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Preface 

The BATMAN project started in 2019 and is being managed by the Eyde Cluster. The project name 
reflects the management of batteries; Lithium ion BATteries - Norwegian opportunities within 
sustainable end-of-life MANagement, reuse and new material streams. The expected increase of 
electro-mobility and transition to renewable energy will lead to an exponential growth of lithium-
ion battery demands and as a result the use of relevant raw materials. This represents a huge 
opportunity for Norwegian businesses as Norway is a first mover within the electric mobility 
sphere and means that Norway will be one of the first countries that will have to handle large 
amounts of used lithium-ion batteries.  
 
This report is one of the main deliverables in work package 1; Technology Mapping. This work 
package is led by Institute for Energy Technology (IFE). In milestone 1.1 of this work package, a 
technology mapping of current and future lithium-ion battery (LIB) chemistries is promised. This 
will ensure that the battery material flow analysis can give valuable forecasts and insights built 
on strong data. The report consists of a description of state-of-the art technology within the 
lithium-ion battery chain, following a more detailed description within the different 
transportation segments. This report will be updated with new data and possibly additional 
segments in 2021.  
 
The information presented in this report is based on literature studies as well as experience and 
know-how within IFE from past and ongoing projects in the field of lithium-ion batteries. As the 
field of LIBs is constantly changing, and the demand of future LIB capacity is expected to increase 
exponentially to the year 2030, the numbers and facts in this report will soon be somewhat 
outdated. Thus, there is a need for the updated report in 2021 to have a closer look at what will 
have changed in the two-year period and to verify the bigger trends outlined here.  
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Introduction 

The report is built to introduce the reader to Li-ion battery (LIB) needs based on raw materials, 

available chemistries, recent market reports and predictions. 

We will start with an introduction to the raw materials that go into the LIB chain. This includes 

an overview on available resources (world-wide and within Europe), the current and estimated 

future demands, as well as associated issues. 

Subsequently, a basic introduction on the principles of the LIB will be provided, including a 

description of its main constituents: the anode, the cathode and the electrolyte, but also other 

parts that go into the battery cells, modules and packs (such as current collectors, separators, 

binders, solvents, battery management system). We will elucidate what the individual raw 

materials introduced in the previous section are used for, describe the state-of-the-art 

chemistries and give a brief overview on their respective advantages and disadvantages. Insights 

into current developments of new and improved materials will be given, followed by an outlook 

and tentative predictions for future and new-generation LIBs and related technologies. At the 

end of this section, and overview on existing LIB factories and plans for new factories, focusing 

mainly on Europe, will be given. 

As a next step, we will look at the LIB needs of different transport segments and introduce, which 

technologies/chemistries are currently being used and predicted to be used in the near future.  

We will give insights on estimated growth and demand scenarios as well as changes and 

developments in cell chemistries that are expected to influence future material needs. The focus 

of this section will be the sector of personal electric vehicles (including battery BEV, hybrid HEV 

and plug-in hybrid PHEV vehicles) and public transport vehicles. A brief overview on battery use 

and predictions for heavy duty vehicles, the maritime sector and stationary energy storage units 

will also be presented. 

The last section will focus on reuse and recycling of LIBs. We will describe challenges and 

opportunities within these processes and give insights into current efforts. 

As a starting point for more detailed information, especially regarding raw materials and battery 

technologies, a list of literature recommendations can be found in the appendix. 
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Definitions and abbreviations 

Battery   If used on its own, it will always refer to a Li-ion battery 

BEV   Battery Electric Vehicle 

BMS   Battery Management System 

CRM   Critical Raw Material 

EoL   End-of-Life 

EV   Electric Vehicle 

HEV   Hybrid Electric Vehicle 

LCE   Lithium Carbonate Equivalent 

LCO   Lithium Cobalt Oxide cathode 

LFP   Lithium Iron Phosphate cathode 

LIB   Lithium-ion battery 

LMO   Lithium Manganese Oxide cathode 

LTO   Lithium Titanate anode 

NCA   Nickel Cobalt Aluminium cathode 

NMC   Nickel Manganese Cobalt cathode 

PHEV    Plug-in Hybrid Electric Vehicle 

PV   Personal Vehicle 

Second life   If battery from EV is used in different application after use in EV 

SEI   Solid electrolyte interphase 

SOC   State of Charge 

SoH   State-of-Health 

SSB   Solid State Battery 

xEV   An Electric Vehicle (either hybrid, plug-in hybrid or 100% electric) 
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1. Li-ion raw materials 

In the upcoming section a short review on the status of raw materials going into the LIB chain is 

presented, where values relevant to Norway will be the focus. In some instances where these 

were not available, values relevant to Nordic countries (Norway, Finland, Sweden and Denmark), 

Europe and the EU will be used.  

Firstly, some general information on the availability of the raw materials on a global scale: Figure 

1 shows the abundance of elements as a fraction of the ŜŀǊǘƘΩǎ crust as well as their price in 

USD/lb.  

 

Figure 1: Availability of elements that may host Li as electrodes. Those faded have fraction below 10-5. Carbon is an intercalation 
material, which is not defined in the color definition of this figure. [1]. 

The materials relevant for Li-ion battery production today are expanded upon further in the 

following sections, and include Lithium (Li), Carbon (C), Cobalt (Co), Nickel (Ni), Manganese (Mn), 

Copper (Cu), Aluminum (Al) and Silicon (Si). Most of the information on the raw materials input 

is taken from a report from 2017 by the Joint Research Center of EU unless otherwise noted [2]. 

For more information regarding raw materials for battery applications in the EU, a working 

document from the European Commission can be found in Appendix A1: Recommended 

literature [3]. 

Figure 2 illustrates an example of an estimated content of raw materials in an average battery 

pack for a light commercial EV. The materials used in this NMC based battery represent the 

typical distribution of elements within a LIB pack. 
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Figure 2: Estimated content of raw materials for a light commercial EV (based on a 300 kWh EV battery pack ς NMC442) [4]. 

1.1. Lithium 
Lithium (Li) is the lightest of all metals and the key-element of the Li-ion battery. Positive lithium 

ions shuttle between the two electrodes of the battery, corresponding to charge or discharge of 

the battery. There is a high average abundance of Li ƛƴ ǘƘŜ ŜŀǊǘƘΩǎ ŎǊǳǎǘ (17 ppm) [5], with the 

main reserves located in South America (Chile, Argentina), China and Australia. Although Li is 

currently not listed as a critical raw material (CRM) in the EU, the EU is largely dependent on the 

import of Li for battery purposes. 

 
Figure 3: Lithium demand: Carbonate vs. Hydroxide 2018-2025 [6]. 

Lithium can be mined as both lithium carbonate (Li2CO3) and lithium hydroxide (LiOH). 

Historically, lithium carbonate has been used in batteries due to price and availability (used in 

LCO, NMC-111 and LMO, more information on these chemistries in Section 2.2). However, as the 
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trend goes towards cathode materials with higher Ni contents (e.g. NCA, NMC-622, NMC-811), 

there is an increase in LiOH demands: LiOH is the preferred precursor1 for the preparation of 

these materials. Most new mines and production capacity are targeting LiOH output, 

representing 75% of new/expanded capacity, and can be seen in Figure 3 [7][6]. 

The global supply market was around 229,000 tons of Lithium Carbonate Equivalent (LCE)2 in 

2018 (see Figure 9), mainly coming from Australia, Chile, Argentina and China. Efforts to reduce 

the European dependence on lithium import are ongoing: The Finish mining company Keliber 

plans to start Li excavation by the end of 2021 (expected 11,000 tons LCE/year) [8], the Wolfsberg 

Lithium Project in Austria announced their start of construction for LiOH3 mining (10,000 

tons/year) for 2019 [9], and 9ǳǊƻǇŜΩǎ ƭŀǊƎŜǎǘ ƭƛǘƘƛǳƳ ǇǊƻƧŜŎǘ Cinovec in the Czech Republic was 

announced to be up and running by mid-2022 (estimated reserves 7 million tons LCE, production 

22,500 tons/year) [10]. Another European Li-project, Infinity Lithium Corporation in Spain, plans 

to start production of LiOH in Q2 2022 (estimated reserves 1.6 Mt LCE, production 15,000 

tons/year) [6]. Further reserves are located in France, Portugal and Ireland [11]. 40% of the global 

Lithium supply was demanded for battery applications in 2015, and this share is expected to rise 

to 70% by 2025 according to Deutsche Bank analysis [11]. In 2015, the share used in EV battery 

packs was 14%, and is expected increase to 38% by 2025 (forecasts by Deutsche Bank, see Error! 

Reference source not found.). 

 
Figure 4: 2015 and 2025 lithium demand by application. Forecast by Deutsche Bank [11]. 

Analysis by Deutsche Bank AG/Sydney also estimates a flat and conservative assumption of 0.7 kg 

LCE/kWh of the battery. Projections show 200,000 tons LCE will be needed in 2025 for electric 

vehicles alone. This equates to the total current LCE supply in 2025, and justifies the need for 

recycling [11]. Currently, recycling is feasible but not economically viable according to [12].  

                                                      
1 Precursor: A substance from which another is formed. Here used to describe how both Li2CO3 and LiOH can be used 
as precursor to the Li in a cathode material.  
2 1 kg LCE = 0.1895 kg Li 
3 Lithium hydroxide. Required raw material for high Ni cathode materials according to reports [7] [6]. 
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1.2. Carbon 
Carbon (C) is the dominant anode material on the market today and is mostly used in its graphitic 

form to intercalate Li-ions. Natural graphite (NG) is listed as Critical Raw Material (CRM) as of 

2017 [13]. Battery use has a share of NG of 10% [3], but is expected to increase at 19% CAGR [14]. 

Reserves are estimated at 230 trillion tons and in 2015 production was estimated at 1.2 million 

tons [2]. Production is concentrated in China covering 66% of share, with India (14%) and Brazil 

(7%) following. 57% of NG coming into the EU is from China, followed by Brazil (15%) and Norway1 

(9%). NG has high substitutability2 in batteries with an index of 0.3. Recycling is at 0% today, and 

there is a forecasted surplus for natural graphite of 10% in 2020 [2].  

In 2015, 91% of the anode market (total 75,000 tons) was covered by graphite, where artificial 

graphite (AG) has about 42 % of the market (by weight) and NG 49 % [2].While NG is made from 

mined graphite flakes, AG is made from heat treatment of coal tar or petroleum coke (by-

products from the petroleum industry). Due to the higher cost (and higher purity) of production 

of AG, the target customer is usually highly specialized industry willing to pay a bit extra for a 

more stable product (like the solar energy storage industry, arc furnaces and high-end EVs), and 

therefore AG targets a different market than NG. 

1.3. Cobalt  
Cobalt (Co) is used in the cathode of the battery, where cobalt precursors such as cobalt sulphate 

or dihydroxide, are transformed into lithiated cobalt oxides (LiCoO2) for chemistries used in 

lithium-ion batteries. Cobalt materials imported into Europe include refined cobalt metal, cobalt 

concentrate, and cobalt complex intermediates. Cobalt is listed as a Critical Raw Material (CRM) 

based on world resources (mainly in the Democratic Republic of Congo) and its economic 

importance to the EU [13]. Current global estimates are that 53% of all Co mined is being used in 

batteries. The cobalt consumption with regards to its application is shown in Figure 5 [15]. 

World-wide Co production in 2017 was 127 kt, which mainly (55%) originates from mined 

production in Congo; and the majority of refined global Co (46%) is produced in China [16]. The 

Co imported into the EU is mainly refined in Finland, and there is also some production of Co in 

Norway at Glencore Nikkelverk3. Co has low substitutability in batteries and has been assigned 

an index of 0.8. Long term projections for 2030 and 2050 show that demand of Cobalt could 

exceed supply even considering that higher recycling rates are expected in future [16][17]. 

Demand for use in batteries is expected to increase by factor of 4 in 2030 vs. 2019 as seen in 

Figure 9, mostly due to the popularity of Nickel-Manganese-Cobalt (NMC) cathodes [17]. 

However, it is unlikely that NMC-cathodes with high Co-contents will stay as main cathode after 

                                                      
1 Skaland Graphite AS in Senja, sold to Australian company MRC LTD in spring 2019 [147]. Produces 12 000 t/year 
crystalline flake graphite.  
2 {ǳōǎǘƛǘǳǘŀōƛƭƛǘȅ ƛƴŘŜȄΩ ƛǎ ŀ ƳŜŀǎǳǊŜ ƻŦ ǘƘŜ ŘƛŦŦƛŎǳƭǘȅ ƛƴ ǎǳōǎǘƛǘǳǘƛƴƎ ǘƘŜ ƳŀǘŜǊƛŀƭΣ ǎŎƻǊŜŘ ŀƴŘ ǿŜƛƎƘǘŜŘ ŀŎǊƻǎǎ 
all applications. Values are between 0 and 1, with 1 being the least substitutable. 
3 Glencore Nikkelverk in Kristiansand has an annual production of 5,200 t Co.  
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2030 due to research on low-Co (e.g. NMC-811) and Co-free chemistries. More on these cathode 

materials is presented in Section 2.2.3. 

 

 

Figure 5: Cobalt consumption by end use 2018. Source: Cobalt Institute [15] 

1.4. Nickel 
Nickel (Ni) is used in the cathode of the battery, and as a raw material it enters the market in 

different forms: Class-1 Ni describes different forms of refined Ni (e.g. briquettes, powders) with 

a metal content of at least 99%, and is the basis for different Ni chemistries used in the Li-ion 

battery cathode. Other Ni products with a Ni content below 99% are commonly described at 

Class-2 Ni (e.g. ferronickel or nickel pig iron). In 2018, the total nickel mine production was 2.3 

million tons, of which 46% was class-1 and 54% class-2.1 Glencore Nikkelverk in Kristiansand 

refines Ni being mined in Canada and has an annual production of 92,000 t Ni making it the largest 

Ni-provider in Europe with 5% of the global Ni output. 

Today around 70% of Ni products are used in stainless steel production, but there is a growing 

demand for high purity class-1 Ni in batteries as cathode chemistries are moving towards higher 

Ni-contents (e.g. in Nickel Manganese Cobalt-cathodes).2 There is a projected increase of global 

need for class-1 Ni by a factor of 24 compared to 2018 values in 2030, as seen in Figure 9 [17]. In 

total, only 5% global nickel production is going into batteries [18].   

Ni has historically played a large role in other battery types (e.g. nickel cadmium, NiCd and nickel 

metal hydride, NiMH) for small portable devices such as cordless power tools, but is now seeing 

                                                      
1 Source: International Nickel Study Group 
2 Source: Roskill 2019 end use report via. Nickel Institute 
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an increasing interest as a large component in cathode chemistries for Li-ion batteries such as 

Nickel Cobalt Aluminum (NCA, 80% Ni content in the cathode) and different NMC chemistries 

(NMC111, 33% Ni as well as higher Ni-content = NMC532 50% Ni, NMC622 60% Ni and NMC811, 

80% Ni) as we can see in Figure 6 [19]. NiMH batteries are still in use today, mostly in PHEV (see 

Section 3.1). 

 

Figure 6: Increasing nickel-use in EV batteries [19]. 

1.5. Manganese 
Manganese (Mn) is also used in the cathode of the battery, but at such low amounts (2% of global 

Mn production is used in batteries [3]) that even with the growth of NMC-cathodes the battery-

share (compared to the steel-sector) is not expected to be large enough to have any effect on 

prices or supply. The projected increase in need is only 1.2 times compared to 2018, as shown in 

Figure 9 [17]. aŀƴƎŀƴŜǎŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƛƴ ǘƘŜ ŜŀǊǘƘΩǎ ŎǊǳǎǘ ƛǎ ƘƛƎƘ, and resources are assumed 

to be quite extensive.  

1.6. Copper 
Copper (Cu) is used as the current collector on the anode side of the battery, as well as being a 

part of the charging infrastructure wiring and going into the production of EVs. According to The 

International Copper Association its use in EV will drive an increase in the Cu-demand, growing 

from around 185,000 tons in 2017 to as much as 1.74 million tons in 2027, as shown in Figure 7 

below. The study conducted by IDTechEx also estimates that 1.1-1.2 kg of Cu is needed per kWh 

of Li-ion battery, while charging stations require 0.7/8 kg Cu for a 3.3/200kW charger [20].1  

Figure 7 also shows the future Cu need split into different segments which will be elaborated on 

in Section 3. 

 

                                                      
1 There is approximately 25 kg of Cu in an average conventional vehicle. Source: https://copper-recycle.com/ 
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Figure 7: Electric vehicle Cu demand split into segments [20]. 

1.7. Aluminium 
Aluminium (Al) is used as the current collector on the cathode side of the battery, but also in the 

NCA cathode (Nickel Cobalt Aluminium) used by Tesla (5% Al by weight according to [21]). Just 

like Cu, Al also plays a large role in the car itself as the battery cell and pack enclosures and will 

be needed as housing material for EV charging stations. This leads to a higher need for Al outside 

of the battery itself [21]. The total world resources are estimated to be between 55 and 75 million 

tons largely centered around China. Al production in Norway at Hydro is at 1.25 million tons1 as 

seen in Figure 8. 

 
Figure 8: World-wide primary Aluminium production network: Primary metals and metal markets. Source: Hydro 

There is an estimated demand of around 250 kg Al per EV (this includes metal for car 

manufacturing as well as the battery itself) which leads to an absolute demand of 7.5 million tons 

                                                      
1 Hydro also produces Al outside of Norway making a total production of 2.3 million tons of Al. 
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in 2030 (assuming the sale of 30 million EVs in 2030, a midpoint between a range of forecasts) 

[22]. Al is also assumed to play a role in new Li-S batteries with Al-contents of 5-15% [21]. 

1.8. Silicon 
Silicon (Si) is an emerging material in batteries and is used in the anode. Si is found as SiO2 in 

quartzite and is the second most abundant element in the ŜŀǊǘƘΩǎ crust. WorldΩs production of 

silicon metal in 2015 was 8,100 million tons. 68% of this was produced in China, while Norway 

produces 4%. 38% of Si in the EU comes from Norway, followed by Brazil (24%), China (8%) and 

Russia (7%). Silicon metal is listed as a critical raw material in a report from the European 

Commission in 2017 due to the high import share from China [13]. Recycling of silicon metal is at 

0% (over all sectors) [23].  

1.9. Summary on raw material needs 
Several predictions have been made to assume future battery metal needs. Some of the most 

recent are presented in Figure 9, Figure 10 and Figure 11. Across all different predictions, the 

demands for Li are expected to increase significantly (by about 6x until 2030). Cobalt demands 

are expected to approximately double until 2025, but due to continued efforts in reduction of 

the Co-content in cathode materials, the demand is expected to eventually reach a plateau. 

Accelerating growth is predicted for Ni demands, especially class-1 Ni, due to the shift seen in 

increasing Ni-content in Nickel-Manganese-Cobalt cathodes (Section 2.2).  

 

Figure 9: The development in raw material demand from 2018 to 2030 (in kilo tons per year) by McKinsey analysis 2019 [17]. 
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Figure 10: Raw material demand in tons kg, historical and forecast by Avicenne analysis 2019 [24]. 

 

 

Figure 11: Demand for metals from lithium-ion EV batteries, BNEF forecasts [4]. Note: Copper includes copper current collectors 
and pack wiring. Aluminium includes Al current collectors, cell and pack materials and Aluminium in cathode active materials. 
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2. The Li-ion battery 

A Li-ion battery consists of some main components, where the specifics of each component are 

tailored to fit the needs of the user. The main components include two electrodes (one cathode 

and one anode, both deposited on a current collector) for the storage of Li-ions on charge and 

discharge, an electrolyte in between these for transport of Li-ions while prohibiting the transfer 

of electrons, a separator to physically separate the two electrodes and a metal casing to isolate 

the battery from the outer atmosphere. The working principle of the battery is shown in Figure 

12, and a schematic of the most common commercial cell types is presented in Figure 13.  

 

Figure 12: Schematic of a LIB during de-lithiation of the anode. Illustration adapted from Dunn et  al. [25] 
 

 

Figure 13: Three representative commercial cell formats [26]. 
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Some of the main performance key factors for a battery are summarized below [27], and will be 

used to describe the battery technologies in the upcoming sections.  

Energy: amount of energy that can be stored in a battery, usually referred to as άenergy densityέ. 

Quantified by Wh/l or Wh/kg (volumetric or gravimetric). Crucial for mobility applications, where 

volume/weight is an important factor.  

Power: amount of power that the battery can deliver, usually referred to as άǇƻǿŜǊ ŘŜƴǎƛǘȅέ. 

Quantified by W/l or W/kg (volumetric or gravimetric). Crucial for applications where high power 

is needed over a shorter period of time, for example power tools, trucks and forklifts.  

Capacity: measure of the charge stored by the battery, typically given in Ah or Wh. 

The main components of the battery, including their weight percentage of the total battery and 

some typical chemistries are summarized in Table 1.  

Table 1: Main components (by weight) of a Li-ion battery [4]. 

Cathode: 15-27% 

LCO - Li2CO3, LiCoO2 

LMO - LiMn2O4 

LNO - LiNiO2 

LFP - LiFePO4 

NMC - LiC1/3Ni1/3Mn1/3O2 

NCA - LiN0.8Co0.15Al0.05O2 

Anode: 10-18% 
Graphite - LiC6 

LTO - Li4Ti5O12 

Electrolyte: 10-16% 

Ethylene carbonate 

Diethyl Carbonate 

LiPF6 or LiBF4 

LiClO4 

Separator: 3-5% Polypropylene 

Binders: 3-5% PVDF, SBR 

Current collector anode: 12-16% Cu foil 

Current collector cathode: 16-27% Al foil 

Case and terminals: 8-10% Steel 

 

The battery is often given a name representing what cathode material is used, as this is what 

varies the most for different areas of use. The anode is most often graphite, but we see that other 

materials are playing an increasingly important role, either as additives or potential 

replacements.  
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2.1. Anode 

2.1.1. State of the art materials 

Graphite is the most common anode material for LIBs. Good anode materials have a low 

reduction potential with respect to Li/Li+ to achieve a high energy density, and graphite is 

extremely well suited to host Li-ions due to its layered structure allowing for fast diffusion. Table 

2 gives an overview of the properties of some common anode materials, but only graphite, LTO 

and some % of Si (in combination with graphite) are commercially in use today. A summary of 

anode materials as a function of potential vs. Li/Li+ and specific capacity is given in Figure 14.  

Table 2: Properties of some commonly studied anode materials [1]. Lithiation and de-lithiation potentials give information on 
when (de)alloying reactions occur between the host material and Li-ions. 

 Material 
Lithiation 

potential [V] 
Delithiation 
potential [V] 

Volume 
change 

C
o
m

m
e

rc
ia

l 

Graphite 
 

0.07, 0.10, 0.19 0.1, 0.14, 0.23 10% 

LTO 
 

1.55 1.58 0.20% 

Si 0.05, 0.21 0.31, 0.47 270% 

N
o

n-
co

m
m

e
rc

ia
l 

Ge 0.2, 0.3, 0.5 0.5. 0.62 240% 

Sn 0.4, 0.57, 0.69 0.58, 0.7, 0.78 255% 

 

Table 2 shows the lithiation potential where a lower potential means a higher overall potential 

for the cell, in combination with a cathode material. The volume change of carbon is roughly 10% 

and represents little challenge, however the large volume change of silicon and other non-

commercial materials is one of the main reasons for the slow market penetration. Figure 14 

illustrates the large increase in specific capacity by changing or introducing some Si in the anode 

material. 
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Figure 14: Capacity vs. potential vs. Li for selected anode materials [1]. 

Carbon 

Carbon, and more specifically graphite, has been the main anode material for Li-ion batteries for 

more than 20 years and will continue to be the leading commercial material for the foreseeable 

future. There are many sub-categories of carbon, but generally we can divide them into graphitic 

and non-graphitic. 

¶ Graphitic carbon [1]. Contains large graphitic grains and achieves close to theoretical 

capacity (372 mAh/g). Graphitic carbon can be divided into two categories; Artificial 

graphite (AG) (sometimes also referred to as synthetic graphite, SG) and natural graphite 

(NG). They have about an equal share of the market but exhibit slightly different qualities. 

NG is typically cheaper to produce, but at the expense of shorter lifetime and lower 

charging rates compared to AG. NG is made from milled graphite flakes, which are 

spheronized and purified with hydrofluoric acid or high temperature treatment. The 

resulting particles are often carbon coated to reduce surface area and obtain a smooth 

round particle morphology. AG is generally produced by graphitization of byproducts 

from the petroleum industry, like petroleum coke or coal. This process requires significant 

mobility of carbon atoms in all dimension and consequently temperatures upwards of 

3000oC (which is why the costs increase). However, this results in a product with high 

purity and more predictable performance. 

 

¶ Non-graphitic carbon 

o Hard carbon [1]. Small graphitic grains with disordered orientation and are 

therefore less susceptible to exfoliation. Includes hydrogen remains and nano-

cavities. Suffer from high irreversible capacity loss in the early cycles due to cracks 

and SEI formation in exposed edges. Hard carbons are not able to be graphitized 

due to crosslinking of crystalline phases. One benefit of hard carbon is that it is 

generally made from pyrolyzing bio-sourced precursor and therefore constitutes 






































































































































