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Abstract

The rapid expansion of lithium-ion battery (LIB) use in electric vehicles and large-scale
energy storage systems has intensified the need for sustainable end-of-life management.
While most research and industrial efforts have focused on recovering valuable metals,
graphite anodes, despite constituting a significant portion of battery mass, remain rela-
tively overlooked. This review evaluates current progress in graphite anode recycling,
emphasizing technical challenges, scalability, and economic and geopolitical considerations.
Conventional recycling methods, including hydrometallurgical, pyrometallurgical, and
direct recycling processes, offer viable routes for material recovery but are often constrained
by high energy demands, chemical consumption, and degradation of graphite quality. Re-
generated graphite exhibits competitive electrochemical performance, with initial Coulom-
bic efficiencies above 90% and reversible capacities comparable to those of commercial
materials. In addition, strategies such as surface modification and defect engineering have
proven effective in restoring structural integrity and enhancing cycling stability. Despite
these advances, major challenges persist in achieving cost-effective, large-scale implemen-
tation and consistent material quality suitable for reuse in battery manufacturing. Given
increasing supply risks and rapidly rising global demand for graphite, advancing sus-
tainable recycling technologies has become essential. This review emphasizes the need
for integrated technological innovation and supportive policy frameworks to enable the
development of a circular economy for graphite.

Keywords: anode graphite; sustainability; recycling technologies; economic implications;
geopolitics; technical challenges

1. Introduction

The clean energy transition requires urgent climate action, relying on critical min-
erals for renewable technologies and electric vehicles, while the COP28 push to move
away from fossil fuels has accelerated transportation electrification and increased de-
mand for lithium-ion batteries [1-4]. By 2030, global Li-ion battery capacity, as forecast
by numerous Institutions, will range from 2200 to 6000 GWh across various scenarios [5].
Graphite is widely recognized as a strategic resource essential for advancing 21st-century
high-technology applications because it combines several exceptional material properties:
unparalleled electrical conductivity, outstanding thermal conductivity, excellent lubricity,
strong resistance to high temperatures and thermal shock, notable chemical stability, and
useful plasticity [6]. Graphite (Gr) is the most common naturally occurring polymorph
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of crystalline carbon, typically found as black crystal flakes or masses, and its inherent
properties make it suitable for a wide range of applications depending on its form [7].
Graphite constitutes approximately 10-20 wt.% of lithium-ion batteries, which is several
times the lithium content, underscoring its critical role in battery material recovery [8].
Recycling anode scraps offers valuable benefits: graphite can be recovered in battery-grade
quality without additional energy-intensive purification, supporting the domestic supply
chain, while recovering copper current collectors is economically viable and reduces SOy
and greenhouse gas emissions that would otherwise arise from copper production from
ores. Spent graphite (5G) anodes contain not only significant amounts of valuable ma-
terials such as graphite and lithium but also hazardous contaminants, including organic
compounds [5,9,10]. Recycling spent lithium-ion batteries (LIBs) is essential because im-
proper disposal poses serious safety and environmental hazards. Urban mining provides
a sustainable solution by treating urban waste as a renewable resource, closing material
lifecycles through reuse and recycling. This approach reduces the high economic and envi-
ronmental burdens of traditional mining while improving resource security by supplying
critical materials from local sources. As an anthropogenic mineral recovery strategy, urban
mining therefore offers a long-term, sustainable pathway to ensure continued resource
availability [11].

In addition to its environmental and economic benefits, graphite recycling has im-
portant geopolitical implications related to critical-material security and supply-chain
resilience, which are discussed in Section 1.1. Graphite is produced in many countries
worldwide, with China holding the largest reserves, primarily flake graphite (85%) and
some amorphous graphite (15%). Within China, 47% of flake graphite is located in Hei-
longjiang and 19% in Inner Mongolia. Brazil, Mozambique, and Madagascar follow China
in reserve size. At the same time, African countries such as Madagascar, Mozambique, and
Tanzania also hold significant flake graphite reserves, with production in these regions
expected to rise due to growing global demand. In 2023, global graphite mine produc-
tion reached 1.6 million tonnes, a 23% increase over 2022, with China accounting for 77%
of total production [12,13]. Figure 1 illustrates the geographical distribution of global
natural graphite reserves, highlighting their concentration in China, Brazil, Madagascar,
Mozambique, and Tanzania. According to the U.S. Geological Survey (USGS) Mineral
Commodity Summaries 2026, global natural graphite reserves are estimated at approxi-
mately 310 million tonnes, while identified graphite resources exceed 800 million tonnes
worldwide [14]. As graphite becomes more important as a key battery material, developing
efficient recycling technologies is essential for resource sustainability, lowering environ-
mental impacts, and supporting circular battery supply chains. This review examines
the technical challenges of recycling graphite anodes from used lithium-ion batteries and
explores the economic and geopolitical factors that will shape future recycling methods.

1.1. Global Graphite-Supply-Chain Concentration

The geopolitical landscape surrounding graphite has become a major driver of in-
vestment in battery recycling and circular supply chains. China currently dominates
global graphite processing and anode-material production, creating significant supply-
chain vulnerabilities for battery manufacturers outside the country. In October 2023, China
announced export permit requirements for several graphite products, including high-
purity synthetic graphite and key natural graphite materials used in lithium-ion battery
anodes, citing national security concerns [15]. Given that China refines more than 90%
of the graphite used in EV battery anodes, these restrictions raised concerns regarding
supply security and accelerated efforts to diversify supply sources in North America and
Europe. The resulting uncertainty has strengthened the strategic importance of graphite

https://doi.org/10.3390/batteries12070259


https://doi.org/10.3390/batteries12070259

Batteries 2026, 12, 259

30f32

recycling as a means of reducing dependence on primary graphite imports while improving

supply-chain resilience [16,17].
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Figure 1. Distribution of global natural graphite reserves by country (million tonnes, Mt) according
to the U.S. Geological Survey (USGS) Mineral Commodity Summaries 2026 (Version 1.3, May 2026).
Percentages were calculated based on the reported global reserve total of 310 Mt. Reproduced from
the reference [14].

1.2. Policy and Regulatory Drivers

At the same time, regulatory developments in major battery markets are reshaping
the economics of recycled battery materials. The European Union Battery Regulation (EU)
2023/1542 introduces mandatory sustainability requirements, including battery passports,
carbon-footprint declarations, due-diligence obligations, recycling efficiency targets, ma-
terial recovery requirements, and minimum-recycled-content provisions for industrial
and electric-vehicle batteries [16]. The EU regulatory framework promotes recycling and
circularity. The EU Critical Raw Materials (CRM) Act aims to strengthen all stages of the
strategic raw-material value chain and specifically encourages recycling and circularity.
The regulation establishes a target for at least 15% of strategic raw-material demand to
be met through recycling by 2030. The regulation sets recycling efficiency and material
recovery targets for key battery materials, including lithium, cobalt, nickel, copper, and
lead. This increases demand for secondary raw materials and encourages investment in
recycling infrastructure [18]. These policy measures are anticipated to increase demand for
secondary raw materials and stimulate investment in battery recycling infrastructure. Simi-
larly, the United States Inflation Reduction Act (IRA) links electric-vehicle tax incentives
to critical-mineral sourcing, favoring materials and components sourced domestically or
from free-trade partners. The IRA also promotes domestic extraction, processing, recycling,
and advanced resource-recovery technologies to reduce reliance on foreign supply chains
and strengthen critical-mineral security. Together, these policies are driving investment in
circular battery supply chains and highlighting the strategic role of graphite recycling in
improving resource security, regulatory compliance, and supply-chain resilience [18,19].
However, despite the existence of graphite resources in several countries, the global supply
chain for battery-grade graphite remains highly concentrated, particularly in graphite
refining, graphitization, and anode-material processing. This concentration creates signifi-
cant geopolitical and economic risks for emerging battery industries and raises concerns
regarding long-term supply security. Therefore, recycling spent graphite from lithium-ion
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batteries is increasingly considered not only an environmental strategy but also a critical
pathway for improving regional supply-chain resilience, reducing import dependence, and
supporting the development of localized and circular battery-material ecosystems [20-22].

2. Graphite Anodes: Natural vs. Synthetic (Market View)

Currently, graphite holds a significant market share as the base material for anodes
in commercial lithium-ion batteries (89%). In contrast, other materials, such as lithium
titanate (LTO) and silicon-based anodes, are used much less frequently [13]. According
to the recent review on advanced anode materials for lithium-ion batteries, silicon-based
anodes offer significantly higher theoretical capacity than conventional graphite; however,
severe volume expansion, structural instability, and rapid capacity fading remain major
barriers to their full commercialization. As a result, many next-generation battery systems
are expected to employ silicon—-graphite composite anodes rather than a complete graphite
replacement [23]. Therefore, although emerging anode technologies may reduce the relative
graphite fraction in batteries, graphite is expected to remain an essential component in
advanced lithium-ion battery systems. This suggests that graphite recycling will likely
continue to play an important role in future battery supply chains, although evolving anode
chemistries may influence the long-term design and economic optimization of recycling
infrastructure [24]. Graphite used in lithium-ion batteries comes from natural graphite from
flake deposits and synthetic graphite produced from petroleum coke at high temperatures,
with the former being cheaper and more environmentally friendly but requiring extensive
purification and the latter offering higher purity and stability but incurring greater energy
and cost burdens. Despite its essential function, graphite has long been undervalued
because its low price and its limited applications outside batteries provide little incentive
for upstream investment. For example, although the anode represents a significant portion
of a battery’s weight, graphite accounts for only about 12% of the total cost. However, as
battery demand continues to rise, this economic dynamic is beginning to change [25,26]. In
2022, global graphite demand reached approximately 1.3 million metric tons, with a market
value of $23.73 billion. More than half of this demand, valued at $11.90 billion, was driven
by the lithium-ion battery (LIB) sector, which is expected to remain a major growth driver in
the coming decades. Despite increasing demand, graphite production remains challenging
because it relies on either natural graphite mining or energy-intensive synthetic graphite
manufacturing, both of which are associated with significant environmental impacts. It
is important to distinguish among graphite demand, natural graphite mine production,
and total graphite supply, as these metrics represent different segments of the graphite
value chain [27,28]. China remains the dominant player across all stages of graphite
production, accounting for approximately 66.7% of global natural graphite production, 69%
of synthetic graphite production, and 69% of refined battery-grade graphite supply. Total
graphite supply, including both natural and synthetic graphite, is projected to increase
from approximately 3 million tonnes in 2024 to nearly 10 million tonnes by 2040. Although
production is expected to expand in Africa, North America, Europe, and other regions,
the graphite supply chain remains highly concentrated, leaving battery manufacturing
vulnerable to geopolitical and trade-related disruptions [8].

According to FN Media Group, the demand for spherical graphite (i.e., battery-grade
graphite) in China was 200,000 tons in 2019 and increased to 240,000 tons in 2020, with
demand expected to reach 1.9 million tons by 2028. The International Energy Agency
(IEA) forecasts that the mobility sector will require a significant increase in graphite supply
by 2040, while the World Bank projects a substantial rise in graphite demand between
2018 and 2050. In addition, electric-vehicle uptake is expected to further accelerate graphite
demand growth in the short-to-medium term, with projections indicating rapid increases
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by 2025. Together, these reports highlight a consistent trend of strong and sustained growth
in graphite demand driven by electrification [29-31].

2.1. Processes to Produce Battery-Grade Graphite Powder

The production of battery-grade graphite powder involves two distinct pathways:
natural graphite and synthetic graphite, each with unique processing steps and cost struc-
tures. Natural graphite undergoes mining, flotation, purification, spheroidization, and heat
treatment to achieve battery-grade quality (>99.95% C), but this process is notably wasteful,
as up to 70% of feedstock is lost during conversion to spherical form [32]. According
to research from the institute in Germany, anode material made from natural graphite
is priced between $4 and $8 kg !, while synthetic graphite-based anode material costs
$12-$13 kg ! [33]. On a per-kWh basis, given graphite’s specific capacity (~360 mAh/g),
this equates to an energy-material cost of approximately $8-$12 per kWh for natural
graphite and higher for synthetic. However, the precise values can vary depending on
process efficiencies and regional energy costs. Notably, synthetic graphite’s higher carbon
footprint (up to 20 kg CO,e/kg) makes natural graphite more environmentally favorable,
offering a 60-90% reduction in emissions [34]. The production of graphite used in LIBs
requires a significant amount of energy, ranging from 230 to 260 MJ kg~ ! of graphite.
Studies have been carried out to lower the energy consumption involved in producing
synthetic graphite through electrochemical graphitization [13,35].

2.2. Motivation for Recycling, Sustainability, and Industry Growth

The rising demand for graphite, propelled by the rapid expansion of electric vehicles
(EVs) and energy storage systems, underscores the urgent need for sustainable resource
management, as graphite accounts for roughly 10-20% by weight of a lithium-ion battery
(LIB) cell and represents a significant material component in each EV battery [32]. Rather
than landfilling or incinerating this material, implementing the 3R approach, recycling,
recovering, and reusing, offers substantial economic, environmental, and health benefits.
Recovered graphite (RG) can be reused directly or further processed into high-value
materials such as graphene, thereby maximizing resource efficiency and supporting a
circular economy. Since natural graphite mining causes environmental harm such as
deforestation, soil erosion, and water pollution, recycling graphite reduces the need for
mining, lowers costs, and supports a circular economy by reintroducing materials into the
supply chain [36,37]. Recycling graphite from spent batteries has an environmental impact
of 0.5-9.8 kg CO, equivalent per kilogram (kg CO,e/kg). This emission is comparable to
the production of natural graphite, which emits between 2.3 and 7.8 kg CO,e/kg. Synthetic
graphite used in LIBs is produced through high-temperature processing of fossil fuel
feedstocks. The process includes calcining, graphitizing, purifying, and transporting the
graphite to its point of use. The greenhouse gas (GHG) emissions from the graphitization
process alone range from 0.5 to 4.9 kg CO,e/kg. Overall, the total GHG emissions associated
with synthetic graphite production can be as high as 20.6 kg COe/kg [38]. Despite its
essential role in lithium-ion batteries, graphite had a near-zero recycling rate until recently.
Recovering graphite from spent batteries helps secure future supply, reduce reliance on
imported primary sources, and lower both environmental and economic costs. However,
current recycling techniques remain inadequate, with most spent graphite still being
incinerated rather than reclaimed [39]. As documented in benchmark mineral data, an
auto-industrialist has invested $300 billion in EV growth. Additionally, more than 100 LIB
mega-factories are operating at a production capacity of 2000 GWh, which equates to 800 k
tonnes of graphite required by 2023 and 1.4 million tonnes by 2028 [40]. According to
the World Bank'’s report, the energy revolution of battery-grade graphite has garnered
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extraordinary praise. Meanwhile, the predicted demand for graphite is steadily increasing,
resulting in an annual production of 4.8 million tonnes by 2050. The battery industry is
expected to be the most significant driver of graphite demand [34]. Recycling helps meet
this growing demand sustainably, thereby supporting market expansion. According to
market analyses, the global graphite recycling market is projected to reach approximately
USD 127.3 million by 2033, with a compound annual growth rate (CAGR) of 9.1% during
the forecast period [41]. Recycling can help reduce pressure on primary graphite resources
while contributing to the growing demand for battery-grade materials. In a recent graphite
supply—demand assessment, secondary graphite availability was estimated to account
for approximately 6% of demand in 2023 and was projected to increase to approximately
14% by 2030 [42]. Comparatively, the cost of graphite recycling includes the price of black
mass ($300 per tonne, containing approximately 22 wt.% graphite) and processing costs
($100-$120 per tonne) [43]. Meanwhile, modern recycling practices require approaches
that are not only efficient and low-cost but also environmentally sustainable and capable
of recovering all battery components with minimal complexity [44]. Several companies
and start-ups are scaling-up graphite recycling using innovative hydrometallurgical and
mechanical processes to produce high-purity, battery-grade material. Notable examples
include Altilium (Plymouth, UK) and Tozero (Munich, Germany), which achieve recovery
rates of 80-99% from end-of-life batteries [45-47]. Collaborations such as Talga Group (West
Perth, WA, Australia), Nouveau Monde Graphite (Saint-Michel-des-Saints, QC, Canada),
Lithion (Montreal, QC, Canada), etc., aim to increase the share of recycled graphite in
anode production [48-50]. These initiatives are supported by significant investments and
government funding, with a focus on reducing carbon footprints, promoting sustainable
domestic supply, and aligning with circular economy principles. Detailed process types,
recovery efficiencies, and production scales are summarized in Table 1.

Table 1. Summary of graphite recycling companies, processes, and production scales.

CO; Emission

Company Country Process Type Reduction Scale and Status Ref.
. . Processing ~30,000 t/yr now;
REdWOOICIll S/[aterlals, USAIéga{]sSoX)Clty, Hydro —40% ramping to 60,000 t/yr [51]
) ! (~15-20 GWh)
Altilium (Plymouth, UK) Hydro —77% Over 99% graphite recovery [45]
Graphite concentrate >90%
Aurubis/Talga German/ Australia Hydro - carbon grade, 16,000 metric tons  [46,50]
of recycled graphite up to 2026
Electra (Aki) Battery (Toronto, ON,
Materials Canada) Hydro ) Planned [52]
Focus on upstream production:
I 103,328 tpa of graphite
LREmyINAE SancLe kD ) concentrate + 42.6 ktpa active [48]
anode material
2000 t/yr of recycled graphite
Tozero German Hydro - up to 2027, scale-up to [47]
10,000 tonnes by 2030.
Semco Carbon USA Hydro, Pyro = ~1800 t/yr [53,54]
Graphite One USA Hydro - [55]
Fortum Battery . o . "
Reeycling Finland Hydro —90% CO, footprint Operational [56]
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Table 1. Cont.
CO; Emission
Company Country Process Type Reduction Scale and Status Ref.
American Battery
Technology (Reno, NV, USA) Hydro - Planned [6]
Company ABTC
. 71 kg of graphite per ~400 kg
Volkswagen Group German Hydro FE— [57,58]
Planned to patent graphite
Battery X Metals (Vancouver, BC, Flotation - recovery (~52%) and purity [59]
Canada) (~55%)
Target of 1.0 kg
Vianode (Oslo, Norway) Hydro COse per kg = [60]
graphite by 2030

Recent studies have highlighted the importance of graphite recycling not only for
recovering valuable carbon materials but also for reducing dependence on critical raw-
material supplies and supporting a circular battery economy [6]. Therefore, this review first
discusses the global graphite market, resource distribution, and the production of natural
and synthetic graphite for battery-grade anodes, together with their material properties
and growing strategic importance in the electrification transition. The manuscript then
examines current recycling and regeneration technologies and compares the electrochemical
performance of regenerated graphite materials reported in recent studies. Finally, the review
addresses the challenges associated with industrial scale-up, sustainability, economic and
environmental considerations, and the geopolitical implications related to graphite-supply
security and sustainable battery manufacturing.

3. Carbonaceous Anode Materials

The anode is one of the most important components of a battery because its properties
strongly influence both efficiency and overall performance. To function effectively, anode
materials must be capable of storing lithium ions in large amounts to provide high capacity,
while also maintaining structural stability throughout repeated charging and discharging
cycles [61]. Carbon-based materials (including graphite) have become particularly attractive
for battery applications due to their low cost, high electrical conductivity, and chemical
stability. They are extensively investigated as electrode materials because they are abundant
and generally non-toxic. This group includes graphite, soft carbon, hard carbon, graphene,
carbon nanotubes (CNTs), and various alloy-based materials (Figure 2a). Their structural
arrangement is highly dependent on the processing and manufacturing conditions, which
lead to different forms, hybridization states, and production costs (Figure 2b) [2]. Among
these materials, natural graphite (NG) is the dominant anode material in LIBs due to
its excellent electrochemical performance and relatively low cost. Nevertheless, its larger
particle size can create thermodynamic instability, which may lead to exfoliation and restrict
electrochemical intercalation; in such cases, hard carbon may offer better performance [62].
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Figure 2. (a) Distribution of anode materials for LIBs and (b) criticality of battery material in LIBs,
based on data collected from Web of Science [63].

3.1. Graphite

Graphite has remained the dominant commercial anode material for lithium-ion
batteries because of its high reversibility, low operating potential, long cycle life, and well-
established manufacturing process. Since the commercialization of lithium-ion batteries
by Sony in the early 1990s, global demand for graphite has increased substantially. This
growth has accelerated with the rapid expansion of the electric vehicle industry, driving
worldwide graphite consumption from approximately 1.1 million tonnes in 2010 to nearly
4.6 million tonnes in 2023 [64]. Table 2 presents the major graphite-producing countries
during the past five years. It is also worth noting that, over the same period, graphite
remained one of the most commonly used anode materials in LIBs, as illustrated by the
contribution of anode materials to LIB performance in Figure 2a,b. Note that the values in
this table refer exclusively to natural graphite mine production. Other statistics discussed
in the manuscript may refer to graphite demand, synthetic graphite production, refined
battery-grade graphite supply, or total graphite supply.

Table 2. Natural graphite mine production by leading producing countries (in 1000s of metric

tons) [14].
2023 2022 2021 2020 2019

China 1300 1000 820 820 780
Mozambique 96 166 77 120 150
Brazil 73 73 82 92 90
Canada 3.5 13 42 40 35
India 11.5 11 10 10 39
South Korea 27 24 11

Russia 16 16 16 16 16
Norway 10 7 12 10 10

Graphite provides a high theoretical specific capacity of 372 mAh/g, with a low-
potential plateau at 0.1 V vs. Li* /Li that enhances the final battery voltage. Additionally,
the initial Coulombic efficiency (ICE) of graphite exceeds that of amorphous carbon because
a thinner SEI layer forms on its surface [65,66]. Its highly crystalline, hexagonal layered
structure is stabilized by van der Waals forces [67], with layers typically stacked in ABAB
(Bernal stacking) or ABC (thombohedral stacking) arrangements. This stacking pattern
results from pi—pi interactions among sp2 carbon atoms [68]. The electronic properties of
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graphite are strongly influenced by this stacking, with ABC-stacked graphite demonstrating
significantly better performance than other forms [69].

3.2. Natural Graphite

Graphite intercalation compounds (GICs) are produced when atomic or molecular
species, referred to as intercalates, are inserted between adjacent graphite layers. These
compounds are known for their highly ordered structure, and their properties are com-
monly described in terms of the staging phenomenon [70]. Staging develops during the
intercalation process and results in distinct phases within the anode that can affect battery
behavior. The stage number, represented by n, refers to the number of graphene layers
located between two neighboring intercalate layers. In graphite, the aromatic carbon rings
contain conjugated 7-electron systems that are delocalized above and below the carbon
planes, enabling them to either accept or donate electrons. When an alkali metal such as
lithium transfers an electron to this mr-electron network, the increased ionic concentration
enhances Coulombic repulsion, which may weaken interlayer interactions in graphite and
thereby promote the stabilization of GICs. The intercalation mechanism in graphite is
presented in Equation (1) [71,72].

Ci+A =CHA™ (1)

Graphite is categorized into natural graphite (NG) and artificial graphite (AG) based
on its production process [73,74]. The most prevalent form of NG is flake graphite, obtained
from deposits and processed through mining and purification to serve as an anode mate-
rial [75]. This method is generally more cost-effective and less energy-intensive compared
to AG [61]. However, flake graphite produced under extreme conditions often displays
notable anisotropy and structural defects, which can compromise its durability during
charge and discharge cycles and may lead to extensive SEI formation and exfoliation [76].
Various techniques, including surface carbon coating and catalytic treatments [77], high-
shear exfoliation and temperature regulation have been developed to reduce exfoliation
and improve cycle life [78]. The intercalation process described by Daumas and Hérold
involves a staged mechanism where the intercalant rearranges within the graphite lattice
without fully disrupting the layers. In their model, carbon monoxide prompts a new crys-
tallographic phase during lithium insertion, preventing alkaline-metal ions from migrating
between layers [79]. As the lithium content increases, higher-order compounds transform
into lower-order ones, resulting in a decreasing voltage plateau until the graphite becomes
fully saturated with lithium (LiCy), as illustrated in Figure 3a,b [80].
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Figure 3. (a) Schematic illustration of lithium intercalation mechanisms in graphite, comparing the
Riidorff model and the Daumas-Hérold model [81], (b) plateaus correspond to phase transitions
between different graphite intercalation compounds during lithiation [82].

3.3. Artificial Graphite

Artificial graphite (AG), also known as synthetic graphite, is a widely used anode
material in batteries. In 2023, approximately 70% of lithium-ion battery anodes were
made of AG, mainly produced by Chinese factories. AG was first invented in 1898 by
Acheson, who produced pure graphite by heating Silicon Carbide (SiCy), a highly crystalline
compound. Since then, the Acheson process has been employed to convert carbon-rich
materials such as meso-carbon microbeads (MCMBs) [83], petroleum precursors [84], needle
coke, and pitch by heating them to around 2800 °C over extended periods. Hwang et al.
produced AG using needle coke of varying sizes, which was crushed, mixed with a binder,
molded at high temperature, carbonized at 900 °C in a nitrogen atmosphere, and finally
graphitized at 2700 °C in a helium atmosphere to improve crystallinity and electrochemical
performance (see Figure 4) [85].
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Figure 4. Synthesis of AG via the graphitization process using needle coke as precursor, reproduced
with permission [10].

A number of tactics have been proposed to lower production costs and energy demand.
Among these is catalytic graphitization, which reduces the graphitization temperature
but often results in a discernible drop in the final material’s purity [86]. Electrochemical
graphitization, a relatively new and effective method applicable to a variety of amorphous
carbons, including those typically considered non-graphitizable, is another promising
technique. This process produces graphite nanosheets with high purity and crystallinity by
inducing a phase transformation in the precursor under cathodic polarization in molten
CaCl, at roughly 820 °C (1100 K) [87]. Table 3 lists alternative methods for preparing AG
and examines the electrochemical properties of the resulting anodes. High-temperature
graphitization, suitable for various carbon-based materials, produces the most crystalline
and high-performance AG, ideal for applications demanding long cycle life and high
capacity. Catalytic reactions are also commonly used to cut costs by lowering the re-
quired temperature. Another approach, electrochemical graphitization, operates at much
lower temperatures (around 800 °C), offering a more sustainable and cost-effective op-
tion that balances performance with reduced energy use, making it highly suitable for
fast-charging anodes.

Table 3. Comparison of AG synthesis methods and their electrochemical performance [10].

Graphitization Voltage Specific Capacity .
Method Temp (°C) Range (V) (mAh/g) Cycle Life ICE Ref.
Graphitization of 98.7 after o
needle coke 2700 0.05-1.3 ~325at0.1C 100 cycles at 0.1 C >90% [88]
Graphitization of 95.3% retention
rapar 2000-2800 0.001-2.0V 310at0.1C after 100 cycles at ~87% [89]
bituminous coal 01C
Graphitization of
anthracite coupled 2700 0.001-2.0 ~30at05c  OBafterS0cycles g0 o)
. . at0.5C
with boron oxide
etvated carbon W2 mAR/B A g
850 0.01-3.00 1C~200 mAh/g o ~65 [91]
from coconut waste 1000 cycles at 5 C
. at5C
in molten salts
~100 after
Graphitization of 297-378.1 mAh/g o
CO,-derived carbon 2800 0.01-2.0V 300 cycles at 72.6-80.5% [92]

at50 mA/g 1Ag-!
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3.4. Comparative Analysis of Natural and Artificial Graphite

Natural graphite (NG) and artificial graphite (AG) are both widely used as anode
materials in lithium-ion batteries (LIBs), yet they differ substantially in their origins, mi-
crostructures, impurity content, and degrees of graphitization. Graphite consists of layered
carbon sheets held together by weak van der Waals forces, as illustrated in Figure 5a, which
facilitates the reversible intercalation and deintercalation of lithium ions during battery
operation. Artificial graphite is synthesized by graphitizing carbonaceous precursors at
elevated temperatures, which produces a more uniform structure and a higher degree
of graphitization. In contrast, natural graphite is extracted from deposits and typically
contains higher concentrations of mineral impurities. These distinctions affect electrode
density, electrochemical performance, purification requirements, and recycling strategies.
Therefore, differentiating between NG and AG is essential when assessing graphite recov-
ery and regeneration processes [93]. However, the comparatively small number of defect
sites in AG may restrict ion transport, thereby lowering C-rate performance and making
fast charging less desirable. However, its reduced surface area reduces internal resistance
and increases efficiency by limiting the formation of a thick solid electrolyte interphase (SEI)
and suppressing side reactions [94]. In contrast, natural graphite has a more disordered,
porous structure with a higher defect concentration and can occur in both ABA and ABC
stacking configurations (Figure 5a). These structural characteristics increase the available
surface area, enhance lithium-ion diffusion, and can contribute to higher capacity. They

also encourage the formation of a thicker SEI layer, making NG suitable for a wide range of
applications [95].

Figure 5. (a) Stacking structure comparison of NG and AG. (b) Scanning electron microscope (SEM)
image of NG [96,97].

One major advantage of natural graphite (NG) over artificial graphite (AG) is its lower
susceptibility to degradation during intercalation. Figure 6 illustrates the electrochemical
behavior of both AG and NG in lithium-ion batteries using ionic liquid electrolytes. The
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results show that AG exhibits a peak near 1 V vs. Li/Li*, suggesting unwanted cation inter-
calation and subsequent structural damage. In contrast, NG demonstrates more favorable
metal-ion intercalation behavior and better long-term electrochemical performance [98,99].
In addition, the extraction of NG requires less energy and is less costly than the produc-
tion of AG. Because NG is also naturally abundant, it is generally more economical and
widely available. However, due to its greater number of defect sites, NG often contains
more metal impurities than AG, which increases the cost of purification, recovery, and
recycling, and may also raise environmental concerns [100]. By comparison, AG is more
expensive because its production requires energy-intensive, high-temperature treatment
to achieve the desired crystallinity and purity. Even so, AG offers a more stable structure,
improved safety, and a longer cycle life, making it particularly suitable for electric-vehicle

applications.
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Figure 6. AG and NG intercalate (a) synthetic graphite, IL cation intercalation occurs with Li-ion
intercalation. (b) For NG, electrode surface passivation occurs upon Li-ion intercalation, leading to
Li* desolvation without co-intercalation of IL cations. CVs in (a,b) reproduced from the reference [74].

The structure of artificial graphite (AG) is strongly influenced by the type of carbon
precursor used and the conditions applied during graphitization. This final structure
plays a critical role in determining the electrochemical behavior of the resulting anode
material. Xing et al. investigated five AG samples produced under varying preparation
conditions and graphitization temperatures and evaluated their electrochemical perfor-
mance as electrode materials. Their findings showed that the interlayer spacing changed
only slightly among the samples. In contrast, graphitization temperature had a major
effect on the microstructure: increasing the temperature to as high as 2800 °C led to a more
ordered layered arrangement, a higher degree of graphitization, and better-developed
mesoporous features. These structural changes contributed to improved electrochemical
performance [10]. Liu et al. also examined the influence of precursor crystal structure and
electronic properties on lithium storage in AG for lithium-ion batteries. They found that
graphite with longer crystallite planes and fewer stacked layers exhibited higher electronic
conductivity. This type of graphite also delivered higher specific capacity at low charging
and discharging rates, whereas graphite with shorter crystal planes and more stacked
layers showed superior performance at high rates [101]. In addition, Herrin presented
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Table 4 to compare AG derived from different precursors, outlining their major advantages,
limitations, and key electrochemical characteristics.

Table 4. Comparison of AG precursors.

Carbon Reversible Cycling Price
Precursor Advantages Disadvantages Capacity Stability (USD/kg) Ref.
(mAh/g)
Superior crystallinity, . o
Needle coke remarkable structural High cost, limited 92.6% after
: . pathways. Lower 360-370 15-30 [101]
(10-15 mm) integrity, and rate capabilit 100 cycles
extensive layering. p y
Short ion diffusion Low volumetric
Nee_dle coke dlstancg, high density, high 380-400 98.7 after 15-30 [101]
(2-5 mm) charge/discharge orosi 100 cycles
capability P ty
Porous activated rzr%?ﬁzl;?on Lower
carbon (PACQ) a icitp economical conductivity 330-350 ~98% after ) [102]
from petroleum lgr y{Jrfa area / compared to 15,000 cycles
coke &€ S ce . .e ’ needle coke
excellent stability
Coal tar pitch High graphlltlzatlon Impurltles 330-360 ~95% after 10-20 [103]
potential require removal 100 cycles
. . . Low
Biomass-derived Eco-friendly, graphitization 150-200 ~90 after ) [104]
carbon renewable degree 150 cycles

4. Recycling of Graphite: Current Landscape

Interest in recycling graphite has been growing, but most methods still do not meet
commercial standards. These standards require high purity, scalability, good battery perfor-
mance, and cost-effectiveness [105]. The process faces numerous technical, environmental,
and economic challenges. Effective recycling may require combined or hybrid processes,
tailored to battery type and graphite condition [106]. The main challenges in recycling
graphite from spent Li-ion batteries stem from the complex, contaminated mixed feed-
stock. The optimal graphite recycling method depends on the feedstock type. The primary
categories are production scrap from electrode and cell manufacturing, end-of-life (EOL)
batteries, and black mass from dismantled batteries and mechanical processing [107].
Production scrap is generally clean and uniform, making it suitable for direct reuse or
regeneration. EOL batteries contain graphite with surface wear, residual electrolyte, and
impurities, often requiring further cleaning or regeneration. Black mass presents the great-
est challenge, as graphite is combined with cathode materials, binders, conductive carbon,
and metals, which require physical separation, chemical purification, or a combination of
recycling methods. It is important to select recycling technologies that are appropriate for
the specific feedstock [6,108,109]. Graphite for lithium-ion battery applications must meet
stringent requirements, including high purity, high degree of graphitization, low surface
area, high density, and a narrow particle-size distribution [93,110]. Recent studies reported
that battery-grade recycled graphite should exhibit controlled particle-size distributions
with D50 values around 18-20 um, tap densities generally exceeding 700 g L™, high car-
bon purity (>99.5 wt.%), low ash/moisture contents, and minimized metallic impurities
(Fe, Cu, Al, Ni, Co, and Mn). In addition, the degree of graphitization, BET surface area,
reversible capacity (~330-360 mAh g~1), first-cycle Coulombic efficiency (>90%), and long-
term cycling retention are considered key quality metrics for evaluating the suitability of
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recycled graphite for LIB anodes [111]. A study emphasizes that suitable graphite should
possess a controlled particle-size distribution (D10/D50/D90), a moderate BET surface area
(~4-10 m? g~ 1), high tap density, a preserved graphitic structure with low lattice distortion,
and appropriate defect engineering to enhance Li-ion diffusion. Electrochemically, accept-
able battery-grade graphite should deliver reversible capacities near the theoretical value
(~350-370 mAh g~ 1), first-cycle Coulombic efficiency above 90%, and long-term cycling
stability with >80% capacity retention after several hundred cycles under practical loading
conditions (>3 mAh cm~2). These parameters are essential for evaluating whether recycled
graphite can realistically replace commercial graphite in industrial LIB applications [106].

4.1. Methods of Recycling

The recovery of graphite from spent lithium-ion batteries (LIBs) involves a systematic
approach that progresses from safety stabilization to advanced purification. The initial
pre-treatment typically consists of discharging the batteries by immersing them in aqueous
solutions, such as sodium chloride (NaCl) [112] or acidic/alkaline baths [113]. This is fol-
lowed by mechanical crushing and sieving to liberate the electrode materials. Subsequently,
graphite is separated from copper current collectors using methods such as pyrolysis or
solvent dissolution. For instance, solvents like N-Methyl-2-pyrrolidone (NMP) are em-
ployed to dissolve PVDF binders, facilitating electrode delamination [114]. In addition,
pulsed discharge (electrohydraulic fragmentation) has been reported to physically detach
graphite from copper foil with high separation efficiency (>95%) and low copper contamina-
tion [115,116]. The purified graphite is then processed by acid leaching using reagents such
as hydrochloric acid (HCl), sulfuric acid (H,SOy), or nitric acid (HNOg3) [117] After separa-
tion, the recovered graphite undergoes further purification through acid leaching [106] to
remove residual metallic impurities and lithium salts [118]. The overarching objective of
these steps is to regenerate graphite with electrochemical performance suitable for reinte-
gration into the battery supply chain or other high-value applications [7,63,119]. Current
recycling approaches, namely hydrometallurgical, pyrometallurgical, and direct recycling,
form the foundation of modern industrial infrastructures; however, they often require sub-
stantial energy input and excessive consumption of acids and alkalis, raising environmental
concerns and limiting their compatibility with stringent sustainability regulations. In this
context, alternative process configurations have been explored, such as recycling schemes
employing dense media separation (DMS) to initially separate cathode and anode materials,
followed by selective leaching and purification of both streams. This approach enables the
recovery of battery-grade cathode materials alongside purified graphite [120]. Overall, LIB
recycling generally comprises four primary stages: pre-processing, mechanical treatment,
hydrometallurgy, and pyrometallurgy, with varying configurations across industrial and
research-scale implementations [119].

4.2. Pyrometallurgy Recycling (Thermal-/Heat-Treatment Regeneration of Graphite)

Pyrometallurgical treatment, commonly referred to as graphitization, is widely applied
in graphite recycling to remove impurities and restore the crystalline structure, thereby
enhancing electrochemical performance. Heat treatment at 2600 °C under argon has been
shown to result in uniform graphitization with a slight increase in interlayer spacing [121].
To further elucidate the mechanism of structural reorganization, semi-in situ XRD has been
combined with electron and Raman spectroscopy. By optimizing parameters such as inert
gas type, temperature, and duration, it was determined that treatment at 3000 °C for 6 h in
nitrogen provides optimal conditions for achieving a high degree of structural reconstruc-
tion [122]. Despite these advantages, pyrometallurgical recycling of LIBs often results in
significant graphite loss, as calcination at 500-900 °C can burn a substantial portion of the
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carbon and transfer lithium-rich residues into the slag. However, maintaining temperatures
below 600 °C can mitigate this loss. Even when electrodes are pre-separated, graphite
recovery is rarely emphasized. Nevertheless, thermal treatment remains essential for pu-
rification, as calcination at around 600 °C in nitrogen effectively decomposes binders and
SEl-derived organic impurities, leaving chemically stable graphite after cooling. Typically,
most impurities are removed below 1000 °C [31]. At higher temperatures, up to 2800 °C,
impurity removal is further enhanced through accelerated bond breaking and vapor-driven
dissipation, while lattice defects are repaired and crystallinity improves. This structural
restoration yields cleaner, more ordered graphite, resulting in excellent electrochemical
performance, including high initial capacity, high Coulombic efficiency, and stable cycling
behavior. Overall, increasing temperature directly improves both material purity and
battery performance [28]. In contrast to simple recovery strategies, advanced recycling
approaches aim not only to extract graphite from spent anodes but also to restore and
enhance its electrochemical properties. Carbon coating has emerged as a cost-effective
and efficient strategy for improving the performance of recycled graphite. For example,
carbon-coated graphite has been successfully prepared by carbonizing carboxymethyl
cellulose and glucose at 800 °C for 5 h, thereby improving capacity [28]. Other carbon
sources, including pitch [123,124], polyethylene glycol monooleate [125], and phenolic
resin [126], have also been explored. Typically, spent graphite undergoes leaching and
pre-sintering to remove residual salts and lithium, followed by high-temperature treatment
with carbon precursors to achieve structural reconstruction and surface coating. Further-
more, heteroatom doping, particularly nitrogen doping, has been investigated to enhance
graphite performance further. A gas-phase exfoliation process using acid-treated graphite
and urea facilitated N-doping, in which ammonia generated during urea decomposition
etched, exfoliated, and intercalated into the graphite layers [117]. Additionally, at 800 °C,
the decomposition of g-C3Ny4 provides an extra nitrogen source for effective doping. In
conventional pyrometallurgical processes, spent graphite (SG) is often used as a reducing
agent for cathode metals or as a fuel, thereby limiting resource utilization. However, the
lithium content in anode-derived SG (>3.007 wt.%) is significantly higher than the Earth’s
crust average (0.0017 wt.%), highlighting its strong recycling potential. Therefore, recov-
ering lithium, copper, current collectors, and graphite from decommissioned batteries is
essential for extending material lifetimes and supporting green chemistry and circular
economy principles [127]. Recent advancements have introduced more efficient recovery
techniques. For instance, rapid shock heating at 1500 °C for 1 s enables the instantaneous
separation of anode graphite from the copper foil, achieving a recovery efficiency of 98.7%
while preserving the copper’s integrity [128]. Similarly, ultrafast flash evaporation at
2850 K has been applied to remove resistive impurities in the solid electrolyte interphase
(SEI), followed by dilute-acid leaching to obtain high-purity graphite [128]. Additionally,
low-temperature roasting with polyvinyl chloride (PVC) converts metal impurities into
water-soluble chlorides, enabling purification to over 99.9% graphite purity, followed by
thermal treatment at 1000 °C to restore structure and electrochemical performance.

4.3. Hydrometallurgy (Wet Purification) Recycling

Current research on lithium-ion battery (LIB) recycling primarily focuses on cath-
ode recovery, with pyrometallurgy and hydrometallurgy as the dominant approaches.
Hydrometallurgical processes typically involve leaching, solvent extraction, and precip-
itation [129]. Efficient metal recovery depends strongly on the effective liberation and
enrichment of electrode materials. However, conventional physical pre-treatment methods,
including discharging, dismantling, crushing, and sieving [126,130], often fail to achieve
high liberation efficiency due to the strong adhesion of polymeric binders. In addition,
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residual organic electrolytes present significant safety and environmental concerns, as they
are flammable and thermally unstable during mechanical processing, potentially leading
to fires and the release of toxic gases [131]. Alternative strategies, such as calcination
or solvent dissolution using N-methyl-2-pyrrolidone, can enhance binder removal and
material separation [132]. Nevertheless, these methods are associated with high energy
consumption, the use of expensive solvents, and toxic emissions, underscoring the urgent
need for safer, more sustainable pre-treatment technologies. Several studies have attempted
to address these challenges through combined thermal and chemical treatments a thermal
treatment at 500 °C, followed by leaching with hydrochloric acid and hydrogen peroxide to
purify graphite [133]. Similarly, they employed physical shredding and sieving, followed
by leaching with sulfuric acid and hydrogen peroxide and high-temperature sintering with
sodium hydroxide [134]. Despite their effectiveness, these approaches are complex and
time-consuming and suffer from issues such as hydrogen peroxide volatilization, necessi-
tating corrosion-resistant equipment. Moreover, their high energy demand and operational
costs limit their use in large-scale industrial applications. To overcome these limitations,
more sustainable and simplified methods have been explored. In the study, a green water-
leaching strategy was developed for recovering materials from spent anode material (SAM).
This method dissolves water-soluble binders (SBR/CMC), achieving complete exfoliation of
graphite from copper foil under optimal conditions (80 °C, 60 min, 300 rpm). The complete
removal of binders enables the recovery of purified graphite without the use of strong acids
or oxidizing agents [135]. More recently, advanced regeneration strategies have focused on
restoring graphite’s structural and electrochemical properties. In one study, three recon-
struction routes:acid (Gr-AcOH), alkali (Gr-KOH), and gas treatment (Gr-Nj), as illustrated
in Figure 7a. These treatments effectively removed impurities and repaired surface defects,
enabling the regenerated graphite to achieve high delithiation capacities (325-338 mAh g !
after 150 cycles) and excellent Coulombic efficiency (~99.9%), comparable to commercial
graphite [136]. Similarly, researchers introduced a straightforward acid-leaching method
for reconstructing graphite, as shown in Figure 7b. After complete discharge in 1 M NaCl,
the batteries were dismantled, and the graphite anode was collected. The material was
sequentially treated with ammonium persulfate, followed by an H,SO4-H,O, solution,
then washed and dried, yielding reconstructed graphite with improved properties [137].
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Figure 7. (a) Schematic representation of the graphite regeneration process by three different tech-
niques. Reproduced from the reference [136]. (b) Scheme of the recycling process of spent graphite.
Reproduced from the reference [137].

4.4. Direct (Regeneration) Recycling

Direct recycling technology has emerged as an attractive alternative to conventional
recycling methods, offering a more environmentally friendly and less aggressive ap-
proach [138]. Unlike traditional processes, direct recycling aims to preserve the structure
and functionality of electrode materials, reducing energy consumption and chemical usage.
Several industrial players are advancing this approach for graphite anodes with minimal
structural degradation. For instance, the American Battery Technology Company (ABTC)
has developed a DOE-supported process for graphite separation and purification. At the
same time, Ascend Elements employs its Hydro-to-Anode method to produce high-purity
(~99.9%) recycled graphite. Similarly, Princeton Nu Energy (PNE) operates a pilot-scale
facility that recovers graphite from copper foils through mechanical and thermal delamina-
tion. These developments demonstrate the growing industrial feasibility of energy-efficient,
closed-loop graphite recycling systems [63]. Recent studies have shown that recycling and
upcycling represent two important pathways for sustainable utilization of spent graphite
from lithium-ion batteries. Direct recycling mainly focuses on recovering high-purity
regenerated graphite through separation, purification, structural repair, and surface re-
conditioning to restore battery-grade electrochemical performance. In contrast, upcycling
strategies aim to further increase the value of spent graphite by converting it into advanced
carbon materials or modified functional anodes with enhanced electrochemical properties
and broader industrial applications. Recent research has demonstrated that structural
reconstruction, defect engineering, doping, and surface-film modification can significantly
improve Li-ion diffusion kinetics, cycling stability, and fast-charging performance of regen-
erated graphite materials. These approaches highlight the growing importance of graphite
recycling and upcycling for achieving high-efficiency, sustainable, and circular lithium-ion
battery manufacturing [139]. Beyond direct recovery, recent research has explored upcy-
cling spent graphite into high-value carbon materials, such as graphene, for advanced
electrochemical applications. One study proposed a sustainable method for recovering
both graphite and lithium from spent anodes. In this process, graphite is first calcined at
450 °C under argon to remove organic components and detach it from the copper current
collector. The recovered material is then annealed at 800 °C in a CO, /N, atmosphere and
washed at 70 °C, converting insoluble lithium compounds into soluble Li,COj3, which is
subsequently recovered through evaporation [140]. Despite these advancements, graphite
recycling has historically received less attention than cathode material recovery, even as it
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faces growing demand and supply challenges. The authors emphasized the importance of
integrating graphite recycling into the waste management hierarchy to maximize economic
and environmental benefits. Typically, spent graphite is recovered either through direct
crushing followed by separation or via manual dismantling before separation. Their study
provides a comprehensive overview of these approaches, as illustrated in Figure 8a [141].
More sustainable and targeted recovery strategies have also been developed. One such
approach involves directly recovering and regenerating high-quality graphite from end-of-
life battery black mass using environmentally benign chemicals. This process includes two
key steps: froth flotation, using paraffin as a collector and pine oil as a bio-based frother
to effectively concentrate graphite, followed by mild leaching with natural organic acids
such as citric acid for purification [142]. A sustainable method for reclaiming graphite from
end-of-life lithium-ion batteries (LIBs) is proposed, utilizing low-impact froth flotation with
eco-friendly chemicals, followed by mild purification and thermal treatment. This process
produces high-quality graphite, as shown in Figure 8b.
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Figure 8. (a) Two methods for recovering graphite from exhausted lithium-ion batteries: the top
shows direct separation after crushing, the bottom shows separation post artificial splitting. (b) Direct
recycling is validated through a closed-loop approach that repurposes end-of-life materials into new
cells as regenerated anodes.

Fortunately, in recent years, graphite recovery has received increasing attention, lead-
ing to the development of several innovative techniques. The Xu group pioneered a
magnetic separation method that restored graphite purity to 91.05%. Meanwhile, the
Nowak group applied subcritical carbon dioxide treatment, achieving an initial Coulombic
efficiency (ICE) of 85 [143]. Additionally, the Guo group demonstrated direct recovery of
graphite from copper foil using N-methyl-2-pyrrolidone (NMP) as a solvent [144]. The
current standard procedure for graphite regeneration typically involves mild acid leaching
to remove polymers used in electrode fabrication, followed by calcination to restore struc-
tural order. Different acid systems and thermal conditions can significantly influence the
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quality of regenerated graphite. For example, experts [145] performed calcination at 500 °C
under an argon atmosphere and compared leaching using deionized water and 3 M HCl to
identify optimal recovery conditions. Similarly, in another study [126] employed a mixture
of H,SO, and H,O, before calcination in air, followed by phenolic resin coating, result-
ing in regenerated graphite with electrochemical performance exceeding that of pristine
material. Sustainable process optimization has also been explored to reduce environmen-
tal impact. A. Muguruza-Sanchez et al. proposed a direct recycling strategy combining
mild chemical purification with thermal treatment. The process involves leaching with
H,S0, and H,O; to remove copper and SBR binders, followed by calcination at 400 °C to
eliminate CMC and further purify the graphite structure. This approach achieved a 36%
reduction in acid consumption and a 14% decrease in water usage, demonstrating a more
environmentally sustainable pathway for recycling both production scrap and end-of-life
anodes [145]. A major challenge in spent graphite (SG) recycling remains the effective
removal of impurities, including metal contaminants, residual electrolytes, and binders,
as incomplete purification and structural defects can significantly reduce battery cycle
life [146]. To address this, researchers developed a composite alkali etching method that
removes aluminum and iron to very low concentrations (~10 ppm), compared to several
hundred ppm typically observed after conventional acid treatments, thereby improving the
suitability of recycled graphite for high-performance applications [123]. Thermal treatment
plays a critical role in enhancing both purity and structural quality. Treatment at 600 °C
and 2300 °C significantly improves graphite properties, increasing carbon content from
98.4% in untreated samples to 99.7% at 600 °C and approaching ~100% at 2300 °C. Raman
spectroscopy reveals the disappearance of disorder-related peaks (D3, D4) and lower ID/IG
ratios, indicating defect healing and re-graphitization. Electrochemical testing further
confirms improved Li-graphite intercalation behavior, reduced irreversible capacity loss,
and Coulombic efficiency comparable to that of commercial graphite after graphitization at
temperatures above 2000 °C. Even under practical electrode loadings and high-rate con-
ditions, the regenerated graphite demonstrates stable and competitive performance [147].
Despite these advancements, graphite recycling still faces significant technical and eco-
nomic challenges across all major approaches. In pyrometallurgical processes, graphite is
often lost due to high-temperature oxidation, reducing recovery efficiency while increasing
energy consumption and emissions. Hydrometallurgical methods require large volumes
of acid, generate wastewater, and have difficulty achieving complete purification. Direct
recycling, although promising, is limited by structural degradation, complex separation
from black mass, and the need for precise regeneration processes and has yet to reach full
commercial scale. Overall, high costs, environmental concerns, quality-control challenges,
and limited scalability remain key barriers to widespread industrial adoption [38,148,149].
Table 5 highlights strong progress in restoring the electrochemical performance of recycled
graphite, but it also shows significant gaps in the research. Many studies omit important
details such as electrode mass loading, areal capacity, electrolyte composition, and formation
protocols. Without these details, it is difficult to know if the results will work for industry, since
lab tests with low loadings may not reflect what is needed for real battery production. This
shows a wider problem: there is no standard way to test or report results for recycled graphite.
Future research should include full cell-level information and test recycled graphite in ways
that align with real-world needs, so that results can be compared and used by industry.
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Table 5. Electrochemical performance of new cells fabricated using recovered graphite.

Recycling . . Reversibility
Ref. 'Cell . Cathode/Counter  Carbon Sources Treatment Mass Loadlr.\g/ Electrolyte Formatlor} .and Capacity Voltage Range Cycling Rate Industrial Relevance/Remarks
Configuration Electrode (Anode) Areal Capacity Test Conditions _ (\%)
Method (mAhg-1)
Limited industrial relevance
. . due to insufficient cycling
0,
Li metal Not clearly L MLiPF6 in Tested at low 313 0.099-0.144 10.5% after stability and the lack of
reported 1:1EC/DMC current density 100 cycles .
practical cell-level performance
data
/ Half-cell : Ball-millin;
(3] Half-cell Graphite treatmentg _ Extremely high capacity
Long-term originates from the phosphorus
Li metal Not reported Not clearly cycling atlow 242 0.081-0.091 20.25% after composn-e rather tha'n 'graphlte
reported voltagze window 100 cycles alone; therefore, it is not
8 representative of commercial
graphite anodes
. Promising cycling stability, but
Li metal Heat treatment + I\I_g;glretaegy Not reported 0'115 df g;fllitlgn 721.7 practical loading and full-cell
Falf-cell Carbon/red, milled with red validation not discussed
[150] andi:l;lcfcell phosphorus phosphorus to Commercially 0.01t00.2 after 500 cycles One of the few studies using
Li metal/ composite form C/red P ~10mg cm™2; 1M LiPFg in relevant 2762 practical areal loading and
NMC622 full-cell composite >3mAh cm™2 EC/EMC (3:7) evaluation ’ full-cell validation under
conditions industrially relevant conditions
Calcination + 01C High reversible capacity, but
. Amorphous leaching + B 83% after absence of full-cell and loading
[151] Half-cell Li metal carbon graphite Not reported Not reported Tested at0.1C 367.90 0.01-2 350 cycles at data limits industrial
regeneration 05C assessment
Excellent long-term stability,
. . Acid leaching + Not clearly . but the absence of full-cell
[106] Half-cell Limetal Graphite . > Not reported Cyclingat1C 387.44 0.0-2.5 01C validation and industrial
mild pyrolysis reported . e
loading reduces applicability
assessment
. Mass . 01C
[152] Half-cell Cat}ggl;ﬁ (?Cvls:nter Sﬁg{;igﬁg Heat treatment loading/areal Electrolyte lt:e.;rtnclgggirzi?)r:lcsl 345.7 0.0-2 88.8% after Industrial relevance /remarks
capacity 100 cycles
Limited industrial relevance
. One-step R due to insufficient cycling
. Graphite from o Not clearly 1MLiPF6in Tested at low o
[153] Half-cell Li metal NMQC batteries o;;driaftilcoar;izrrlld reported 11 EC/DMC current density 435.8 0.0-2 01C stability and the lack of

practical cell-level performance

data

Note: Assessments of industrial relevance are based on the availability of practical electrode parameters commonly considered important for commercial battery manufacturing,
including areal loading, electrode formulation, electrolyte composition, cell configuration, formation protocol, and long-term cycling performance. Several studies do not report key
parameters such as mass loading or formation conditions, limiting the ability to evaluate the industrial applicability and scalability of the reported results.
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5. Recycling Challenges and Limitations

According to a report based on interviews with 13 stakeholders across Europe’s battery
value chain, current lithium-ion battery recycling faces significant economic and structural
challenges. These processes are often not economically viable due to low battery return
volumes, high transportation costs (which account for up to 70% of total expenses), and
the capital- and labor-intensive nature of hydrometallurgical operations. Recycling plants
frequently operate at only 5-10% capacity, limiting economies of scale, while the diversity
in battery design complicates automation and standardization. In addition, regulatory
inconsistencies, complex logistics, and unclear battery ownership further hinder the devel-
opment of efficient recycling systems [154]. From a commercial perspective, two critical
factors govern graphite recovery: cost and quality. Compared to high-value metals such as
lithium, nickel, and cobalt, graphite has a relatively low market price, making its recovery
less economically attractive. At the same time, recycled graphite must meet stringent purity
and surface-quality requirements to be reused in battery anodes. Regenerating graphite
from black mass requires the removal of multiple impurities, including polyvinylidene
fluoride binders, lithium salts, aluminum and copper current collectors, and mixed anode—
cathode materials. Furthermore, the recovered graphite is often a natural-synthetic blend,
necessitating careful adjustment to satisfy Original Equipment Manufacturer (OEM) specifi-
cations [149]. Technologically, no single method currently enables efficient and sustainable
recovery of high-purity graphite across all LIB types, highlighting the need for integrated,
environmentally friendly, and cost-effective processes. Although leaching is widely used
due to its simplicity and minimal equipment requirements, it has limitations in removing
persistent organic contaminants such as PVDF and the solid electrolyte interphase (SEI)
layer, as well as poorly soluble inorganic compounds like Li3PO4 and Co* salts. More-
over, strong inorganic acids (H,SO4, HE, HCI) pose corrosion, safety, and environmental
risks. Alternative approaches using organic acids and green solvents, such as deep eu-
tectic solvents (DESs), offer safer options but still require optimization for effectiveness
across diverse battery chemistries. Thermal treatments can restore graphitic structure and
improve electrochemical performance; however, they involve high energy consumption,
carbon loss, and increased operational costs [44]. Similarly, flotation-derived graphite often
exhibits low purity and incomplete delamination from the copper foil, further complicating
downstream processing [155]. Maintaining the quality of spent graphite (SG) is essential
for its effective reuse, particularly preserving its crystallinity and layered structure, which
are critical for anode performance. However, these properties degrade over time due to
chemical, morphological, and surface changes induced by battery operation and repeated
charge—discharge cycles. Degradation begins early in the battery lifecycle with the forma-
tion of the solid electrolyte interphase, resulting from reactions between lithium, electrolyte
components, and the graphite surface. Despite these challenges, degraded SG still holds
value, as its altered surface may provide active sites for developing high-performance,
functionalized graphitic materials [125,156,157].

Economic and Environmental Considerations

The production of 1 GWh of lithium-ion batteries (LIBs) requires approximately
1300 tonnes of anode material, embedding a substantial amount of graphite within the
global supply chain. With LIB shipments reaching 957.7 GWh in 2022 and having an
average lifespan of eight years, a comparable volume is expected to reach the end-of-life
stage by 2030. This is projected to generate approximately 3354.39 kt of waste graphite
between 2022 and 2030 [26]. Assuming a recycling rate of 35%, around 1174 kt of graphite
could be recovered, including approximately 470 kt suitable for reuse in secondary LIB
production. These projections highlight the growing importance and economic potential of
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recycled graphite as an alternative to virgin materials. Recovered graphite is expected to be
utilized across a range of applications, reflecting increasing diversification in its end uses.
Approximately 30% may be reused in electrode materials, 10% in graphene production, 9%
each in sealing materials and refractories, and about 2% in catalyst carriers [6]. This distri-
bution underscores a broader shift toward sustainable and value-added applications for
waste graphite. From a market perspective, battery-grade graphite prices in North America
ranged between $8700 and $10,900 per tonne in May 2023, while imported natural and
synthetic graphite were priced at approximately $2135 and $5464 per tonne, respectively.
In contrast, the cost of recycling graphite is significantly lower, with black mass priced
around $300 per tonne (containing ~22 wt.% graphite) and processing costs estimated
at $100-120 per tonne. Recycled graphite can be further upgraded through processes
such as ball milling or spheroidization, and it typically costs around 20% of virgin natural
graphite. Additionally, recycling processes enable the recovery of valuable secondary met-
als, including cobalt, nickel, and manganese, thereby further improving overall economic
viability [26]. A lifecycle cost analysis comparing cold, hot, and wet recycling processes
reveals important trade-offs between cost and product quality. The cold process is the most
cost-effective (=—$40 per kg unit mass of graphite) due to its low energy requirements,
although it produces lower-quality graphite. In contrast, the hot ($158.72 per kg) and wet
($419.37 per kg) processes are more expensive but yield higher-quality graphite suitable
for reuse in battery anodes. Overall, while cold processing is advantageous for general
applications, hot and wet methods are better suited for high-performance uses, making
recycled graphite competitive with virgin materials across different market segments [158].
Recycling graphite from spent lithium-ion batteries (LIBs) is essential for reducing envi-
ronmental pollution, decreasing dependence on virgin raw materials, and advancing a
circular economy. According to the International Energy Agency (IEA), achieving net-zero
emissions by 2050 will require global graphite demand to reach approximately 16 million
tons by 2040 [8]. Recent high-quality research highlights the environmental implications of
graphite recycling through lifecycle assessment (LCA) studies [38]. More broadly, demand
for natural and synthetic graphite is expected to rise significantly, driven by applications
in energy storage systems, sustainable mobility, steel production, and digitalization. In
particular, the use of graphite in energy storage technologies is projected to increase by
a factor of 5 by 2050 under a 2 °C climate scenario [159,160]. However, SG is preferred
due to the limited availability of natural graphite for LIB applications [35]. Despite this
growing demand, supply constraints and environmental concerns remain critical. Synthetic
graphite (SG), widely used in LIBs, has a substantially higher carbon footprint (4.86-13.8 kg
COs-eq per kg) compared to natural graphite (2.1-7.75 kg CO,-eq per kg), primarily due to
its energy-intensive production. With increasing reliance on synthetic graphite, reaching
up to 90% of battery applications in 2023, and the long development timelines for natural
graphite mining, concerns over supply security have intensified, leading to its classification
as a strategic raw material by the European Commission [7,13]. Due to growing concerns
about the supply of synthetic graphite, the European Commission (2023a) has recently
included it on the list of strategic raw materials [161]. Beyond greenhouse gas emissions,
graphite production also contributes to particulate pollution, water consumption, the use of
toxic chemicals, and resource depletion, underscoring the need for more comprehensive en-
vironmental assessments [34]. Lifecycle assessment (LCA) studies have provided valuable
insights into the environmental impacts of graphite recycling. A pilot-scale study process-
ing 100 kg of spent graphite evaluated nine recycling routes combining pyrometallurgical
and hydrometallurgical techniques. The results showed that global warming potential
(GWP) ranged from 0.53 to 9.76 kg CO,-eq per kg of graphite, largely influenced by energy
consumption and acid usage. Hydrometallurgical routes, such as leaching with filtration
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(2.49 kg CO,-eq kg 1) and H,SO;4 curing-leaching (2.89 kg CO,-eq kg 1), demonstrated
relatively low environmental impact due to high recovery efficiencies (~90 wt.%). Similarly,
pyrometallurgical processes, including pyrolysis with flotation (0.53 kg CO,-eq kg~!) and
calcination followed by leaching (1.08 kg CO,-eq kg 1), achieved competitive recovery rates
(80.8-95 wt.%). Integrated approaches that combine both methods generally performed
better, improving resource efficiency. Sensitivity analysis further showed that reducing
sulfuric acid consumption significantly lowers environmental impact, with optimized
conditions achieving up to a 31.1% reduction in GWP [6,38]. Comparative assessments of
regeneration strategies also reveal important differences in environmental performance.
Among acid (Gr-AcOH), alkali (Gr-KOH), and gas (Gr-N;) treatments, the gas method
exhibited the lowest energy and water consumption, with a GWP of 0.27 kg CO,-eq per kg.
The acid method showed a moderate impact (0.49 kg CO,-eq per kg), whereas the alkali
method had the highest environmental burden (3.53 kg CO;-eq per kg) due to higher en-
ergy and chemical requirements [136]. These findings highlight the importance of selecting
optimized regeneration pathways for sustainable recycling. The environmental burden of
graphite production further underscores the importance of recycling. Recent work reported
that producing battery anode active material (BAAM) from synthetic graphite generates
approximately 29.7 kg CO,-eq per kg, with graphitization identified as the primary contrib-
utor due to its high energy demand (~580 MJ kg~!). Conventional graphitization processes,
such as the Acheson method, require temperatures up to 3200 °C, prompting efforts to
develop alternative approaches, such as electrochemical graphitization, to reduce energy
consumption [35,162,163]. In addition, the presence of the solid electrolyte interphase (SEI)
layer on spent graphite introduces both challenges and opportunities. This layer, composed
of lithium salts and decomposition products such as Li;COs3, LiOR, and Li,O, can be re-
moved through regeneration strategies including acid, alkali, and gas treatments. These
methods have demonstrated delithiation capacities of 325-338 mAh per g after 150 cycles,
with Coulombic efficiencies of approximately 99.9%, approaching the performance of com-
mercial graphite. Importantly, LCA results for these advanced regeneration techniques
show GWP values ranging from 0.27 to 3.53 kg CO,-eq per kg, significantly lower than
those of earlier recycling methods, indicating their potential to reduce the environmental
footprint while maintaining high material performance [136].

6. Conclusions and Outlooks

This review offers a comprehensive and integrated analysis of graphite recycling from
spent lithium-ion batteries, advancing beyond traditional process-centric discussions to in-
terlink technological advancements with broader considerations, including global graphite
demand, the distinctions between natural and synthetic graphite production, emerging
recycling strategies, industrial trends, and environmental implications. The study places
particular emphasis on the electrochemical performance of recycled graphite, highlighting
recent advancements in regeneration and modification techniques to restore battery-grade
quality. By intertwining the technical, environmental, and industrial dimensions, this
work highlights the increasingly strategic significance of graphite recycling in the circular
economy for lithium-ion batteries.

Despite the growing focus on lithium-ion battery recycling, graphite recovery remains
relatively underdeveloped, even though graphite accounts for a substantial portion of
battery mass and is a valuable secondary resource. Future research efforts should prioritize
advanced regeneration strategies to restore the structural integrity and electrochemical
performance of spent artificial graphite. Key challenges in this domain encompass effec-
tive binder removal, elimination of surface impurities, defect repair, and reconstruction
of the solid electrolyte interphase. Promising methodologies, including thermal purifi-
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cation, chemical treatment, surface modification, and electrochemical activation, display
considerable potential to elevate recycled graphite to meet battery-grade standards.

At an industrial level, recycling strategies are expected to shift from a focus on metal
recovery to more integrated systems that simultaneously recycle cathode and anode materi-
als. In this framework, the development of cost-effective and environmentally sustainable
graphite recycling technologies will be imperative for reducing dependence on primary
resources and enhancing supply-chain resilience. Future research should focus on develop-
ing standardized battery-grade qualification criteria for recycled graphite, including purity,
particle morphology, tap density, and long-term electrochemical stability under commer-
cially relevant conditions. Greater attention is also needed toward scalable regeneration
technologies, industrial-scale process validation, harmonized lifecycle assessment method-
ologies, and the optimization of direct recycling approaches with lower environmental
impact. In addition, future studies should evaluate how emerging anode systems, such as
silicon-rich and lithium-metal batteries, may influence the long-term demand, economics,
and infrastructure requirements of graphite recycling.
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