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ABSTRACT

Graphite, encompassing both natural graphite and synthetic graphite, and graphene, have been extensively utilized and
investigated as anode materials and additives in lithium-ion batteries (LIBs). In the pursuit of carbon neutrality, LIBs are
expected to play a pivotal role in reducing CO, emissions by decreasing reliance on fossil fuels and enabling the integration of
renewable energy sources. Owing to their technological maturity and exceptional electrochemical performance, the global
production of graphite and graphene for LIBs is projected to continue expanding. Over the past decades, numerous researchers
have concentrated on reducing the material and energy input whilst optimising the electrochemical performance of graphite
and graphene, through novel synthesis methods and various modifications at the laboratory scale. This review provides a

comprehensive examination of the manufacturing methods, environmental impact, research progress, and challenges associ-
ated with graphite and graphene in LIBs from an industrial perspective, with a particular focus on the carbon footprint of
production processes. Additionally, it considers emerging challenges and future development directions of graphite and gra-
phene, offering significant insights for ongoing and future research in the field of green LIBs.

1 | Introduction

Lithium-ion batteries (LIBs) play a critical role in contemporary
technology, powering nearly all portable devices, from mobile
phones to electric vehicles and, more recently, large-scale sta-
tionary energy storage systems [1-6]. The current trend of LIB
production and adoption is set for continual growth and scale-up
to sustain a zero-emission infrastructure. Despite the en-
vironmentally friendly aspects of LIBs, such as their use as an
alternative energy storage to fossil fuels, they also present their
own environmental challenges. Using life cycle assessment (LCA)
data, it has been estimated that 34—77 kg CO, kWh™! is emitted

from source to product when producing LIBs [7]. This is an
important factor to consider if LIBs are to continue their world-
wide growth and adoption. Present LIB designs (without housing)
can be broken down into four main components by weight:
cathode (~41%), anode (~41%), separator (~3%), and electrolyte
(~15%), as shown in Figure 1C [8]. The anode is a vital component
in lithium-ion batteries (LIBs), serving as the storage site for Li
ions while in the charged state. Among the various anode mate-
rials, graphite has been the predominant choice since its initial use
in LIBs. Figure 2 shows the increasing trend in publications and
patents relating to graphite in LIBs, which undoubtedly highlights
the further growing relevance of graphite as an anode in LIBs.
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FIGURE1 | (A) Schematic diagram showing scale-up of LIBs over the past 30+ years. (B) Schematic diagram of a lithium-ion battery.
Reproduced with permission: Copyright 2011, American Association for the Advancement of Science [1]. (C) Sankey diagram breaking down the
components of a modern Li-ion battery (without housing) by weight%, data taken from Yu et al. [8].
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FIGURE 2 | Journal articles and patent filings relating to graphite and graphene in Li-ion batteries.

2 of 35 Carbon Energy, 2025



Since the commercial development of the LIB in 1991, graphite
has managed to dominate the market for LIB anodes owing to
its impressive theoretical gravimetric capacity (372 mAhg™?),
high Li-ion diffusion coefficient (~107"* cm?s™), and low de-
lithiation potential (0.02-0.2V vs. Li/Li*) [9, 10]. While the
chemistry of LIB cathode materials has been constantly
changing from LiCoO, to LiNi,Mn,Co,0, to LiFePO,, depend-
ing on specification demands, graphite has maintained its
position as the anode material of choice, being used in nearly all
LIBs sold in the market [11]. Although various types of anode
materials have been widely studied [12, 13], the dominance of
graphite as an anode material remains unchallenged. Graphite
is expected to continue to dominate the anode market in the
foreseeable future due to its technological maturity and excep-
tional electrochemical performance. Due to the criticality of
graphite in the modern world, it has been listed as one of 17
strategic critical raw materials by the European Critical Raw
Materials Act and has been defined as a mineral of high criti-
cality by the UK government [14, 15]. It is therefore important
to rethink and refine the production of graphite from both
economic and environmental perspectives, thus improving the
eco-friendliness of LIBs and fostering the sustainable develop-
ment of society based on the principles of green chemistry.

Production of battery-grade graphite can be done by purifying
and modifying natural graphite from ground deposits or by
heat treatment of petroleum coke and coal tar pitch. Both
methods can be energy-intensive and pollutant-heavy and part
of this review aims to summarize the most recent efforts to
produce battery-grade graphite via new methods. The global
battery-grade graphite supply chain is complex, with a large
number of companies being involved in the separate processes
of natural graphite mining, petroleum coke production, coal
tar production, needle coke production, synthetic graphite
production, and battery-grade graphite production. Each step
along the supply chain is handled by a large number of com-
panies based in six of the seven continents of the world [16].
Battery-grade graphite production firms include: Cocan
Graphite Mill Inc. (China), Shanghai Shanshan Technology
Co. Ltd. (China), Shenzhen BTR New Energy Materials Inc.
(China), Hitachi Chemical Co. Ltd. (Japan), JFE Chemical
Corp (Japan), Asbury Graphite Mills Inc. (USA), Superior
Graphite Co. (USA), and SGL Carbon SE Group (Germany).
The companies listed are just a few of the 50+ companies
listed as battery-grade graphite (synthetic and natural) man-
ufacturers by Tsuji in a working paper on the global value
chain of graphite in LIBs [16].

As a derivative of graphite, graphene is defined as a single
layer of sp® carbon atoms arranged in a two-dimensional
hexagonal lattice and shows promising properties for use in
LIBs due to its exceptionally high surface area, electrical,
and thermal conductivity [17, 18]. Graphene has found
several applications in LIBs, including use as a conductive
additive [19], mechanical additive [20], use in thermal man-
agement systems [21], and even proposals to use it as an active
anode material [22]. However, like graphite, there is an en-
vironmental cost to producing graphene via conventional
methods like chemical vapor deposition (CVD) or chemical
exfoliation. The trend in publications and patents relating to
graphene in LIBs can be seen in Figure 2. In both fields, the

volume of published and patented work has shown a
decreasing trend since 2018, after the initial boom in graphene
research in 2010. Due to the peak publications reaching almost
1000 in 2018, it could be explained that, as the properties of
graphene have reached maturity in academia after years of
intensive research, they have therefore moved towards more
industry-based research, with a focus on incorporating it into
new products. Nevertheless, graphene is still used in LIBs in
both academia and industry but is no longer the major focus of
the most recent academic battery innovations [23].

Established companies, such as CATL, Samsung SDI, and Pa-
nasonic, have submitted patents utilizing graphene in different
parts of LIBs over the past 15 years [24]. Many start-up com-
panies have also emerged, demonstrating the capability to
produce graphene at industrial scales. A meta-market analysis
conducted by Schmaltz et al. found the five most mentioned
graphene start-up companies in previous market reports to be:
Haydale (UK), Graphenea (Spain), ACS Materials LLC (USA),
XG Sciences Inc. (USA), and Nanoxplore Inc. (Canada) [25].
Other start-ups have emerged with the promise of commercial
graphene-based LIBs. Granode (Sweden), founded in 2021, sells
a silicon-graphene composite material with the promise of
improved battery capacity, charge time, and longevity [26].
Nanotech Energy (USA) offers fast charging and non-
flammable graphene-based LIBs for use in electric vehicles,
home energy storage, and marine batteries [27]. These examples
represent just a few of the companies that are fully utilizing
graphene in LIBs, showing that the technology is already ripe
for commercial applications.

For the first time, this paper aims to summarize the current
problems with the manufacturing and implementation of
graphite and graphene in LIBs from an economic and en-
vironmental perspective. For countries to meet their respective
net-zero targets, the new technologies that will allow elec-
trification to replace polluting methods of transport need to be
sustainable. With graphite and graphene being key materials to
allow the widespread adoption of electric transport, they will
both require thought and consideration into their manufactur-
ing steps to ensure they can be produced and even recycled with
minimal cost, pollution, and environmental damage. Previous
review papers have successfully summarized the technical
challenges and merits associated with graphite and graphene
performances in LIBs, but have seldom included the topic of
sustainable production. For example, in 2024, Zhao et al. [28]
wrote a review on the progress and challenges associated with
graphite anodes in LIBs and successfully summarized the most
recent research to improve the rate capability and initial cou-
lombic efficiency of graphite anodes, but there was no mention
of green processing steps to improve the industrial supply
chain. Similarly, Asenbauer et al. [2] reviewed the success story
of graphite as an anode material in LIBs in 2020 and contained
a short section on graphite recycling but not on green proces-
sing methods; moreover, there has been significant progress
made in graphite recycling worthy of review since this review
was published [8, 29-31]. Likewise, recent reviews on graphene
for LIB applications, such as that from Kang et al. [32], are more
specifically focused on one area of graphene use, such as its
synergy with silicon in anodes, rather than the environmental
merits and drawbacks of its supply chain.
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Graphite and graphene are also inherently linked to each other
due to graphene being a single layer of graphite, meaning sus-
tainable graphite is needed as a feedstock to produce sustain-
able graphene at scale. Herein, the problems and potential
solutions to making graphite and graphene “green” materials
for use in LIBs are summarized and discussed in detail. While
existing reviews on graphite and graphene in lithium-ion bat-
teries (LIBs) have predominantly focused on their preparation,
properties, and electrochemical performance, such as capacity,
cycling stability, and rate capability, this paper adopts a novel
and holistic approach by integrating considerations of en-
vironmental impacts, energy consumption, supply chain
dynamics, life cycle assessment, and the circular economy into
the discussion. This review is particularly timely and relevant
given the global emphasis on sustainable energy storage solu-
tions. It not only summarizes the current state of knowledge
regarding graphite and graphene in lithium-ion batteries but
also identifies existing research gaps and future opportunities.
By bridging material science with real-world challenges, this

review aims to provide actionable insights for researchers,
industry stakeholders, and policymakers.

2 | Current Manufacturing Methods

Graphite can be divided into two categories: natural graphite
(NG), which is mined from ground deposits, and synthetic
graphite (SG), which is produced by heat treatment of petro-
leum coke, coal-tar pitch, or oil. Scanning electron microscopy
(SEM) images of particles are shown in Figure 3 [33, 34]. In
short, NG has the advantage of already being preformed, with
purification and shaping being the main processing methods to
upgrade the natural deposits into battery-grade material. SG, on
the other hand, tends to be produced to a higher purity, giving it
a typically longer cycle life; there is also the advantage that it
can be produced with widely available fossil fuel-based pre-
cursors, rather than the more geographically constrained nat-
ural mineral deposits. In terms of energy consumption,
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FIGURE 3 |

SEM image of (A) spheroidized natural graphite particle and (B) synthetic graphite particle. (A, B) Reproduced under the terms of

the CC-BY license (https://creativecommons.org/licenses/by/3.0/): Copyright 2020, The Authors, published by the Royal Society of Chemistry [2].
(C) First formation cycle of an NG and SG electrode versus Li foil with an areal capacity of 2 mAh cm™ at a c-rate of C/20. (D) dQ/dV analysis of the

formation profiles shown in C.
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NG tends to require far less energy to produce than SG, which
typically requires multiple days of processing in large Acheson
furnaces at 3000°C [35, 36]. But the acid-intensive purification
steps for NG tend to contribute more to local pollution as well
as the emissions of more potent gases such as NO, and
SO, [37-39]. More specific details on the environmental dif-
ferences between the production techniques are provided in the
later stages of this section. Aside from the production methods,
the main differences between battery-grade NG and SG are seen
in the particle structure, which slightly alters its voltage profile
when cycling in a LIB (shown in Figure 3). The NG has a
characteristic “potato shape” from the spheroidization process,
making it appear smoother in shape. NG particles also contain a
higher proportion of basal planes on their surface (due to
spheroidization steps) compared to SG particles, which have a
higher proportion of edge planes, giving the two materials
slightly different characteristics as seen in their formation
profiles [2, 40]. Due to the shape difference, NG forms less of
an SEI than SG owing to its lower surface area, resulting in an
improved initial coulombic efficiency (ICE) in a cell, as seen
in Figure 3C [41]. However, when it comes to overall per-
formance, SG is the superior anode material, with a slightly
higher gravimetric capacity and longer cycle life owing to the
higher purity that can be achieved with the prolonged high-
temperature pyrolysis step used in its production. The removal
of impurities, such as iron, aluminum, and sulfur, is key in
reducing the potential side reactions that can occur when these
elements are present in the final anode material [42-44]. The
two primary categories of graphite materials (i.e., NG and SG)
can be further differentiated by key physicochemical char-
acteristics, including particle size distribution, morphological
features, spZ:sp3 carbon ratio, and purity levels. Commercial
offerings demonstrate this variability; for instance, industry
leader BTR markets six distinct NG grades and eight SG for-
mulations [45], each imparting unique performance attributes
to the final battery system, such as enhanced power density,
improved low-temperature operation, or optimized cost effi-
ciency. However, to maintain clarity in our subsequent dis-
cussion, we will adopt the fundamental NG/SG classification
scheme rather than addressing all possible sub-varieties.

Ohta et al. [46] tested the performance of carbon-coated NG and
carbon-coated SG versus Li foil in half cells using 1 M LiClO, in
a 1:1 solution of ethylene carbonate and dimethyl carbonate as
the electrolyte. The NG had a higher discharge capacity by
~60mAh g~" and a similar coulombic efficiency to the SG. The
graphite in this experiment was not extensively cycled, and the
electrolyte used is now outdated, however. A study by Glazier
et al. [47] compared the performance of SG and NG in pouch
cells using LiNigsMng3C09,0, (NMC 532) as the cathode
material. The study showed that when using large electrolyte
additive loadings (to build a more efficient SEI), the two ma-
terials showed similar coulombic efficiencies and parasitic heat
flow in short-term cycling, but the NG showed poorer capacity
retention over long-term cycling. When low electrolyte additive
loadings were used in the cells, NG showed a lower coulombic
efficiency, higher capacity fade, and more parasitic heat flow
than the pouch cells containing SG. Cell stack pressure mea-
surements showed that the NG underwent irreversible particle
strain and expansion upon initial cycling of the pouch cells.
This expansion was only detrimental to the performance of NG

when an insufficient amount of electrolyte additive was used to
form an effective SEI on the newly created surface area of
the anode. NMC 622 was also studied with SG and NG as the
anode materials, with NG showing a higher capacity, and
lower impedance, but increased capacity fade compared to
the SG [47].

A more recent study by Niu et al. [36] showed that when cycling
with NMC 811 in pouch cells, NG showed a higher lithium
inventory loss but also had improved electrochemical kinetics
when compared to SG. The paper also showed that different
SEI-forming electrolyte additives had different effects on the
two different graphite materials. When using ethylene sulfate
and lithium bis(oxalate) borate, more gas was formed during
formation cycles with SG, but when using fluoroethylene car-
bonate, vinylene carbonate, and propylene sulfite, more gas was
produced from the NG anode during formation cycles. The
performance of NG and SG therefore varies with the cathode
chemistry and the electrolyte formulations of a cell.

SG is the more popular production route for graphite across all
industries, with roughly 1.8 million tonnes of SG being pro-
duced in 2021, while 1.1 million tonnes of NG were mined and
processed in the same year [48, 49]. It is also claimed that
currently 55% of graphite used in LIBs is SG, with the other 45%
being NG, showing there is a balance between the cost and
performance of the two materials, with SG being more ex-
pensive to produce but slightly better performing in the long
term [49].

Table 1 shows how NG and SG compare to other emerging
anode materials in LIBs in terms of commercial applications.
Due to the increased purity of SG and higher production costs,
it is often sold as a premium material for use in high-end
electric vehicles, whereas NG is used in applications where
cheaper battery feedstock materials are more viable. NG is also
limited in its current production capacity due to the relatively
slow process of opening new mines for production [50]. On the
other hand, the feedstock materials for SG (petroleum coke and
coal tar pitch) are produced in much larger quantities than NG
due to their larger range of applications outside of battery
technologies. This means large amounts of SG can be produced
quickly to supplement any shortfalls in the total battery-grade
graphite supply chain [10].

2.1 | Natural Graphite

2.1.1 | Production Overview

As reported by Engels et al. [39], there are several processes that
take graphite from being a mineral in the ground to a high-value
conductive anode material. This processing can be roughly bro-
ken down into five steps: mining, beneficiation, spheroidization,
purification, and processing (shown in Figure 4). Graphite min-
eral deposits occur in three different types in the Earth's crust:
amorphous, flake, and vein, with flake graphite being the optimal
material for LIBs owing to its higher crystalline purity [51].
The mining of flake graphite is largely done in open-pit mine
operations using drilling and blasting followed by beneficiation,
which is most commonly done on site via froth flotation.
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FIGURE 4 |

The purity of the mined graphite varies depending on the deposit
location, but is usually in the range of 8%-12% graphitic carbon
[52]. Beneficiation is done to remove as many of the impurities as
possible by initially crushing and milling the mined deposits,
followed by a multistep froth flotation process, taking advantage
of graphite's hydrophobic nature to separate it from impurities.

The wet carbon concentrate is spheroidized to minimize both the
particle surface area to volume ratio and the particle size distri-
bution, which improves packing density [53, 54]. Only 40% of the
graphite going into the spheroidization process comes out as
spheroidized graphite, with the production scraps being classed
as a by-product, which can be further processed into lower-value
carbon products. Multiple classifier mills are used to micronize
and spheroidize the incoming graphite in what can be a very
energy-intensive step. The next step is purification, which usually
aims for a 99.95% carbon purity in the graphite by using
hydrofluoric acid, hydrochloric acid, and nitric acid in large
quantities to leach the impurities from the graphite, which can
then be removed via water scrubbing [55]. This particular
method is the most popular NG purification technique used in
China, with 77% of plants using this method according to Huang
et al. [56] Finally, the graphite is processed to increase its con-
ductivity by coating with high softening point pitch (derived from
coal tar pitch) in a furnace at 1300°C under nitrogen gas to avoid
oxidation. This coating process hardens the spheroidized graph-
ite particles and seals their surface to minimize lithium-ion loss
in the crystal structure when used in LIBs [39].

+ coal tar pitch

Schematic diagram of the (A) natural graphite and (B) synthetic graphite industrial production processes currently used.

The steps listed above were from a single graphite producer and
would likely be replicated with slight modifications by other
graphite manufacturers. Engels et al. [39] also reported that the
purification step of battery-grade natural graphite is among
the most expensive and polluting of all the techniques due to
the chemicals required for the process. The hydrofluoric acid
method is one of four processes that are currently adopted in
China to purify graphite, according to Huang et al. [56] Acid-
alkali purification, high temperature purification, and chlo-
rination roasting are also adopted industrially to purify the
graphite. The percentage of Chinese manufacturers using
these different techniques and their recovery rates are shown in
Table 2.

2.1.2 | Environmental Impacts of Natural Graphite
Production

NG production is both chemically and energetically demanding. It
is important to note that over 67% of the world's NG comes from
China, particularly from areas that rely on a coal-dominated energy
infrastructure, causing significantly more greenhouse gas emissions
[52]. LCA values of NG production from three different review
papers are shown in Table 4. The most recent LCA of NG was done
by Engels et al. [39] in 2022, in which data from a graphite supplier
in the Heilongjiang region of China was used to predict the energy
consumption and global warming potential of 1 tonne of battery-
grade NG to be 10,775kWht™" and 9.62kg CO, eq, respectively.
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TABLE 2 |

Main NG purification methods used in China as of 2022. Recreated from Huang et al. [56].

Purification method Capacities (kt yr™)

Production (kt)

Prod.% of China Recovery rates (%)

Hydrofluoric acid 160 48 77 68-72
Acid-alkali 30 10 16 65-69
High temperature purification 10 3 5 78-85
Chlorination roasting 2 <1 2 73-77
Chinese total 202 62 100 65-85
TABLE 3 | Comparison of the calculated energy consumption for the different steps in battery-grade natural graphite production.

Process stage energy consumption (%)

Paper authors Mining Beneficiation Spheroidization Purification Processing
Engels [39] 8.0 21.7 22.3 5.7 42.3
Gao [38] 24.6 12.5 — 21.2 41.7

Comparison of the cradle to gate (C2G) energy consumption and global warming potential of different anode grade graphite life cycle

TABLE 4 |
assessments.
Paper first author (Year of Production
publication) method

consumption (kWh t™%)

Estimated energy Estimated global warming

potential (kg CO, eq)

Natural—C2G

Natural—C2G

Natural —C2G
Synthetic—C2G
Synthetic—C2G
Synthetic—C2G
Synthetic—C2G

Engels (2022) [39]
Gao (2018) [38]
Zhang (2018) [37]
Carrére (2024) [35]
Dai (2019) [57]
Dunn (2015) [58]
Notter (2010) [59]
Natural average

Synthetic average

10,775 9.62
31,244 5.32
27,906 7.75
24,300 42.2
27,972 5.37
7,122 0.59
20,956 2.46
23,308 7.56
20,088 12.7

A separate LCA by Gao et al. [38] was done in 2018, with the total
energy use and global warming potential found to be
31,244kWh t™! and 5.32kg CO, eq, respectively. A breakdown of
the process stage energy consumption was also done in both papers
(results shown in Table 3), and the calculated energy consumption
and global warming potentials are shown in Table 4.

Both papers agree that the “processing” step of natural graphite
production consumes the most energy (~42%), but there is a
slight disagreement with the other steps in the process. The
carbon coating processing step was found to consume the most
energy due to the large energy contribution needed to heat the
coal tar pitch to coat the graphite particles. Engels and Gao also
analyzed different purification steps, with Engels reviewing the
hydrofluoric acid method and Gao reviewing the acid-alkali
method, which explains the large difference in the purification
values [38, 39].

The negative effects of the use of harsh chemicals are more
difficult to assess than the global warming potential of a

material/process, as it can harm local environments/popula-
tions in different ways. Zhang et al. [37] found NG to have a
relatively high human toxicity potential and marine toxicity
potential of ~4.8 and ~2.8 (1,4-dichlorobenzene eq), respec-
tively, which was largely attributed to the processing step of
the NG manufacturing process. While these factors cause more
local pollution than global pollution, they are still important
factors to consider when improving via alternative NG proces-
sing methods.

2.2 | Synthetic Graphite

2.2.1 | Production Overview

SG production can also be summarized into a five-step process
(shown in Figure 4). Firstly, petroleum coke (80 wt.%), pro-
duced from the residual thermal processing of crude oil, is
ground and combined with coal tar pitch (20 wt.%), a steel
manufacturing by-product, at 170°C, with the pitch being used
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as a binder for the petroleum coke [60]. Coke from coal ovens
can also be used as the precursor material in this process, but
petroleum coke is favored due to its higher carbon purity [58].
The resulting mixture is then formed into smaller particles
using a press or extruder to maximize the density of the powder
in a process similar to spheroidization [61]. The product is then
baked in a furnace at up to 1000°C to further carbonize the coal
tar pitch into coke. The final step of SG production, and the
most energy-intensive, is graphitization in an Acheson furnace
at 3000°C for 3-5 days, leaving the final SG product, which may
then be later modified depending on the desired properties. The
excessively high temperatures are required to both vaporize any
non-carbon elements and ensure a highly ordered sp* carbon
structure. The graphite produced from this method has a purity
of over 99.9%, higher than the purity of NG (without further
processing), giving it advantages when used in LIBs over the
long term [2, 52, 57, 62].

2.2.2 | Environmental Impacts of Synthetic Graphite
Production

Several LCAs of SG have been done in recent years
(summarized in Table 4). An important trend to notice is that
the global warming potentials of SG production are significantly
higher in more recently written papers. Parameters that were
initially left out of original LCAs were introduced into more
recent ones, and local grid energy production emissions have
been considered rather than national averages. For example,
the work from Dai et al. expands upon the original information
from Dunn et al. to include indirect emissions associated with
fossil fuel production and electricity generation, while Dunn's
paper only focuses on the baking and graphitization steps of SG
production [57, 58]. Dai et al. calculated that 89.9 MJ kg™" of
energy was required to produce battery-grade SG, with 4.86 kg
CO, eq produced from the process. This calculation was
over four times higher than the calculation of Dunn et al. at
22.2 MJ kg* and was done by using China-average grid emis-
sions data. In 2022, Surovtseva et al. [61] suggested that LCAs
on SG may have been underestimating global warming poten-
tial (GWP) values by a factor of two or more. This was con-
firmed by a separate review of the literature and calculation on
SG production by Carrére et al. [35] in 2024, which estimated
the GWP to be over eightfold higher than the next most recent
estimate from Dai et al. [57] Even with the assumption of all
electricity being produced from hydropower, Carrére et al. [35]
still predicted the GWP of SG production to be 18.1 kg CO, eq,
still significantly larger than the work from Dai. The con-
sumption of graphite crucibles for the graphitization process
was highlighted as a key contributor to the high GWP since the
crucibles must be machined from large graphite blocks and can
only be reused a few times. The production and delivery of
calcined petroleum coke and coal tar pitch were also significant
GWP contributors outside of electricity consumption.

Aside from the energy required to produce SG, a significant
number of toxic gases are produced from the graphitization
process. Dunn et al. reported the emissions of NO,, SO,, and
PM10 emissions to be 9300, 64,000, and 4100gt0nne‘1 SG,
respectively, which can all be derived from impurities in the
petroleum coke [57-59]. Factors such as toxic gas emissions are

far harder to compare and assess on a global scale since they
tend to only harm local environments instead of contributing to
global warming. Local laws and regulations on toxic gases can
vary greatly from region to region, meaning what is acceptable
in one area may be considered extremely hazardous in another.
Nevertheless, every precaution should be taken to reduce toxic
emissions into local areas. This can be mitigated through the
use of scrubbers, catalytic converters, or cleaning of the petro-
leum coke feedstock. However, all of these technologies
increase the cost of the final product, and so the correct
financial incentives from governments should be in place to
encourage efforts to minimize local pollution.

2.3 | Comparison of Natural and Synthetic
Graphite

When comparing the average results from the different LCAs,
the values for each production route are quite similar. However,
other papers and documents that attempt to compare both
production techniques lean toward SG being more energy-
intensive and environmentally damaging than NG [63, 64]. This
appears more intuitive since the graphitization of SG is done at
3000°C for 3-5 days, which would be expected to consume huge
amounts of energy compared to any of the other processing
steps of NG. The carbon coating step of the NG also requires
heating for long durations, but at a considerably lower tem-
perature of 1300°C, so there may be a difference in database
values and assumptions for the separate LCAs of battery-grade
graphite. It would be most appropriate to compare the most
recent LCA for each production route, as these take the previ-
ous LCAs into account and attempt to improve the accuracy of
the calculations. If this is done, then the GWP of synthetic
graphite far outweighs that of NG, which agrees with the papers
previously cited that attempt to compare both methods.

Both battery-grade graphite production processes also suffer
from poor yields. Flake graphite ore has a carbon content of
10%-15%, meaning most of the mined mass is removed in the
flotation process. The spheroidization step has a yield of 40%
with the low-grade “graphite fines” being sold at a lower price to
other industries. Final magnetic separation and screening steps
on the spheroidized graphite have a yield of 95%. The purifica-
tion steps of the process can be assumed to remove impurities
from the graphite flake ores that were not removed via bene-
ficiation. Summed up, 1kg of mined flake graphite produces
47.5 g of anode grade NG with an overall yield of 4.75% [39, 65].

For SG, the coking of crude oil gives a yield of 25% while the
coal tar pitch yield from coal is 2%. The following yield of
petroleum needle coke from coke via calcination is 74% and the
baking/graphitization steps have a yield of 97.6%. Microniza-
tion, shaping, and coating steps may still be required; 1 kg of
crude oil as the primary feedstock for SG will produce 180 g
of SG with an overall yield of 18% [61]. If further modification
of the SG is done, a much lower yield would be expected,
although this is hard to calculate with the currently available
data, and the final SG precursor would likely give higher yields
in the micronization and spheroidization steps compared to NG
due to the higher level of control over particle morphology
before the graphitization step (Table 5).
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TABLE 5 |

Comparison of the production costs and material properties of battery-grade natural graphite and synthetic graphite.

Parameter

Natural graphite Synthetic graphite

Production energy consumption (from most recently
published LCA, kWh t™)

Production global warming potential (from most recently
published LCA, kg CO, eq)

Production yield (%)
Morphology

Purity (carbon content %)

Typical initial coulombic efficiency (%)*
Typical capacity (mAh g=*)*

Crystalline purity (high hexagonal stacking %)

Relative cycle life

10,775 24,300
9.62 42.2
4.75 18
Rounded particles, smooth Rounded particles, rough, sharp
edges edges
99.95 99.99
94-95 94
355-360 355-357
Low High
Medium Long

*Data taken from a reputable battery materials supplier website [45].

24 |
Chain

Global Challenges to the Graphite Supply

Due to its dominant use as an electrode material, graphite poses
unique challenges in the global supply chain. As shown in
Figure 5, natural graphite production is heavily dominated by
China, with synthetic graphite showing a similar trend.
Mozambique, Madagascar, and Brazil were the next largest
producers of natural graphite in 2022, producing 170,000,
110,000, and 87,000 tonnes, respectively. With the demand for
LIBs expected to soar from 700 GWh in 2022 to 4700 GWh in
2030, the demand for graphite should also match this [67]. The
predicted rise in demand and dependence on graphite supply
from a single country may allow political interference and
resource nationalism to disrupt the global energy storage supply
chain, so it is of vital importance to allow new, cheaper, and
greener technologies to produce battery-grade graphite and to
allow other nations to produce the materials and create a
healthier and more diverse supply chain. Section 3 of this paper
discusses possible solutions to help with this problem and
companies that are already beginning to fix the issues.

2.5 | Graphene Manufacturing

The list of graphene production techniques is ever-expanding,
with the authors of this paper counting at least 30 different
techniques as of the writing of this paper. Categories of graphene
production include mechanical exfoliation, chemical exfoliation,
chemical synthesis, epitaxial growth, and chemical vapor depo-
sition (CVD) [68-70]. Each technique can produce graphene with
different properties, such as the number of layers, sheet size,
crystal order defect density, and morphology. Due to the wide
variety of uses for graphene, different applications of the material
often require optimized production techniques to suit the
demands of its use. The most popular methods of graphene
production for applications in LIBs are liquid-phase exfoliation
and the reduction of graphene oxide owing to their relatively low
cost and high scalability [71]. Even when narrowing the uses of
graphene to LIBs, it still shows huge versatility with applications
as an anode active material, anode/cathode conductive additive,

current collector support, and as a structural support and ther-
mal distributor in thermal management systems [72-74]. As an
anode active material, its high electrical conductivity and surface
area can contribute to enhanced energy storage capacity and
faster charge-discharge rates [22]. Figure 6 shows some of the
proposed uses for graphene in LIBs.

Doping of graphene has been extensively studied as a method to
enhance its electrical conductivity by modifying its electronic
structure and charge carrier concentration. Through the intro-
duction of dopants, such as nitrogen, boron, sulfur, or transition
metals, the Fermi level of graphene can be shifted, altering its
band structure and increasing the density of states near the
Dirac point. This results in an increase in free charge carriers
(electrons or holes), reducing sheet resistance and enhancing
electrical conductivity. These effects collectively contribute to
improved material properties, making doped graphene a
potentially more suitable candidate for LIB enhancement [79].
A study by Wu et al. [80] used B-doped and N-doped graphene
as an active anode material for LIBs and found it to produce a
reversible capacity of > 1040 mAh g™'at low charge/discharge
rates. The B-doped graphene exhibited the highest ICE (55.6%),
the highest power density, and the lowest cell impedance when
compared to N-doped graphene and pristine graphene. Xiong
et al. [81] produced N-doped graphene nanosheets, prepared by
using urea to reduce graphene oxide, to be used as a cathode
material for Li-ion batteries. The material exhibited a high li-
thiation/delithiation potential of ~3V and a capacity of over
150 mAh g~ for 1000 cycles at 1 A g~*. However, to be properly
implemented, the material would need to be pre-lithiated before
being used as a full cell cathode material, and show more
capacitor-like behavior than battery-like. Wang et al. [82] pro-
duced an anode material using SnO, particles sandwiched
between N-doped graphene layers. The material outperformed
both SnO, and SnO, sandwiched in pristine graphene in lith-
ium half cells, showing that there is an advantage to doped
graphene over pristine graphene. However, the doping of gra-
phene adds further complications to the graphene production
process, with the performance benefits of doped graphene
failing to outweigh the extra costs of having to dope the gra-
phene at scale [83].
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FIGURE 5 |
Data taken from ref [66].

While the research discussed has presented doped graphene as a
more favorable electrode material of choice in LIBs, the reality is
that it will never be able to cycle in a full cell setup with a limited
Li supply due to its poor reversibility. Papers testing the feasibility
of graphene as an active anode material tend to only test the Li
half cells with low mass loadings. This form of cell setup effec-
tively provides an infinite Li-ion source and ignores the poor
coulombic efficiencies that graphene suffers due to the thick SEI
build-up on the large graphene surface area [22]. The only func-
tional batteries using graphene as an active material would show a
low voltage of 1V, resulting in a poor power density and a poor
cycle life due to lithium passivation [84]. Work by Chi et al. [85]
found a 1:1 mix of graphene and Super P carbon black to show
lower impedance when used as a conductive additive with a Li-
NiysMng 1C0y,0, (NMC 811) cathode when compared to purely
using graphene or carbon black as a conductive additive in the
same quantities. Graphene sheets were found to be more effective
at reducing pores in the carbon-binder domain, improving
the overall electrical conductivity of the cathode. However, gra-
phene sheets were also found to wrap around the NMC particles,
impeding Li-ion transport from the active material, and so a bal-
ance of graphene and carbon black gave the best cycling results
[85]. Therefore, graphene alone cannot act as an effective con-
ductive additive for LIBs. The primary uses of graphene in LIBs
have been realized for many years now, which might link to the
slowing down of publications in this area observed in Figure 2.

2.5.1 | Production Overview

Graphene production techniques can be broadly split into two:
top-down approaches and bottom-up approaches. Top-down
approaches involve the exfoliation of bulk graphite, which
can be done via chemical exfoliation, edge functionalization,
mechanical exfoliation, and many other techniques [86, 87].
Bottom-up approaches directly synthesize graphene sheets from
precursor carbon-based molecules onto a substrate, which can
later be separated to produce high-quality graphene. The two
main examples of bottom-up synthesis are epitaxial growth and
chemical vapor deposition [88].

As previously mentioned, liquid phase exfoliation and reduc-
tion of graphene oxide are the most popular methods of
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World maps and bar charts showing the global distributions of (A) natural graphite production and (B) natural graphite reserves.

graphene preparation for use in LIBs. The chemicals used for
these processes are readily available, and no specialized
equipment is required, meaning labs designed for battery test-
ing can easily accommodate the demands to produce graphene
via these methods. Among current graphene synthesis methods,
these two approaches emerge as particularly suitable for LIB
applications due to their optimal balance between scalability,
material quality, and production costs [71]. While CVD pro-
duces high-quality graphene, its superior crystalline perfection
exceeds the requirements for enhancing electrode conductivity
and mechanical reinforcement in LIBs, while its high cost
presents a significant barrier to industrial-scale implementation
[89]. Conversely, mechanical exfoliation faces challenges in
maintaining consistent material quality and production scal-
ability for battery manufacturing. These fundamental limita-
tions render other synthesis approaches less viable for
commercial LIB production compared to the two selected
methods [71].

Liquid phase exfoliation usually involves the dispersion of
graphite powder in an organic solvent, such as N-methyl-
2-pyrrolidone (NMP), followed by an exfoliation technique,
with ultrasonication and high shear mixing being the most used
[90-92]. Liquid phase exfoliation comes with the disadvantages
of poor particle size control and large variability in graphene
sheet quality however, since the process cannot be finely tuned,
with graphene flake quality varying from batch to batch. If the
variability is known, though, the benefits of graphene in LIBs
can still be utilized through this production method [90, 91].

The reduction of graphene oxide is done by firstly oxidizing
graphite powder into graphite oxide via methods such as the
modified Hummers method (shown in Figure 7B) [94, 95].
The graphite oxide should, in theory, consist of individual
sheets of graphene with functionalized oxygen groups on ei-
ther side of the sheet to stop them from recombining. The
graphite oxide sheets are then reduced via a variety of
methods, with some of the most popular being: chemical
reduction with hydrazine, chemical reduction with sodium
borohydride, and thermal reduction under N, atmosphere.
The graphene produced from this technique is readily scalable
and easily processed, but comes with the inevitability of
oxygen impurities being left on the graphene sheets.
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carbon black in a cathode material structure. Reproduced with permission: Copyright 2013, Elsevier [18]. (B) Schematic diagram of the synthesis and
lithiation process of Sn/double graphene tubes as a high-capacity anode material. Reproduced under the terms of the CC-BY license (https://
creativecommons.org/licenses/by/4.0/): Copyright 2020, The Authors, published by Springer Nature [75]. (C) Schematic diagram of graphene
armoured foil with enhanced anticorrosion properties as a current collector for LIBs. Reproduced with permission: Copyright 2017, Wiley [76].
(D) Schematic diagram, SEM and cross-sectional SEM images of Si/few-layer graphene electrodes. Reproduced with permission: Copyright 2018,
Springer Nature [77]. (E) Schematic diagrams of Li ion diffusion paths in graphite and vertical graphene sheet modified graphite, along with their
electrochemical contact points in red circles. Reproduced with permission: Copyright 2021, Elsevier [78].

Graphene produced via this method is commonly termed as
reduced graphene oxide (rGO) to acknowledge the oxygen
impurities it will contain (C/O ratio ~10) [96].

2.5.2 | Environmental Impact of Graphene Production
A LCA of graphene produced by liquid phase exfoliation of
graphene oxide was done by Arvidsson et al. [97] The study
used mined, unpurified NG as the precursor graphite material
for both production routes, used the Hummers' method for
graphite oxidation, and assumed an ultrasonication frequency

of 20kHz for 30 min. It was found that ultrasonication con-
sumed ~470 MJ kg™* graphene, and chemical reduction of gra-
phene oxide consumed ~1,100 MJ kg™! graphene. Converted to
kWh t™!, these values are 130,600 kWh t™* and 305,600 kWh t™*,
respectively. Compared to graphite production, these processes
demand significantly more energy to produce due to the sig-
nificant energy used in ultrasonication and the high energy
demand required to produce hydrazine from ammonia, used as
the reducing agent.

A separate LCA of graphene production via chemical oxidation
and reduction of graphene oxide was done by Lin et al. [98] with
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the overall purpose of assessing the environmental impacts of the
oxidative desulfurization of diesel fuel using a rGO catalyst. The
paper calculated the energy usage of all the mixing, heating, and
separation processes of graphene preparation to be 50,530 kWh
t™! rGO (182 MJ kg™!) and the GWP of the whole process to be
256.5 kg CO, eq. The large GWP value is attributed to the large
amount of hydrochloric acid that was used to wash the rGO at
the end of the process, and without this, it would be reduced to
~30% of the original value [98]. The energy required to produce
the precursor chemicals was not considered in the energy cal-
culations either, with hydrazine and acids requiring significant
energy to produce. The study by Lin et al. was based on the
production of 1kg of graphene in a lab-scale process. If the
process were to be fully scaled up, a significant decrease in both
CO, emissions and energy demand per kg of graphene would be
expected as larger equipment would operate more economically,
and solvents could be cleaned and reused between batches.

If a commercial 285 kg NMC 811//Graphite EV battery pack (70.6
kWh) with both the cathode and anode containing 1% graphene
as a conductive/mechanical additive is used as an example, the
total mass of graphene in the battery would be 1.66 kg (calculated
using data from Winjobi et al. [99]). The 1% graphene additive
would replace the 3% carbon black additive used by Winjobi et al.
Using the numbers discussed earlier in this section, if the chem-
ical oxidation/reduction of graphene oxide was used to produce
the graphene, the energy demand of the battery pack would
increase by 302 MJ, making graphene the most energy-demanding
component of the battery pack per kg. If liquid-phase exfoliation
were used, the energy demand for graphene would increase by
over fivefold. For comparison, a recent LCA by Drachenfels et al.
[100] calculated the total energy consumption of an NMC 811//
Graphite cell from cradle to gate to be 33 kWh kWh™", translating
to 8387 MIJ for a 70.6 kWh battery pack. When considering that
the bulk of this value is attributed to the maintenance of dry
rooms and evaporation of NMP solvent in the slurry coating
process, the graphene used in the LIBs would represent a high
percentage of the material production energy consumption when

considering that it would make up < 1% of the battery pack mass.
It is clear from these brief calculations that the current methods of
liquid-phase exfoliation and reduction of graphene oxide are not
suitable from an ecological or environmental perspective, and
newer production methods need to be designed without com-
promising the quality of the graphene produced.

Since graphene is poised to replace carbon black in LIB elec-
trodes, it is important to understand the current energy and
CO, consumption of carbon black. The C-65 carbon black used
in LIBs is typically produced by the partial combustion of heavy
aromatics in a furnace. Rosner et al. [101] simulated a con-
ventional large-scale carbon black furnace production facility in
the USA and found that for a plant producing 154,500
metric tonnes of carbon black, 492,000 MWh were required
from the combination of natural gas and grid electricity,
equivalent to 11.46 MJ kg™* carbon black. The CO, emissions of
the process were found to be 3.50 kg CO, eq. These values are
far lower than the calculated production requirements for gra-
phene, which were 182 and 1100 MJ kg_1 for oxidation/reduc-
tion of graphene oxide and liquid-phase exfoliation,
respectively. If a third of the mass of graphene was required to
replace the carbon black in a battery pack, the replacement of
carbon black to graphene would increase the energy require-
ments of a 285kg NMC 811//graphite battery pack by
173-1249 MJ and increase the CO, emissions by 289 kg CO,
assuming the value provided by Lin et al. [98] It is also
important to reemphasize that graphene production LCA values
would likely fall significantly with production scale-up, but we
still predict the values to far outweigh those of carbon black.

3 | Recent Developments
3.1 |

Improved Graphite Processing Steps

As shown in Figure 4, there are many steps within the anode
grade graphite supply chain, namely five steps for NG production
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and five steps for SG production. NG starts with mining, which
has no real room for scientific innovation; instead, this process
can be improved in time with more effective equipment powered
by hydrogen or electricity. The beneficiation of NG improves the
efficiency of the spheroidization and purification processes fur-
ther down the graphite production chain. Further optimization
of this step could produce an even higher-grade feedstock for the
subsequent processing steps, meaning less energy input or che-
micals would be required. However, the biggest areas for
improvement in NG processing would be the spheroidization
process (which suffers from poor yields and high energy con-
sumption) and purification, which requires large amounts of
strong acids or high-temperature roasting. However, we have
found no reports of graphite purification methods that can
achieve >99% carbon wt% without the use of strong acids
or temperatures < 2400°C. Green graphite purification is
therefore highlighted as a key gap in the literature. The carbon
coating of NG could also be another area for innovation, with
carbon sources being derived from carbon-rich waste products,
requiring lower heating temperatures to harden or even using
processes such as flash joule heating to heat the carbon with less
energy [102]. However, little innovation in greener carbon coat-
ing has been reported in the literature, with some of the most
recent work still using petroleum-derived carbon sources that
require high heating temperatures, so this step will not be dis-
cussed further in this section [103, 104].

As mentioned before, the current methods used for producing
graphite for use in LIBs are both energy- and carbon-intensive,
so new scalable methods must be developed to meet the future
demand for LIBs. Often, the processing methods themselves do
not produce greenhouse gas emissions, but are instead costly
and energy-intensive, meaning cheaper energy is required to
make the production economically viable. Since graphite pro-
duction is currently dominated in regions where renewable
infrastructure is lacking or where coal remains subsidized and
accessible, fossil fuels are still often used to power anode-grade
graphite processing facilities [105]. To make graphite produc-
tion more sustainable, it must be more commercially viable in
economies with a more carbon-neutral energy grid or regions
that currently produce it should switch to less polluting energy
production methods [106].

In recent years, several methods have been developed and
commercialized to process graphite in a cleaner and more
sustainable way by avoiding the use of petroleum-based che-
micals and requiring lower temperatures to purify the material.
Research findings are summarized below in Table 6. The
technologies listed are made possible by engineering improve-
ments to use a minimal amount of energy to either synthesize,
purify, or process graphite for use in LIBs. With this technology
available and set for scale-up, battery-grade graphite may be
able to be produced with a considerably lower carbon footprint
in the future. Further development of the technologies shown
in Table 6 could also allow spent graphite from end-of-life LIBs
to be processed, improving its electrochemical performance for
commercial use in new LIBs and therefore building upon the
circular economy.

Conventionally, mined graphite ores are upgraded with multi-
stage froth flotation to upgrade their purity from 10%-15% to

< 85% [39]. By improving the efficiency of the beneficiation stage,
less chemicals will be required later in the NG purification pro-
cess, improving the environmental sustainability of the NG
supply chain. Ma et al. [107] proposed the use of a high-pressure
grinding roller to crush flake graphite ore and a nanobubble
flotation column to obtain a graphite grade of 94.82% and
graphite recovery of 97.89% after three flotation stages, which
were higher values than obtained with a regular 10-stage flota-
tion process. The high-pressure grinder was able to break down
the graphite ores more effectively than conventional grinding
methods, and the nanobubble flotation column could effectively
liberate fine graphite particles more effectively than a standard
flotation column. A study by Zhang et al. [108] found that the
addition of low valency cations can improve the concentration
yield of graphite from froth flotation, with the addition of 0.01 M
NaCl enhancing graphite concentration yield by 5.11%. The
addition of cations improved the adsorption of the collecting
agent (diesel) to the graphite particle surfaces, which in turn
improved the flotation efficiency of the graphite. A modified
thickening process was proposed by Peng et al. [109] in which a
vacuum filtration step was added between the first and second
flotation steps in a five-step flotation process. This increased the
solid weight content of the flotation solution after the initial
rough flotation step from 12% to 58.3%. The subsequent mixing of
the thicker solution allowed for improved grinding efficiency,
which effectively liberated interlayer impurities in the graphite
ore. This process helped to upgrade the graphite purity from
91.3% to 96% after three flotation steps. Tong et al. [110] used an
ultrasonication pretreatment step to increase graphite concen-
tration yields from 89% to 95% when using an ultrasonication
power of 100 W. However, this method would be hard to scale up
due to the high power demand and economic challenges asso-
ciated with large-scale ultrasonication.

Biber et al. successfully attempted to increase the low yield and
high energy demand of natural graphite spheroidization by
using the Alpine particle rounder (APR), a batch-wise operated
rounding machine [111]. This new machine was able to reduce
the spheroidization process energy consumption by up to 74%
compared to a conventional continuous flow setup using 20-30
classifier mills (pilot scale machine shown in Figure 8C). The
graphite material was tested in 0.9 Ah multilayer pouch cells
with NMC-622 and showed a capacity loss of 88% after 1000
cycles, showing the new process to be mature for commercial-
ization. The main disadvantage of this new method is that it
cannot operate continuously. Further development of the
machinery could be done to create a continuous spheroidization
setup while minimizing the process energy consumption; solv-
ing this problem would be a key solution toward a fully green
industrial graphite supply chain.

Abrego-Martinez et al. [65] used a different approach to im-
proving the efficiency of graphite spheroidization by re-
agglomerating the discarded graphite fines from the conven-
tional spheroidization process via spray drying with citric acid
and binders. When coated with coal tar pitch and heat-treated,
the agglomerated graphite particles showed a comparable cy-
cling performance to pristine commercial graphite. A slightly
lower coulombic efficiency was observed due to the higher
internal porosity within the re-agglomerated particles, which
was susceptible to electrolyte penetration and therefore more
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FIGURE 8 | (A) SEM image of milled natural graphite; (B) SEM image of spheroidized natural graphite from the APR machine; (C) APR 400
spheroidization machine, process energy yields, and NMC 622//spheroidized graphite pouch cell performances. (A-C) Reproduced with permission:
Copyright 2023, Elsevier [111]. (D) Process of re-agglomeration of graphite fines via spray drying; (E) Cross-section of a graphite agglomerate particle;
(F) Cross-section of a pitch-coated graphite agglomerate particle. (E, F) Reproduced with permission: Copyright 2023, Elsevier [65].

excessive SEI growth (shown in Figure 8F). This study helps to density could help to produce a more efficient graphite powder
solve the problem of poor spheroidization yields and effectively as well. Re-agglomeration of graphite fines can be seen as
treats the production scraps and upcycles them into higher another key step to be further studied and scaled up to help
value anode grade graphite. A step to increase the particle produce a green graphite supply chain. The scaling up of the
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spray drying process may be a particularly difficult challenge owing
to its relatively high cost and the need for precise control over
process parameters to maintain consistency and reproducibility.

Current SG production processes start with the grinding of
petroleum coke, mixing of the coke with coal tar pitch, followed
by extrusion into soft carbonaceous particles of a desired size.
These initial steps require simplistic equipment and require no
harsh chemicals or high-temperature heating, so they have no
need for scientific innovation. Instead, the baking and graph-
itization steps are greater areas of interest for greener proces-
sing steps, particularly for direct commercial application. Due
to thermodynamic constraints, achieving graphitization of car-
bon typically necessitates high temperatures, making it chal-
lenging to circumvent this requirement. As shown in Table 6,
commercial efforts to produce “green” SG still require heating
temperatures in the range of 1500°C-2400°C. While these still
seem high, they do mark an improvement to the conventional
graphitization furnaces that can require 3000°C for days at a
time [112]. Furthermore, waste-derived carbon feedstocks have
been proposed to replace petroleum coke as a starting material,
promoting the idea of a circular economy. This is discussed in
the following section of this review.

3.2 | Waste-Derived Synthetic Graphite
Precursors

Many processes are also being developed to produce graphite
from carbon-rich waste materials, such as plastic and biomass,
with low energy costs [113-115]. Similar to LIB recycling, this
process utilizes the concepts of waste-to-product and upcycling,
which are both valuable to the environment and the circular
economy. While these processes cannot yet produce high-
performing graphite in the same quantities as currently man-
ufactured SG, they show great progress in the manufacturing of
green graphite and help to build on the idea of upcycling waste
materials into high-value products. More research into scal-
ability could easily make these technologies into a commercial
reality. Table 7 shows a list of different waste products that have
been successfully converted into graphite and tested in Li-ion
cells.

Similar to graphite recycling, the graphitic powders formed
from waste material precursors tend to suffer from either a poor
ICE or low gravimetric capacity. The main trends in the tested
materials from Table 7, in Li half cells, were a high initial
discharge capacity (> 372mAh g™") followed by a significantly
lower charge capacity. This high initial capacity is indicative of
excessive side reactions on the electrode surface, which could
be caused by either a high active surface area or a more
amorphous carbon structure with a significant amount of sp®
hybridized carbons or a combination of both [123]. Banek et al.
[122] reported a “spheroidal” graphite derived from sawdust
and algae char via a 200 W laser with a Fe catalyst. In half cells,
an impressive ICE was observed (92.3%), but the cells were
produced with an extremely low mass loading (< 0.5 mg cm™2),
likely due to the need to physically drill and skewer each par-
ticle for laser irradiation, hindering scalable production. Larger-
scale cells would need to be tested to see if a high ICE and
capacity retention can be achieved with more energy-dense

cells. It is likely that the cells would not perform well at this
scale due to the low volumetric density owing to the large pores
and surface area that were observed after the biomass materials
had been charred. It seems that complete graphitization of
carbon-based precursors can only be achieved if the original
compound structure is ordered, compact, and carbon-rich
(ideally >90%), which is only the case with soft carbon and
petroleum coke [124]. If a high-purity sp® graphite can be cre-
ated, spheroidization would be the next step to improve the ICE
and overall capacity of these materials in LIBs.

Other materials have also been used as precursors for SG pro-
duction, although the purpose was not to create the graphite for
use in LIBs. Ko et al. [115] prepared SG from polyethylene-
terephthalate (PET) waste via pyrolysis and catalytic graph-
itization. This was done by initially carbonizing the plastic at
900°C in an inert atmosphere, followed by the use of an
amorphous boron powder to graphitize the amorphous carbon
in a furnace at 2400°C under a helium atmosphere. The degree
of graphitization of the PET-based graphite was 80.6%, with a
natural graphite sample having 89.5% and a synthetic graphite
sample showing 68.9% [115]. This study holds significant
promise due to the vast amounts of plastic disposed of
every day, with existing processes being able to separate the
plastics by type, giving a reliable feedstock material. Future
research should test the anode performance of graphite derived
from plastics.

3.3 | Graphite Recycling

The most economically and environmentally beneficial goal for
graphite manufacturing would be to recycle it from spent LIBs,
having the benefits of both reducing the amount of battery
waste going to landfill or incineration, while minimizing the
need to produce more battery-grade graphite. There are cur-
rently two schools of thought when it comes to the preliminary
steps of battery recycling. Namely, direct recycling or shredding
of battery materials. In direct recycling, cells are disassembled
into their respective components to be individually processed,
which represents a huge challenge when attempting to scale up
the recycling process. While highly pure materials can be re-
covered with this method, the most promising way to safely and
economically disassemble battery packs at scale would be to use
robotic arms to disassemble the disregarded packs, which rep-
resents a significant challenge when different pack manufac-
turers and packs from crashed vehicles are considered [125].
Ideally, recycling methods will be developed that can recover all
components from shredded waste LIBs (commonly termed
“black mass”). The main challenges associated with recycling
graphite from LIBs are: (1) Isolating the graphite from the other
cathode materials and metal foils in black mass (shredding
method only); (2) Removing residual binders (carboxymethyl
cellulose, styrene butadiene rubber, and polyvinylidene fluo-
ride), SEI components and excess lithium that form on the
graphite anode from cycling; (3) Repairing/mitigating cracks in
graphite particles and most importantly; (4) Performing all of
the previously stated points in a cost effective and en-
vironmentally friendly way [62, 126]. In particular, removing
the binders from black mass/recovered graphite is typically the
greatest challenge, as the binders are designed to agglomerate
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particles together, meaning different particles and current col-
lector scraps can be difficult to separate if binders are still
present in the black mass/recovered graphite. To effectively
remove these, Figure 9 schematically summarizes a number of
the proposed strategies to recycle graphite from LIBs.

There have been many attempts to recycle graphite recovered
from direct recycling in recent years that involve using physical,
pyrometallurgical, and hydrometallurgical methods [62,
127-130]. While many of these techniques have been successful
at recovering graphite at a purity of up to 99.8%, none of them
have proven to be cheaper or more scalable than virgin graphite
production [62]. Table 8 shows some of the most recent tech-
niques used to recycle and purify graphite that has been
mechanically extracted from used LIBs.

An analysis of the results in Table 8 shows that high graphite
purity can be obtained by both hydrometallurgical and pyro-
metallurgical recycling methods. A common issue with many
recycling methods is the poor ICE of the recycled product, even
when high carbon purity is achieved. This implies that many of
the recycled graphite products may have had poor crystallinity,
with a lower sp*sp® carbon ratio than pristine graphite. The
graphite particles would have also undergone physical distor-
tion from being cycled, creating tears within the particles [126].
Work by Dai et al. [152] showed that graphite particles ex-
panded by 30% after 800 cycles at 1C, with the main cause
being void formation within graphite particles, giving more area
for unnecessary SEI formation and parasitic side reactions. All
of these factors would contribute to a low ICE [151]. It is clear
that extra steps must be taken to repair the voids formed in the
graphite particles for effective recycling. The most obvious
solution to this would be to replicate the final steps of synthetic
graphite production, where coal tar pitch is added to fill in the
voids and then heated to ~3000°C to graphitize. While this
would effectively repair the graphite, it would also come at a
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Flowchart showing the current most popular trends in Li-ion battery and graphite recycling.

significant energy cost. Recent work by Chen et al. [153]
repaired spent graphite by mixing it with pitch, from petroleum
refining, in a CS, solution, followed by annealing at 900°C to
produce a soft carbon layer. Only Li half cells were tested, and
the coated graphite showed an ICE of ~83%. A similar experi-
ment was performed by Yi et al. [154] using sucrose as the
carbon source for coating, followed by sintering at 800°C. An
ICE of 87% was achieved with 10wt.% sucrose, and only half
cells were tested again. Compared to the results that did not
attempt an extra carbon coating step, current attempts have not
been successful at improving the ICE. This is likely due to the
sintering temperature not being high enough to graphitize the
carbon coating, but instead creating a soft carbon layer, which
improves electrode conductivity for faster c-rate charging but
develops a thicker SEI layer. Both papers included a significant
section on the cost analysis of the recycling processes, meaning
that if a considerably higher sintering temperature were used,
the process would become far more expensive and less eco-
nomically viable.

Another key factor to be considered from the literature from
Table 8 is the distinct lack of results using recycled graphite in
full cells with a cathode. This cell setup limits the supply of Li
ions in the cell, making poor coulombic efficiency a far more
detrimental factor in the test. When Li metal half cells are only
tested, there is a near infinite supply of Li ions in the system,
meaning that Li lost in the SEI or through other side reactions
can be replaced with more Li from the counter electrode. Li half
cells also suffer from a poor cycle life and poor rate capability
due to the significantly larger charge transfer resistance of Li
metal, which dominates the cell polarization and leads to Li
plating at moderate C-rates [155]. Li half cells can be improved
with the addition of fluoroethylene carbonate (FEC) to the
electrolyte (~15%) to provide an earlier onset of anode passi-
vation and promote the build-up of LiF on the inner layer of the
SEI [156, 157]. This Li rich inner layer allows for faster Li
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(Continued)

TABLE 8

Graphite

References

Performance characteristics
ICE (92.1%), 135 mAh g~* at 1 C for 100 cycles

purity
99.98%
99.96%

Classification

Recycling technique

[146]
[147]

Hydrometallurgical

Roasting with NH4F at 200°C + leaching in H,O

ICE (94.0%), 343.5mAh g™" at 0.1 C for 100

Hydro/Pyrometallurgical

Leaching in 2 M H,SO, at 95°C + heating at 900°C under Ar

cycles (95.7% capacity retention)
ICE (79.4%), 333 mAh g™" at C/3 for 100

[148]

98.1%

Hydro/Pyrometallurgical

Heating at 600°C + leaching in 2M H,SO, + mixing with

cycles

Co(NOs3), in alcohol (catalytic graphitization) + heating at 900°C

under N,

[149]

ICE (84.0%), 372.9mAh g™* at 100 mA g™* for

Hydro/Pyrometallurgical

Calcination at 550°C + leaching in 1M H,SO, + microwave

irradiation at 800 W for 15s

100 cycles (96% capacity retention)
ICE (83.4%), 3541 mAhg™! at 0.1 C for 60

+ physical processing

[150]

Leaching in conc. H,SO,4 + roasting at 200°C + leaching in 2M  Hydro/Pyrometallurgical

H,SO, at 90°C + microwave calcination to 800°C

cycles (98.3% capacity retention)

ICE (77.0%), 392mAh g~ at 0.3 A g™ for 500

+ physical processing

[151]

98.8%

Hydrometallurgical

Washing in DEC + Washing in H,O + plasma assisted

electrolysis in 5% H,0,

cycles

transport and produces a lower impedance and extended cycle
life in Li half cells. Proving that the recycled graphite materials
can work in a full cell setup in both coin and pouch cell formats
would greatly help to prove the commercial feasibility of
graphite recycling.

Common themes among the graphite recycling methodologies
in Table 8 are the use of acid leaching and high temperature
heating/calcination; in fact, the techniques that combined both
of these methods produced the best performing recycled
graphite materials. This mimics part of the manufacturing
process of natural graphite, thereby potentially producing
graphite with a similar purity. Future recycling processes could
incorporate spheroidization and carbon coating steps to further
improve the performance of the final products. Whilst there has
been work on improving the efficiency of spheroidization steps
on virgin graphite deposits for use in LIBs, the authors of this
paper have not been able to find any graphite recycling tech-
niques that incorporate spheroidization [111]. This area should
be highlighted for future research efforts, but it is difficult to
produce due to the expensive industrial equipment required.

Rey et al. [130] performed an LCA of nine different graphite
recycling techniques from various papers and found the
technique with the least global warming potential (GWP) to
be pyrolysis and flotation, while Fenton and flotation had the
highest GWP (shown in Figure 10). The main steps con-
tributing to global warming were the use and disposal of acids
and energy consumption from high-temperature heating. The
method of Fenton and flotation consumed large quantities of
energy from the high shear mixing required in the process and
provided a poor yield of graphite, which explains its abnor-
mally high GWP value. It would be ideal for future recycling
methods to minimize the use of strong acids and high-
temperature heat treatment while still producing a high-
purity and crystalline graphite product. The use of catalysts
may be necessary to achieve this, to reduce the high heating
temperatures traditionally required to produce high-purity
graphite.

3.4 | Green Graphene in the Next Generation of
Li-Ion Batteries

Many patents have been submitted relating to graphene in
LIBs owing to the promise of its exceptional conductivity and
mechanical strength [24]. These technologies are only now
starting to become a commercial reality after years of ex-
tensive research and performance optimization. The next step
in the process of implementing graphene into LIBs should be
implementing green graphene into LIBs. Differing production
methods will inevitably create graphene with slightly different
properties to graphene produced via the conventional meth-
ods discussed in Section 2. A review by Munuera et al. in 2022
concluded there were no suitable techniques to produce high-
quality graphite from waste materials due to the large
amounts of defects, oxidation, and impurities in the final
products [158]. Table 9 summarizes recent efforts to produce
green graphene without the use of conventional acids or
strong reducing agents. Molten LiCl salt was used by Giiriinlii
et al. [160] and Kamali [163] to intercalate between the layers
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(A) Bar chart showing global warming potential of different experimental graphite recycling techniques; (B) Relative CO, con-

tribution of electricity, chemicals, and water used for each graphite recycling process from A; (C) Relative CO, contribution from each step during
graphite recycling from A. (A-C) Reproduced under the terms of the CC-BY license (https://creativecommons.org/licenses/by/4.0/): Copyright 2021,

The Authors, published by the American Chemical Society [130].

of commercial graphite electrodes and disperse graphene
sheets into the ionic liquid solution. This method is capable of
generating highly pure and conductive single-layer graphene
while only consuming water-soluble LiCl and KCIl. From a
chemical consumption point of view, this is a strong example
of how high-quality graphene can be produced without the
need for harsh chemicals. Kamali also tested the graphene
produced as a conductive/mechanical support for SnO, na-
nocrystals to produce a high-capacity anode material. Chen
et al. [161] found that ultrasonication of graphite from spent
LIBs has an exfoliation efficiency three to 11 times higher
than standard graphite powder due to the layer expansion
from the repeated (de)intercalation of Li ions in the battery's
life. This also shows how spent graphite can be used to create
high-value products for use in other applications. Lin et al.
produced few-layer graphene (FLG) by using jet cavitation to
exfoliate graphite, using significantly less energy than meth-
ods like ultrasonication. The FLG produced was also tested in
Li half cells and outperformed graphite at high C-rates (5C
and 10 C); however, the FLG did exhibit a lower ICE than
graphite, limiting its usage in full cells.

The examples shown in Table 9 may also show potential in
other applications for LIBs. Graphene holds great promise in
LIBs primarily because it serves as a superior conductive
additive. Its enhanced conductivity compared to traditional
carbon black opens up new opportunities for materials with
previously overlooked potential as electrode materials due to
their limited conductivity, granting them a fresh opportunity to
become active electrode materials. Figure 11 shows a small
selection of new electrode materials that have been made viable
in LIBs by graphene.

Another key limitation of many electroactive materials is the
considerable volume expansion that occurs after Li-ion inter-
calation. A high gravimetric capacity often comes with a high-
volume expansion due to the increased number of Li-ions in the
material at full capacity. Si undergoes an expansion of up to
300% when fully lithiated, and sulfur expands by up to 80%
[167, 168]. This increased expansion leads to both safety issues
within a battery and significant capacity degradation upon
initial cycles of the cell due to damage and reforming of the SEI.
Small quantities of graphene can be used to cushion volume
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FIGURE 11 |

Schematic diagrams of graphene enabling the application of new electrode materials in LIBs. (A) Lithium storage mechanism of

NiFe,0,4/graphene composite. Reproduced with permission: Copyright 2022, Elsevier [164]. (B) Mechanism of Si nanoparticle/citric acid/graphene
oxide composite electrode during lithiation/delithiation. Reproduced with permission: Copyright 2020, Elsevier [165]. (C) Structural evolution of
multicomponent Mn-based composites. Reproduced with permission: Copyright 2017, Royal Society of Chemistry [166].

expansion of these materials by creating a stable and highly
porous electrode microstructure that can facilitate significant
volume expansion [32]. Chen et al. [169] successfully produced
a mesoporous 3D graphene structure with Si nanoparticles de-
posited on it, in an effort to reduce the pulverization of the
Si active material, and achieved a capacity of 1200 mAhg™".
Papandrea et al. [170] used a similar 3D graphene structure
to mechanically and electro-conductively support a Li-sulfur
cathode to achieve a gravimetric capacity of 969 mAhg™,
a higher gravimetric cathode capacity than any previously re-
ported sulfur cathode.

Due to the high commercial relevance of both graphene and
LIBs, some of the most promising graphene/LIB efforts have
been commercialized by both start-up companies and estab-
lished technology companies, such as Samsung and Huaweii
[171, 172]. Table 10 lists existing companies that have com-
mercialized or are in the process of commercializing graphene
into LIB technologies. Samsung, Lyten, and Levidian all claim
to produce their graphene via CVD of methane onto a metal
substrate. This allows the companies to claim that they are
using greenhouse gases as a feedstock to produce both graphene
for more highly performing batteries and H, gas for use as a
green fuel. However, the energy input for CVD is significantly
high, necessitating the use of green energy sources to ensure the
process is fully sustainable.

4 | Remaining Challenges
4.1 | Integration With Existing Manufacturing
Processes

As of 2022, the annual demand for battery-grade graphite was
approximately 130-210k tonnes, with the demand expected to
be more than three times higher by 2030 [176]. Due to current
industrial methods being well established and primarily based
in China, substantial investment is required elsewhere in
the world to diversify the supply chain and keep up with the

projected demand. Setting up new production facilities for both
SG and NG will be a time-consuming and capital-heavy task,
while turning a profit may be even harder with energy prices
being considerably more expensive in Western countries com-
pared to China [177]. For a population to adopt electric vehi-
cles, the cost of the materials that go into the batteries needs to
be kept as low as possible so that consumers can afford
to buy them.

In the previous section of this paper, multiple technologies and
processes that have been developed and utilized by separate
research groups and companies have been discussed. Combin-
ing these various innovations together would massively help to
produce a healthy supply chain for green graphite production.
Ideally, NG would be sourced from flake graphite deposits in
countries such as Turkey, Mozambique, and Canada, with the
following processing steps being used as close to the graphite
mines as possible to minimize transport costs and emissions.
Next, beneficiation via froth flotation should be used to crudely
remove impurities, followed by the GraphPure™ purification
process utilized by Green Graphite Technologies to reach a
purity of 99.95%. The spheroidization process proposed by Biber
et al. [111] could then be used to spheroidize the graphite
particles with a far higher yield and lower energy input than
current spheroidization methods. The waste graphite fines from
this step could be converted into suitable graphite particles with
the re-agglomeration method proposed by Abrego-Martinez
et al. [65] to further increase yields. Finally, the carbon coating
step can be done on the final graphite particles to produce a
green NG product ready to be utilized in LIBs for energy stor-
age. This proposed method is idealistic, however, since the
various companies associated with these different technologies
are from different parts of the globe, with many of the processes
still being in their pilot phase. Opening new open-pit mines
is also a lengthy process with environmental and regulatory
approvals required, as well as local infrastructure developments
and sufficient financial investment [50]. It is also important to
note that the battery-grade graphite supply from China should
not slow down, but instead aim for lower GWP and energy
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TABLE 10 | Summary of companies claiming to use graphene to improve the performance of LIBs.
Company Technology Key metrics Comments
Nanotech Graphene enhanced Flame-resistant, “ultra-fast” charging Graphene produced from reduced
energy cathode + anode graphene oxide
Granode Graphene cages 28% higher energy density, 85% lower —
containing Si carbon footprint
nanoparticles
Samsung Graphene balls, 716 mAh g as anode active material, Synthesized via chemical vapor
graphene-silica 78.6% capacity retention after 500 cycles deposition of CH, onto SiO,
assembly at 5C and 60°C as cathode conductive nanoparticles
additive [171]
Huawei Graphene-grafted Capable of cycling at 60°C, full charge at Originally released in 2016, still
polymer conductive 3 C (3 Ah battery), and double lifetime used in current Huawei phones
additives for electrode (compared to the previous model) [172]
plates
Lyten Sulfur cathode with 3D Mitigation of polysulfide shuttle effect, Graphene produced from
graphene composite 1640 Wh kg™ cathoder higher charge/discharge greenhouse gases, all cylindrical
rates enabled, uses Li metal composite cell parts sourced from the USA,
anode [173] Norway, and India. C2G emissions
25kg CO, eq kWh™!
Appear Inc. Flexible graphene- Full charge at 3C —

based LIBs for portable
devices

Targray Group Graphene anode

powder

55% graphene by area, 0.06-5 pwm particle
size, offered in suspension or
powdered form

Produced via a scalable method
from ultra-pure graphite
(99.995%) without the use of acids

Levidian Graphene supplier,
used as a conductive
additive in anodes
Graphenano Graphene fiber ink
Energy current collectors

or oxidants

— Graphene produced from the
splitting of CH, [174]

Improved energy density, cell potential —
can be increased by 0.5V due to the

avoidance of high localized
conductivity [175]

consumption values to maintain the essential supplies that LIB
manufacturers rely on across the world.

Alternatively, spent graphite from waste LIBs could be used as
feedstock materials. However, isolating the graphite from the
spent LIBs at an industrial scale poses significant challenges.
The most promising method to do this is via froth flotation (FF)
of LIB black mass to take advantage of the difference in
hydrophobicity between graphite and cathode materials. FF is a
well-established and widely utilized technique within the
mining industry. Consequently, significant research has already
been conducted to scale up and optimize the process, ensuring
its efficiency and applicability on an industrial scale. Much
research on the use of FF to liberate graphite from black mass
has been done by Vanderbruggen et al. [178-181], where it has
been found that adding an attrition pretreatment step can break
agglomerates and increase the particle surface areas available to
the FF treatment, increasing the flotation efficiency of graphite
to 85% (shown in Figure 12). Furthermore, work by Olutogun
et al. [29] used graphite recovered from this process and then
purified it via mixing with caustic soda and heating to 500°C,

followed by mixing with dilute sulfuric acid and washing with
water to produce a final carbon purity of 99.2%. The recovered
graphite was found to have a remarkably similar structure to
pristine graphite and demonstrated a reversible capacity of
>350mAhg™" in half cells and an ICE of 86.6% in full cells
with an NMCs;, cathode. To the best of our knowledge, this is
the only current example in the literature of graphite recovered
from black mass being successfully cycled in a full cell format.

The work from Olutogun et al. [29] is a promising example of a
true full-cycle reuse of graphite in LIBs and holds great hope for
future work. Future work could include the testing of these
materials in the more industrially relevant pouch cell format to
fully prove the commercial feasibility of the process. Additional
work could also be done to test different pretreatment methods
on black mass before froth flotation, as this seems to be a key
area for improvement to enhance the flotation efficiency of
recovered graphite. Many of the methods proposed in Table 8
could be directly applied to black mass before FF treatment,
since they attempt to remove the binders from the graphite,
which would help to liberate graphite, cathode, and current
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Schematic illustration of (A) the froth flotation process used to recycle graphite from black mass. Reproduced with permission:

Copyright 2022, Elsevier [179]. (B) Closed loop cycle proposed for recycling graphite using froth flotation as a key step to separate graphite from black
mass. Reproduced under the terms of the CC-BY license (https://creativecommons.org/licenses/by/4.0/): Copyright 2024, The Authors, published by

John Wiley and Sons [29].

collector particles from each other, allowing for more efficient
separation. The pretreatment steps of vacuum pyrolysis, com-
minution, classification, and attrition proposed by Olutogun
et al. [29] are clearly strong methods, but more energy-efficient
and higher-yielding methods could also be explored.

4.2 | Graphite Disposal Methods

When compared to the other components of LIBs, graphite
presents a relatively low ecological risk due to its relative
inertness and low reactivity. Due to the toxic chemistry and
high value of many of the components in LIBs, they must be

disposed of in a safe and effective manner to avoid these
components ending up in landfill sites and leaking into
nearby ecosystems [182]. Currently used recycling tech-
niques that aim to recover cathode materials and current
collectors of LIBs can be divided into pyrometallurgical,
hydrometallurgical, and physical processes [31, 127]. Pyro-
metallurgy involves heating the waste components of LIBs to
“burn off” the lighter and less valuable materials, such as the
separator, polymer binders, and carbon-based components;
this is an effective technique for targeting the extraction of
the critical metals in the battery, but when done in the
presence of oxygen the graphite in the battery will combust
according to equations (1) and (2).
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Ce + 603 = 6COx) @

Ce + 30, — 6CO(g) 2)

Assuming complete combustion of the graphite in this process,
1 tonne of graphite burnt will produce 3.67 tonnes CO, eq with
a plentiful supply of oxygen. The energy from this process could
be used to effectively downcycle the waste graphite material
into usable energy, but the wasted graphite would still produce
significant greenhouse emissions as well as other chemical
pollutants from the SEI, so it would not be feasible. On a larger
scale, this process would contribute a significant amount to-
ward greenhouse gas emissions, partially mitigating the en-
vironmental benefits of LIBs. Methods to recycle the graphite
from LIBs have already been discussed to prevent its incinera-
tion or burial.

Spent graphite from LIBs has also proven to be an effective
feedstock material for graphene exfoliation, owing to the
reduction of the interlamination force from repeated Li-ion
(de-)intercalation [183]. Table 11 shows a summary of different
methods used to produce graphene from spent graphite. Zhang
et al. [186] found that H,SO, and KMnO, consumption were
40% and 28.6% lower when using the simplified Hummers
method to produce graphene oxide from spent graphite com-
pared to pristine graphite. This helps to further highlight the
commercial value of graphite from spent LIBs. However, most
of the processes discussed in Table 11 lack the scalability of
industrial graphite production due to the fact that graphite had
to be manually extracted from the spent LIBs as opposed to
being extracted from black mass (only done by Xie et al. [189]),
which can be rapidly produced from all LIB formats. Ideally,
greener processes such as froth flotation could be used to sep-
arate the graphite from black mass components instead of acid
leaching, used by Xie et al. [180, 189]. Nevertheless, using black
mass as a feedstock material holds the most value for scalable
green graphene production. Converting the recovered graphite
into high-value graphene at scale would solve the problems of
waste graphite disposal, the need to purchase pristine graphite,
and reduce chemical/energy costs. This all feeds into the con-
cept of upcycling the waste graphite into a higher value mate-
rial, resulting in a far higher economic benefit, with the
resultant graphene possibly being used to improve the per-
formance of future LIBs [190].

4.3 | Graphene Recycling and Disposal

With the most promising uses of graphene in LIBs being as ad-
ditives and its chemical similarity to graphite, it is unlikely that
graphene will be able to be effectively recovered from waste LIBs.
Given that it is classed as a high aspect ratio nanomaterial
(HARN), there may be challenges in the safe disposal of the
material from waste LIBs, although there are other chemicals in
conventional LIBs that represent a significantly higher hazard to
the environment, such as electrolyte solvents or Ni-rich layered
oxides [191]. The most likely scenario for graphene disposal from
LIBs will be the same as carbon black, incineration during
pyrolytic recycling steps. Due to the weight of graphene in future
LIB packs likely being < 1%, there would be little financial or

environmental advantage of attempting to recover the material,
with recycling processes likely outweighing the economic and
environmental cost of burning off the waste graphene and syn-
thesizing new material. If LIB recycling processes avoid high-
temperature pyrolysis, then perhaps the graphene could remain
with the electrode materials during recycling so that when the
materials are remanufactured into electrodes, they will come
premixed with graphene as an additive.

4.4 | Cost and Economic Viability

Without government intervention, producing greener graphite and
graphene for the LIB supply chain needs to be either cheaper or
identical in price to current manufacturing processes. Battery-grade
graphite costs approximately $8000-$13,000 per tonne, meaning
newer recycling/processing/production processes should aim to
match or undercut this mark to make the products economically
viable [192]. A review by Liu et al. [193] concluded that graphite
recycling was not commercially feasible yet since there was no
existing method that was able to balance the relationship between
pollution and cost. Reducing or eliminating the use of strong acids
and reducing the complexity of existing processes were highlighted
as the key to commercial graphite recycling success. As discussed
earlier, both spheroidization and carbon coating need to be done to
recycled graphite powders to improve upon or match the per-
formance of pristine commercial graphite [46, 53]. Other green
processing techniques that can be applied to virgin graphite ma-
terials show a more rapid pathway to commercial success, such as
the more efficient spheroidization step shown by Biber et al. [111]
or the HF-free purification method developed by EcoGraf. Fur-
thermore, a more simplistic way to reduce the GWP of virgin
graphite is to employ similar mining and processing methods in
areas that rely on a more renewable energy supply, such as what is
being done by Nouveau Monde Graphite Inc. in Canada, which
boasted a GWP of 1.23kg CO, eq, 11 times lower than a similar
review of graphite from China [194]. The production processes for
the products are largely the same, but run off separate energy grids.

5 | Conclusions and Perspectives

This review has systematically examined the key environmental
challenges facing the global supply chains for battery-grade
graphite and graphene and explored potential innovative solu-
tions emerging from both academic and industrial research. As
lithium-ion batteries (LIBs) play an increasingly central role in
achieving net-zero goals, the projected exponential growth in
demand for high-quality graphite and graphene necessitates
urgent attention to their production sustainability by minimiz-
ing carbon footprint. Although current production processes
contribute modestly to global CO, emissions, anticipated scale-
up scenarios underscore the importance of pre-emptively
addressing their environmental impact. In response, numer-
ous startups and research groups have proposed solutions
aimed at improving the sustainability and efficiency of the
graphite and graphene supply chains. These include using
renewable energy-powered mining equipment and improving
graphite processing methods to increase yields while reducing
energy consumption.
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The structural relationship between graphite and graphene pres-
ents unique opportunities for circular economy approaches. Spe-
cifically, spent graphite from LIBs is emerging as a more useful
precursor for producing graphene compared to virgin graphite.
Both materials can also be sourced from waste, further diversifying
the supply of these materials and helping to balance production.
The prospects for “green” graphite are promising, with several
companies already scaling up production in this area. While re-
cycled graphite is still in the early stages of commercialization, it
holds significant potential for integration into current production
methods for battery-grade graphite. Political factors have also
played a role in driving the creation of closed-loop supply chains
for critical materials, especially in Europe and the United States.
Although green graphene production is a growing field, it is less
critical for LIBs than graphite, due to the smaller quantities needed.
Nevertheless, it continues to show promise for improving battery
performance and is supported by ongoing academic research.

The transition to green graphite and graphene production faces
three critical challenges that must be addressed to enable sus-
tainable lithium-ion battery (LIB) manufacturing:

1. Process optimization -

Both graphite spheroidization (critical for anode materi-
als) and top-down graphene synthesis suffer from sub-
optimal yields. Enhancing process efficiency is essential to
reduce waste and improve economic viability.

2. Eco-friendly production at scale —

Current industrial production relies heavily on en-
vironmentally damaging methods, including high-
temperature pyrolysis and hydrofluoric acid (HF) treat-
ment. Developing scalable alternatives that maintain
material quality while eliminating these hazardous pro-
cesses remains a key obstacle.

3. Circular economy integration —

While recycled graphite shows promise as a raw material
for battery-grade graphite and graphene, establishing
reliable, large-scale supply chains remains challenging.
Wider adoption requires both technological advances and
market incentives.

Addressing these challenges would significantly enhance the
environmental sustainability of lithium-ion battery (LIB) man-
ufacturing, contributing to global net-zero emissions targets.
Their resolution requires a multidisciplinary approach com-
bining: (1) Technological innovation: advancements in materi-
als engineering and process design; (2) Economic incentives:
investment mechanisms to support industrial scaling; (3) Policy
frameworks: regulatory measures (e.g., recycled content man-
dates) to accelerate industry adoption. For instance, requiring
recycled graphite in electric vehicle batteries would create
immediate market demand, driving innovation in recycling
technologies and making closed-loop graphite production
commercially feasible. The integration of technological, eco-
nomic, and policy solutions presents a robust framework for
achieving environmentally responsible scale-up of these critical
battery materials. These advancements will be critical for es-
tablishing truly circular and sustainable supply chains to

support the growing global battery industry while meeting cli-
mate objectives.
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