
Both studies identified the use of solvents as hotspots,
whilst the electricity consumption of the sonication
process were negligible in comparison. In the case
of Ampah ef al [196], the production of graphene
contributed 57% of the total energy demand, fol-
lowed by the use of dimethyl formamide accounting
for 43% of the total energy demand. In the case of
Arvidsson et al [188], nearly 100% of the total energy
demand was attributed to the production and use
of the solvent dimethyl ether, as the study assumed
no solvent recovery. However, a sensitivity analysis
that considered 90% solvent recovery indicated that
around 90% of the energy demand could be poten-
tially reduced. As for the ball milling process, elec-
tricity consumption was reported as the main hot-
spot for all processes, contributing with >98% of
the total energy demand for the reasons previously
discussed.

We remark that the exfoliation by ultrasonication
reported in Arvidsson et al [188] does not actually
correspond to traditional LPE, which requires sev-
eral days exfoliation of pristine graphite and it is usu-
ally performed in organic solvents such as N-methyl-
2-pyrrolidone, as discussed in section 1.2. The val-
ues reported in Arvidsson et al [188] does refer to
30 min sonication in diethyl ether: this solvent does
not have suitable properties to efficiently exfoliate
graphite [39], hence it has been hardly used for LPE.

3.4. Chemical vapour deposition

The GWP of the production of GRMs using CVD
was studied by Zhang et al [195], Scott and Cul-
len [202], and Cossutta et al [200], and the energy
demand of this process was reported in Zhang et al
[195] and Arvidsson et al [197]. With the excep-
tion of Zhang ef al [195] which studied the pro-
duction of 3D graphene foams, all studies looked
at the production of graphene as conductive layer
[197,202]. The studies considered methane, [195,
197, 200, 202] hexane, [200] and biomass pyrolysis
gases, [195] as the precursor gases. The studies con-
ducted by Zhang et al [195] and Scott and Cullen
[202] used a mass based functional unit and the
corresponding GWP and energy demand results are
compared in figures 8(a) and 9(a), respectively. Cos-
sutta et al [200] and Arvidsson et al [197] reported
their findings per surface area and are presented in
figures 8(b) and 9(b), accordingly.
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The GWP reported per kg of graphene are presen-
ted in figure 8(a), and the results for GRM derived
from methane are reported at 36 000 kg CO, eq. kg ™!
graphene [195] and 82 800 kg CO,; eq. kg~! graphene
[202]. The combustion of natural gas and the use of
hydrogen gas were reported in both studies as the
main hotspots for this process. The large difference
observed between studies can be attributed to various
factors including the GRMs structures considered,
e.g. 3D foams vs monolayers, the overestimation
of natural gas needed reported in Scott and Cul-
len [202] as well as the inconsistencies in the sys-
tem boundaries of the studies. For example, Scott
and Cullen [202] also considered the transporta-
tion and installation in the framework of a specific
application of graphene in photovoltaics. The GWP
for graphene derived from biomass is estimated at
23500 kg CO, eq. kg ™! graphene, which is 35% lower
than graphene derived from methane according to the
results reported in Zhang et al [195], because some
of the energy requirements were sourced internally
from the thermal energy of pyrolytic gases [195]. This
trend is also observed in the total energy demand
results reported in Zhang et al [195] and presen-
ted in figure 9(a). The total energy demand of CVD
when using biomass pyrolysis gases is reported at
23 MJ kg~! graphene, which is 32% lower compared
to the CED reported for methane.

Figure 8(b) shows the GWP reported per cm? of
graphene, which corresponds to the results reported
in Cossutta et al [200]. The study considered methane
(1035 °C) and hexane (960 °C) as precursors gases
with the process carried out under different furnace
temperatures. The GWP reported at laboratory scale
are 13.2 g CO, eq. cm~? graphene for methane and
8.9 ¢ CO, eq. cm 2 graphene for hexane. The hex-
ane based process was also assessed at a hypothetical
commercial scale assuming adiabatic conditions with
a90% heat transfer efficiency. The results were repor-
ted at 0.441 g CO, eq. cm ™ graphene, which is 20
times lower compared to the GWP at laboratory scale,
thus demonstrating the improvement opportunities
available through scaling up. The energy demand res-
ults reported in Arvidsson et al [197] and presen-
ted in figure 9(b), are estimated at 0.022 M]J cm 2
graphene, with methane production and the process
energy during the CVD identified as the main hot-
spots and these activities contributed with 68% and
15% of the total energy consumption, respectively.
The study also considered various scenarios around
methane consumption including low residence time,
high recovery of methane and a higher methane
application rate. Whilst lower residence times and
higher recovery rates reduced the total energy con-
sumption by 63% each, higher applications rates were
reported to have an energy consumption seven times
higher compared to the base case. A hypothetical large
scale scenario was proposed based on the combin-
ation of the two best scenarios, i.e. lower residence
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times and higher recovery rates, with a total energy
consumption of 0.0066 MJ cm 2 graphene. The study
demonstrates that through more efficient consump-
tion of raw materials at larger scales, the CVD process
can reduce its energy demand by around 70%. [197].

According to these results, the environmental
sustainability of GRMs produced via CVD can be
significantly improved through higher heat transfer
efficiencies and more efficient consumption of pre-
cursor gases. The use of precursor gases derived from
renewable feedstock such as biomass can significantly
improve the performance of this process.

3.5. Epitaxial growth

Arvidsson and Molander [198] assessed the GWP
and energy demand, among other environmental
impacts, of GRM produced via epitaxial growth for
planar applications, e.g. semiconductors and bio-
sensors, and to date, this is the only study avail-
able for this production process. The GWP and
energy demand results, which are reported per cm?
of graphene, are shown in figures 8(b) and 9(b),
respectively.

The epitaxial growth process is reported as an
energy intensive process as large quantities of elec-
tricity are required for the sublimation of the sil-
icon carbide (SiC) powder, e.g. between 1000 °C
and 2600 °C depending on the process, and the SiC
wafer production processes [198]. The study looked
at laboratory, pilot and industrial scale production
scenarios from silica sand and coke, using experi-
mental data and hypothetical assumptions in the case
of industrial scale. The study considered two scen-
arios for each production scale based on the thickness
of the SiC wafer. A worst case scenario considered SiC
wafers with a thickness of 500 um for all scales, which
is the thickness currently manufactured, and a best
case scenario assuming a SiC wafer with a thickness of
350 pm for the laboratory and pilot scale, and 50 ym
for the industrial scale according to potential techno-
logy improvements [198].

The GWP of the worst case is reported at 6700 g
of CO, eq. cm~2 graphene for all scales (500 pm),
and for the best case this is 6.6 g of CO, eq. cm ™2
graphene for the industrial scale (50 ym) and 46 g of
CO; eq. cm? graphene for the laboratory and pilot
scale (350 pm), as shown in figure 8(b). The main
hotspot identified in both cases was the electricity
consumption for the production of the SiC wafer. For
example, it was reported that this stage contributes
over 99% (for the worst case) and 76% (for the best
case) to the total GPW. Therefore, the large difference
in GWP between the worst and best case is mainly due
to the thickness of the SiC wafer.

The energy demand results are presented in
figure 9(b), and similar to GWP, it can be observed
that the energy demand of the process depends on the
different SiC wafer thicknesses. For example, when
using a SiC wafer with a thickness of 500 pm, the
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energy demand is reported at 79 MJ cm~2 graphene
for all scales, whilst for a thickness of 350 pum the
energy demand is estimated at 11 MJ cm~2 graphene
for the lab and pilot scale, and for the 50 m thickness
assumed for the industrial scale this is 1.6 MJ cm ™2
graphene. The electricity consumption of the SiC
wafer was identified as the main hotspot as it contrib-
utes with over 95% of the total energy demand for all
scales and scenarios [198].

The study demonstrates that improvements in
technology maturity and scaling up of the process
can lead to GWP and energy demand reductions of
around 85% according to the results reported for
the best case scenario. However, given that epitaxial
growth relies on energy intensive processes for the
production of SiC wafers, the use of renewable elec-
tricity, e.g. wind, solar, will play a significant role in
the improvement of the GWP of this GRM produc-
tion process.

4. Outlook

This review shows that one of the most used
approaches to deal with environmental harm within
graphene production is based on the use of waste
material from different sources (section 2). From our
review, it is clear that at present there is no suitable
approach for the production of high quality graphene
from waste material, despite many different processes
investigated. The majority of GRMs prepared from
waste sources have fairly high amounts of defects,
contamination and oxidation, and sometimes not
even 2D morphology, which may limit their applic-
ations in different fields. These limitations are mainly
due to the starting carbon containing waste.

Due to the different starting materials utilized
and the diverse treatment processes that the raw
waste underwent, a fair comparison among the dif-
ferent presented literature is not possible. In general,
amongst waste materials, graphitic waste materials
have proven to be the easiest to process and exfoliate,
and their characterization often allows one to draw
direct comparisons to commonly prepared GRMs.
However, residual contamination is still a concern
[170]. Non-graphitic waste materials are much more
abundant and possess lower value, and thus the
interest in their use is higher. From the non-graphitic
sources, plant- and animal-derived waste look like the
more promising starting materials. This type of waste
is abundant, widespread and has low value , often
being a cost to be disposed of or recovered through
combustion for electricity and heat purposes. Not-
ably, plant-derived wastes contain high quantity of
polysaccharides (e.g. cellulose, lignin) that make these
precursors suitable for the graphitization processes.
It is also important to underline that the majority
of the carbon containing waste from biological or
non- biological sources investigated so far are well
‘defined’, i.e. not mixed or blended with other wastes
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or contaminated, causing the yield and quality of the
product to worsen. Notably, if the route of produ-
cing sustainable GMBs is pursued, the waste needs
to be well defined and not mixed with other carbon-
free waste. For example, the quantity of nitrogen in
the initial material needs to remain below 10% or the
waste will not pyrolyze properly under thermal treat-
ment. Other sources of contamination (S, P, etc) need
to be also controlled and if possible removed/reduced
before the transformation processes. The LCA ana-
lysis (section 3) shows that the use of waste materials
as carbon sources constitutes a rather small part of the
whole process; one should also consider the energy
cost of high-temperature treatments, the scarcity, cost
and environmental impact of reagents and solvents
involved in the preparation and processing in order
to establish adequate green methodologies. In partic-
ular, the LCA results show that the GWP and energy
demand of these production processes can vary signi-
ficantly depending on the choice of reactants, solvents
used and operating conditions. The LCA analysis
shows that amongst all production methods, the CVD
growth can be easily optimized to minimize its energy
consumption and GWP values, for example by using
biomass gas [195], and by lowering the residence
times and increasing gas recovery rates [197]. We
remark however that the majority of the LCA studies
of GRMs to date are based on laboratory scale data
and the interpretation of the results is also strongly
dependent on the final application for which the LCA
has been performed. Furthermore, LCA has never
been applied to graphene produced by LPE, which
is one of the most attractive production routes of
solution-processed graphene. Despite this, the find-
ings from the prospective studies on LCA of GRMs
can still be used to establish performance benchmarks
within and across processes, identify opportunities
for improvement, quantify potential improvements
due to technology maturity or even identify the tech-
nological improvements needed to enhance their per-
formance and consequently advanced their commer-
cialisation.

In order to fully exploit the benefits of the LCA
methodology, it is recommended for material scient-
ists to work closely with LCA experts in order to use
robust data, as done by Beloin-Saint-Pierre D and
Hischier [203], to analyze data based on realistic use
of a GRM and to make useful comparisons in term
of sustainability between different GRMs production
routes and related applications. This is particularly
relevant for GRMs, as each material in this family
has properties suitable for different applications. To
give an example, it is unlikely that GO will be used
in electronics, so an LCA with focus on GO produc-
tion for electronics is unlikely to be relevant. Further-
more, despite the numerous works published on sus-
tainable production, none of the LCA works avail-
able to date have analysed any of these ‘sustainable’
approaches.
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In conclusion, this review provides an overview
on the sustainable routes for production of graphene
and related LCA studies, which can be used by the
research community to improve the production and
the use of GRMs by enabling graphene production to
be compatible with the circular economy principles.
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