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Abstract 10 

 11 

Electric vehicles powered by lithium-ion batteries are viewed as a vital green technology 12 

required to meet CO2 emission targets as part of a global effort to tackle climate change. 13 

Positive electrode (cathode) materials within such batteries are rich in critical metals – 14 

particularly lithium, cobalt, and nickel. The large-scale mining of such metals, to meet 15 

increasing battery demands, poses concerns surrounding material exhaustion in addition to 16 

further environmental, social and governance (ESG) issues. In particular, unethical mining 17 

practices and political instability within the Democratic Republic of the Congo (the world’s 18 

largest cobalt producer) have prompted research into cobalt-low and cobalt-free alternatives. 19 

This review aims to provide a holistic view of lithium-ion cathode development and inform 20 

advancements by highlighting the interdependencies across mining, material development, 21 

and end-of-life management. Whilst material sustainability is reported through supply and 22 

demand projections, the potential socio-environmental impacts of lithium-ion technology 23 

represent a hugely under-researched area amongst the aforementioned themes.  Notably, the 24 

lack of attention paid towards future implications of increased nickel use across material 25 

management and development disciplines is also discussed. 26 

Introduction 27 

 28 

High energy density lithium-ion batteries (LIBs) facilitate portable behaviours in modern 29 

society, contrived by a high-speed culture, that require us to communicate, work, and even 30 

charge ‘on the go’. Beyond convenience, such technologies are taking centre stage in the 31 

environmental revolution through the ever-growing adoption of electrified modes of transport, 32 
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as transportation currently accounts for 23% of global energy-related CO2 emissions.1 Electric 1 

vehicles (EVs) thus represent a rapidly expanding market, with at least 20% of road vehicles 2 

estimated to be electrically powered by 2030.1 LIB technology takes great prominence within 3 

the automobile industry, due to its unbeatable electrochemical performance and lightweight, 4 

portable nature. Its impressive performance can be attributed, in part, to the low weight and 5 

small ionic radius of the Li+ ions (0.76 Å), allowing fast ion transport. This fast transport, along 6 

with its low reduction potential (-3.04 V vs. standard hydrogen electrode (SHE)),2 allows for 7 

high power density as well as volumetric and gravimetric capacity. Such properties are of 8 

critical importance for EVs.3 With the increased demand for high energy density LIBs for EVs, 9 

comes reductions in battery cost and subsequent volatility in material supply. In light of the 10 

immense scale of transport electrification that is being proposed in order to meet CO2 emission 11 

targets, considerable attention is being directed towards the socio-environmental and 12 

economic impact of such an increase in material demand. Of particular focus are lithium-ion 13 

cathode materials, many of which are comprised of lithium (Li), nickel (Ni), manganese (Mn), 14 

and cobalt (Co), in varying concentrations (Fig. 1a). The cathode constitutes more than 20% 15 

of LIBs overall cost and is a key factor in determining the energy and power density of the 16 

battery (Fig. 1b).3,4 It is, therefore, vital to maximising the cathode performance whilst 17 

minimising its cost, to make EVs more accessible for society.  18 

 19 

The high cost of cathode materials is largely attributed to the presence of cobalt - a rare and 20 

expensive element mined primarily in the Democratic Republic of the Congo (DRC), which 21 

has been deemed necessary in the past to deliver high energy densities in LIBs. For example, 22 

the active material within the commercial NMC111 cathode (LiNi0.33Mn0.33Co0.33O2) costs ca. 23 

£17 kg-1, producing 3.88 kWh kg-1.5 This high cost is largely attributed to the relatively large 24 

amount of cobalt within the electrode (£ 25 kg-1).6 It is over 350 times greater than the cost of 25 

iron (£0.068 kg-1),7 which reflects its relative natural abundance. A combination of political 26 

instability within the DRC, social impacts within the mining sector, and supply chain volatility 27 

and ambiguity have driven a decrease in cobalt content in NMC cathodes (e.g. from NMC 111 28 

to NMC811 (LiNi0.8Mn0.1Co0.1O2)) and potential future cathode materials (LiNi0.5Mn1.5O4 29 

spinels, LiMO2 disordered rock-salts and LiNi1-xMxO2 layered nickel-rich oxides).8 Such a 30 

drastic shift to nickel-rich alternatives begs the question: ‘In what way will decreasing cobalt 31 

and increasing nickel demand affect future supply amongst other environmental effects?’. 32 

Although this question remains largely undiscussed throughout the literature, the precarious 33 

environmental state and dire acceleration of EV consumption highlight the need for battery 34 

developers to place their research into a wider context to better inform material progression. 35 

With this in mind, this review aims to provide a more holistic insight into cobalt-low and cobalt-36 

free cathode materials, thus considering material supply and demand amongst other 37 
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environmental, social and governance (ESG) issues to provide a perspective on the future 1 

cathodes under development.      2 

 3 

 4 

Current Cathode technology and Material Development 5 

The high transition metal content required to induce redox reactions to store charge in LIB 6 

cathodes leaves their formulations open to scrutiny, where the literature often highlights 7 

concerns surrounding lithium and cobalt supply risk. Research to overcome the main 8 

challenges faced by LIBs is underway with the exploration of alternative monovalent battery 9 

technologies such as sodium-ion9 and divalent batteries, e.g. magnesium10 and calcium11 10 

batteries. Yet, LIB technology will remain the market leader for the foreseeable future until 11 

such alternatives can offer parity in performance. Although the removal of lithium from cathode 12 

materials is unfeasible for present implementation, materials that require less lithium per kWh 13 

are preferable.  14 

The start of the EV influx from 2015 saw that much of the LIB market was dominated by 15 

cathodes with high cobalt content, such as NMC111.12 However, increased consciousness 16 

towards cobalt supply risk within the field of LIB development has resulted in the adaption of 17 

cathodes with reduced cobalt content, such as NMC811. Beyond reducing cobalt content, 18 

much research is invested into cobalt-free alternatives. Commercialised options available 19 

include lithium iron phosphate (LiFePO4)13 and lithium manganese oxide (LiMn2O4)14, the use 20 

of which is often limited to certain applications due to unsatisfactory electrochemical 21 

performance for use in EVs (i.e. low energy-density and power-density, and poor cycle life in 22 

the case of LMO). This prompts research into further improving such cathodes for EV 23 

applications in addition to developing other potential future cathode materials. The aim for 24 

future LIB cathodes is, therefore, to minimise cobalt and lithium required whilst still 25 

maintaining, or better yet improving, electrochemical performance including energy density, 26 

power density, and long-term cycling stability. Such material development will be briefly 27 

outlined below.  28 

 29 

 30 

 31 

15 32 

 33 
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 1 

Figure 1. a) Schematic of a lithium-ion battery, showing the movement of electrons and lithium 

ions (green) during charge (purple) and discharge (orange) processes. Crystal structures of 

various cathode chemistries are indicated:  i) layered structure, where teal octahedra represent M 

(M=Ni, Mn, Co for NMC and M=Ni, Co, Al for NCA), ii) spinel structure, where purple octahedra 
represent M (M=Mn for LMO and M=Ni, Mn for LNMO), iii) olivine structure, in which M=Fe for 

LFP, and iv) disordered rock salt structure, where cation mixing of M(d0) (grey) and Li (green) 

between the layers is observed (M= Fe, Mn, Ti). b) Typical mass and cost breakdown of an NMC 

battery pack, where CAM = cathode active material, AAM = anode active material, NCC = negative 

current collector and PCC = positive current collector. Charts produced with data from reference 

15.  
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Layered cathode materials 1 

 2 

Layered cathodes (Fig. 1a) represent the most widely researched cathode type for LIBs, 3 

where NMC-type cathodes (LiNi1−x−yCoxMnyO2) show particular prominence. The combination 4 

of nickel, manganese, and cobalt provides high specific capacity, low internal resistance, and 5 

high stability, respectively.12 Although NMC111 is the most common, NMC-type cathodes with 6 

reduced cobalt content are gaining in importance to mitigate sustainability and cost 7 

implications associated with the critical element supply risk (see Mining and Material 8 

Management section). Progression through low-cobalt NMC cathodes has seen a variety of 9 

formulations including NMC442, NMC523, NMC622 and NMC811, which result in lowered 10 

pristine material costs (Fig. 2a), where in the case of NMC811, raw materials make up 11 

approximately 30% of production costs (Fig. 2c). In addition to the benefits related to 12 

decreasing cobalt concentration, the increased nickel concentration enhances capacity, with 13 

NMC811 showing an improved specific capacity of 200 mAh g-1 when compared to NMC111 14 

(160 mAh g-1, both 4.3V vs. Li/Li+).12 Increasing the nickel content in these NMC-type 15 

cathodes, however, increases the reactivity of the cathodes due to the instability of nickel ions 16 

towards the liquid organic electrolyte and any trace moisture.12 This prompts the need for 17 

additional cathode components to prevent degradation, such as electrode coatings, for 18 

example. Beyond simple surface coatings are advanced particle design strategies such as 19 

core-shell16,17 and concentration gradient particles17,18, in which nickel-rich NMC occupies the 20 

particle core to provide desirable electrochemical performance, whilst less reactive 21 

manganese-rich NMC dominates the particle surface (shell), providing enhanced stability 22 

against the electrolyte.12 Commercially, NMC-type cathodes are often synthesised through a 23 

two-step co-precipitation reaction in which the metal hydroxide or carbonate is precipitated 24 

before sintering with stoichiometric amounts of lithium source (lithium carbonate or lithium 25 

hydroxide).19 Whilst material costs may decrease due to reducing cobalt concentration, the 26 

manufacturing cost may increase due to the greater processing cost related to nickel and the 27 

use of, more expensive, lithium hydroxide as the lithium source required for the synthesis of 28 

nickel-rich cathodes ($9.50 kg-1 LiOH compared to $7.75 kg-1 Li2CO3, 2021).20,21 NMC 712 29 

shows an optimal elemental composition when considering a variety of factors including cost 30 

and abundance.22 Considerations towards the increased SOx emissions associated with nickel 31 

increase must also not be overlooked (see ESG Impacts section).23 Furthermore, the thermal 32 

safety of the NMC cathode with higher nickel contents, such as NMC811, is more hazardous 33 

due to the earlier exothermic onset temperature and largest exothermic heat generated.24 34 

NCA cathodes (LiNi1−x−yCoxAlyO2) join NMC-type cathodes as front runners within the 35 

automobile industry. The NCA formulation has been optimised to 5 wt% aluminium (NCA-80, 36 
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LiNi0.8Co0.15Al0.05O2), showing a comparable specific capacity to NMC811 (200 mAh g-1
, 4.3 V 1 

vs. Li+/Li).20 The lack of manganese in NCA materials (i.e. NCA-80,81 and 82) results in 2 

desirable capacity retention when compared to NMC811 as manganese ion dissolution is 3 

eliminated, whilst the incorporation of aluminium ions provides enhanced thermal stability.20  4 

Correspondingly, NCA is often the choice for ‘long-range’ EVs provided by Tesla, which boast 5 

ranges > 500 km.12 6 

 7 

Figure 2. a) Estimated cell material cost based on production capacity of 1 GWh, data 10 

reproduced from 25, b) selected electrochemical performance parameters (volumetric and 11 
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gravimetric energy) from full cells with graphite (Gr) as anode and a variety of lithium-ion 1 

cathodes such as NMC111, 442, 532, 622 and 811, LR-NMC (lithium-rich NMC), NCA, LMO, 2 

LNMO and LFP. Reproduced with permission from 25, and c) Cost breakdown of an NMC811 3 

prismatic cell produce in China considering costs related to mining and refining, production of 4 

Cathode Active Material (CAM), production of other cell components and cell manufacturing 5 

(SG&A = selling and general & administrative expenses, FG&A = factors that account for 6 

general & administrative expense, Li2O = lithium spodumene concentrate 6%, 1 = mark up of 7 

ca. 6.3% to account for efficiency losses between theoretical vs. nominal voltage.) Adapted 8 

with permission from 26. 9 

 10 

Li-rich (LR) NMC type cathodes (Li(LiwNixCoyMnz)O2) exploit both cationic (Ni2+/4+, Co3+/4+) and 11 

anionic (2O2-/O2
n- [n < 4]) redox activity allowing further improvements in capacity when 12 

compared to conventional NMCs  (> 270 mAh g-1).19,27 Such a significant increase in capacity 13 

results in lower cell material cost (Fig. 2a).25 These materials, however, suffer from capacity 14 

and voltage fade as well as voltage hysteresis and slow kinetics that result from the anionic 15 

redox. LR-NMC’s with higher Ni content (i.e. LR-NMC811) are more effective at mitigating 16 

such issues.27 More recently, disordered rock-salt (DRX) LiMO2 cathodes (Fig. 1a) offer 17 

cobalt-free layered cathode that requires d0 metal species and excess lithium.29 These are, 18 

however, at a very early stage of research development. For sustainability reasons, iron,30,31 19 

manganese32 and titanium30,31,33 – based oxides are of particular interest. Substitution of 20 

oxygen by fluoride anions has shown to allow high reversible capacities (> 300 mAh g-1) and 21 

energy densities (ca. 1000 Wh kg-1, 1.5-5.0 V vs. Li+/Li)29 by averting the occurrence of 22 

irreversible oxygen redox reactions and/or O2 loss.  23 

Non-layered cathode materials 24 

 25 

LiFePO4 (LFP), a cathode with an olivine structure (Fig. 1a), exhibits excellent cycle life and 26 

high thermal and electrochemical stability, due to the strong bond energy of the PO4 27 

tetrahedral units.12 These properties, along with its inherently low cost and use of naturally 28 

abundant iron, make it an attractive cathode option for several battery applications. Its 29 

widespread adoption in EVs, however, is limited by its low energy density (120 Wh kg-1) and 30 

poor electronic conductivity (ca. 10-9 S cm-1), which despite low material cost results in 31 

relatively high cost per kWh.20,25,34 LFP is typically synthesised through a two-step route in 32 

which the precursor is prepared through spray drying followed by calcination in an inert or 33 

mildly reducing atmosphere.19 This is often coated with conductive carbon to improve the poor 34 

electronic conductivity.35 The synthesis of nano-sized particles is also considered to improve 35 

electronic conductivity by decreasing the lithium-ion diffusion pathway.36 Despite these 36 
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drawbacks, LFP cathodes may still have a role in public transport, due to their high safety and 1 

fast charging times of ca. 2.5 h, and in less power demanding stationary storage.12  2 

Spinel-type cathodes (Fig. 1a) provide an additional opportunity to eliminate cobalt, within 3 

certain battery applications, whilst also benefitting from decreased wt% of lithium when 4 

compared to layered transition metal oxides (e.g. NMC, NCA).37 Their three-dimensional 5 

structure allows for facile lithium-ion diffusion and thus high-rate capability.37 LiMn2O4 (LMO) 6 

represents the most widely researched spinel to have penetrated the EV market. The use of 7 

LMO is limited, however, by its low capacity and energy density, and short lifetime (due to 8 

structural instabilities upon cycling). Thus, LMO is often blended with NMC-type cathodes (for 9 

example, by automotive manufacturers Mitsubishi) to provide the high rate capability and low 10 

cost of LMO alongside the high capacity and improved cycling stability of NMC-type 11 

cathodes.20 More recent research efforts have turned to focus on the high-voltage 12 

LiNi0.5Mn1.5O4 spinel. The incorporation of nickel into the parent LMO spinel allows for high 13 

operating voltage and high energy density, through a two-electron Ni2+/4+
 redox couple (ca. 14 

4.75 V vs. Li+/Li).37 This increase in energy density results in a decrease in cell material cost, 15 

despite the incorporation of a more expensive component (nickel), as less material is required 16 

per kWh.25 As with LMO, however, LNMO is limited by structural instabilities on cycling in 17 

addition to incompatibility with commercial electrolytes resulting in electrolyte oxidation at such 18 

high voltage (> 4.5 V).37 In order to compete with commercial cobalt-containing cathode 19 

materials, methods to improve such failure mechanisms are under investigation. These 20 

methods include various doping strategies38,39, high-voltage electrolytes40,41, surface 21 

coatings42 and particle morphology optimisation43. Doping with abundant elements, such as 22 

iron at low concentrations, has not only shown to improve electrochemical performance, 23 

(particularly at high C rates) but could alleviate nickel demand which may prove beneficial 24 

when considering long-term supply vs. demand (see Supply vs. Demand section).44 25 

Mining and material management  26 

Mining 27 

The mining of raw materials can have significant consequences for the resulting 28 

environmental, economic, and social impact of LIBs. Cathode materials constitute a 29 

considerable amount of the raw materials required for, and the cost of, LIBs. High cathode 30 

costs are a consequence of using critical elements such as lithium and cobalt. On the other 31 

hand, nickel and manganese are considered to be far less critical. Nevertheless, it is 32 

worthwhile considering supply, demand, and wider consequences of all constituent elements 33 

in cathodes to best project the outcome of rapid EV adoption.  34 

 35 
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Mining of lithium occurs primarily in South American countries, such as Chile and Argentina, 1 

in which lithium is extracted from brines and largely processed to form lithium carbonate 2 

(Li2CO3), which can then be converted into lithium hydroxide (LiOH). Brines containing lithium 3 

are estimated to represent 66% of global lithium resources (estimated to be 81 Mt by the U.S. 4 

Geological Survey, 2020).45,46 Hard-rock extraction, on the other hand, from minerals such as 5 

spodumene, is largely employed in Australia. Whilst each of these countries focuses on only 6 

one extraction method, China uniquely produces lithium from both brine and hard-rock.47 7 

Unlike brines, spodumene can be directly transformed into LiOH, being approximately $ 500 8 

t-1 cheaper than LiOH from brine.47 It is predicted that LiOH will constitute a large share of 9 

future demand due to its preferred use for long-range batteries.47 The preferred use of LiOH 10 

over Li2CO3 is due to the instability of high nickel content NMC cathodes (NMC811) when 11 

synthesised with Li2CO3.20 The use of LiOH in their synthesis, compared to Li2CO3, allows the 12 

use of lower synthetic temperatures, helping to maximise stability.20 In addition to conventional 13 

sources such as hard-rock and brines, Tesla is hoping to extract lithium from clays using salt 14 

(sodium chloride). However, this source is often deemed unfeasible due to the low grade and 15 

high extraction cost.48 16 

 17 

Cobalt mining is geographically concentrated in The DRC – home to the copper belt – where 18 

it is heavily mined, with China and Canada following as the 2nd and 3rd largest producers.49 19 

Cobalt is primarily produced as a co-product of copper mining (70% current supply, > 30% 20 

copper mine revenue) and a by-product of nickel mining (20% current supply, < 5% nickel 21 

mine revenue).47,49 An estimated 15-20% of the DRCs cobalt supply is produced by small-22 

scale artisanal miners who are not officially employed.49 The role of the DRC as the main 23 

cobalt provider is predicted to remain stable, where they are projected to supply 62-70% from 24 

2018 to 2030.50 Future projections, however, suggest that cobalt supply as a by-product of 25 

nickel mining will increase. Shifting from co-product supply to by-product supply will ultimately 26 

reduce the interdependencies of cobalt on primary metal mining.50 This, in turn, should 27 

improve the security of cobalt supply.  28 

 29 

Nickel is mined, primarily in the Philippines, followed by Indonesia and Canada, as sulphide 30 

and laterite (oxide) ores.23 Although laterites are more abundant, representing 70% of global 31 

stock, sulphides represent 60% of nickel supply due to the more complex, and thus more 32 

expensive, processing of laterites.23 Unlike the aforementioned metals required for 33 

electromobility, manganese is plentiful, representing the third most abundant transition metal 34 

in the Earth’s crust, of which 80% is mined in South Africa followed by Australia and China.51   35 

 36 
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The possibility of deep-sea mining is also being considered. However, widespread exploration 1 

of such mining is limited by the high upfront cost.52 Furthermore, automotive companies such 2 

as BMW and Volvo have committed to avoid deep-sea mining due to the unclear effects on 3 

the fragile ocean eco-systems that are already under significant stress from overfishing, 4 

pollution and global warming.52 Work across the social sciences is aiming to highlight and 5 

understand further issues surrounding social justice, vulnerability and ownership of deep-sea 6 

mining and mining areas.53 7 

 8 

Supply vs. demand  9 

 10 

Various literature reports have attempted to predict supply vs. demand for metals used in 11 

cathode materials used in LIBs in order to elucidate potential future limitations. Such modelling 12 

and predictions prove difficult as the quantification of potential metal resources are highly 13 

dependent on public information provided by mining companies and other relevant sources, 14 

such as the U.S. and British geological surveys (USGS54 and BGS55). Potential metal sources 15 

are often described in terms of resources and reserves. Resources represent a location in 16 

which a given metal is present in the Earth’s crust. Reserves, on the other hand, represent 17 

resources that are economically feasible to mine.56 Such feasibility is dependent on the deposit 18 

size, metal content and the extraction process required. For example, Bolivia contains the 19 

largest known lithium reserve (ca. 21 Mt46). However, lack of infrastructure for transportation 20 

and mining, limited quality of lithium-containing ore, and political barriers result in this area 21 

being under-mined.57 Reserves are, therefore, dynamic – changing according to current 22 

socioeconomics, environmental policy and technology.58 Estimations of supply are reliant on 23 

the number of deposits included from existing sources, sources that have announced future 24 

mining operations as well as projections towards potential unannounced mining operations 25 

(Fig. 3).50 Demand modelling also depends on a large variety of factors including the time 26 

frame considered, the projected number of vehicles manufactured within this time frame, the 27 

share of different EV technologies in the market, the size of the EVs in question (kWh), the 28 

cathode material used and the weight of each metal per kWh (Fig. 3).56 Any difference in the 29 
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parameters chosen can result in significant modifications in the proposed supply vs. demand 1 

scenarios.  2 

Figure 3. Schematic highlighting the considerations required for supply (purple, left) and 4 

demand (orange, right) modelling. Turquoise arrows indicate factors that influence the 5 

outcome of projections. Differences in factors chosen for modelling can result in significant 6 

differences in projected supply and demand.  7 

Gruber et al. projected a total lithium demand over a period from 2010-2100 by modelling EV 8 

penetration, where annual EV growth beyond 2030 is anticipated to remain constant.45 Such 9 

projections predict 100% EV penetration between 2083-2087. This results in an estimated 10 

lithium demand of 19.6 Mt, in which batteries dedicated for automotive applications account 11 

for approximately 65% of this demand. In this scenario, LIB recycling is estimated at 90%, with 12 

90% recoverable lithium. Such recycling operations would significantly lower the strain on 13 

lithium mining. Evaluating lithium supply vs. demand, for 39 Mt of estimated in-situ lithium 14 

resource, suggest that supplies are sufficient to meet demand at least until 2100. This, 15 

however, is highly dependent on the success and implementation of lithium-ion recycling 16 

technology. Calisaya-Azpilcueta et al. took a different approach to model lithium supply chain 17 
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through stochastic modelling, combining material flow analysis with both global sensitivity 1 

analysis and uncertainty analysis.59 This allowed the identification of variables that had the 2 

most important effect on lithium distribution and EV production; lithium hydroxide production, 3 

from both lithium carbonate and hard rock, and traditional battery production. This work did 4 

not, however, consider stages beyond production. From their findings arose a probable 5 

scenario in which increasing demand is not covered by supply. For the time frame considered 6 

(2019-2025), this undersupply scenario was shown to be more likely to occur in 2025 than in 7 

2021.59 As a time frame beyond 2025 was not considered, that is not to say that lithium 8 

resources are predicted to be depleted by this time.  9 

 10 

Fu et al. applied a series of scenario models for estimating supply and demand of cobalt over 11 

of short-term period (2015-2030). Their results indicated that, based on a high compound 12 

annual growth rate (CAGR), cobalt demand for EV LIBs accounts for 70% of battery demand 13 

by 2030 at 250 kt.50 In addition to other battery applications and non-battery applications, in 14 

an aggressive high-demand scenario, it is projected that cobalt demand will reach 430 kt by 15 

2030. This is closely matched to the projected 458 kt of supplied cobalt, under the same 16 

scenario conditions.50 This work, therefore, envisages that cobalt supply will meet short-term 17 

demand. The possibility of recovering secondary cobalt through the recycling of electronics is 18 

estimated to provide an additional 17 kt into the supply chain (at a recovery efficiency of 19 

100%).50  20 

 21 

Elshkaki et al. postulate four different future scenarios and model the changes in nickel 22 

demand for each, where a collaborative ‘Equability world's scenario’ resulted in the highest 23 

demand (350% increase on 2010 by 2050) and lowest-demand in a 'security foremost’ 24 

scenario in which significant disparities exist (215% increase on 2010 by 2050).23 In each of 25 

the four scenarios demand is expected to exceed reserves whilst remaining within the 26 

constraints of the estimated resources (150 Mt). This work predicts that nickel supplies will be 27 

sufficient to meet demand within the timeframe considered (2050). Concerns surrounding 28 

nickel for battery applications are often minor as battery demand represents only a small 29 

percentage of overall nickel demand when compared to lithium and cobalt required for battery 30 

applications (Fig. 4).23  Nonetheless, reports have highlighted that although initial nickel supply 31 

may seem high, constraints defined by ore grade, governmental control and environmental 32 

and social pressures significantly limit the amount of nickel available for use in EV.60 Their 33 

projections indicate limitations to nickel supply as early as 2027 when considering a low 34 

demand scenario. Conclusions and comparisons to literature reports for these scenarios, 35 

however, are not possible as the basis for such projections is not outlined. Despite this, it 36 
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raises the importance of considering ore grade within supply and demand modelling as failure 1 

to do so may lead to misleading results. 2 

 3 

Being the third most abundant transition metal in the Earth’s crust, supply vs. demand studies 4 

that focus on manganese alone are unsurprisingly difficult to come by. Unlike the literature 5 

above that discuss supply and demand of one focus element, work conducted by Habib et al. 6 

considered a range of materials required for EV production with a particular focus on cathode 7 

constituents.61 This provides the benefit of comparing different elements under the same 8 

applied conditions. Three scenarios were modelled, based on representative concentration 9 

pathways (trajectories to predict climate futures, RCPs), which indicate the global warming 10 

delivered by a given concentration of CO2 emissions (measured in W m-2). Those considered 11 

are as follows: (1) 4.5 W m-2 (baseline), where CO2 emissions are required to start declining 12 

ca. 2045 and are expected to half between 2050 and 2100, (2) 2.6 W m-2 (stringent), where 13 

Figure 4. Predicted changes in battery and non-battery demand of nickel, lithium, and cobalt. 

Figures produced using data from references 12 and 24. LCE = lithium carbonate equivalents. 
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CO2 emissions are required to start declining by 2020 and reach 0 by 2100, and (3) 3.4 W m-1 
2 (moderate), representing a scenario between 1 and 2.62 Increased stringency to meet RCPs 2 

resulted in EVs constituting increased proportions of total 2050 passenger vehicles (23% of 3 

all vehicles electric in a baseline scenario, 32.6% in moderate and 73% in stringent). As 4 

expected, the increased in-use EV stocks significantly accelerate the reserve depletion of 5 

cobalt, lithium, and nickel, with cobalt reserves being depleted by 2035 under stringent 6 

modelling conditions. Other battery and EV constituents such as manganese, aluminium, iron, 7 

and copper, on the other hand, experience less significant depletion, retaining 90% 8 

(manganese, aluminium, iron) and 74% (copper) of original stocks up to 2050. As modelling 9 

followed an S-curve trend, all scenarios saw the highest demand for materials in 2035. A great 10 

disparity in material demand was seen between models, however, where cobalt demand was 11 

11 times higher in the stringent scenario when compared with the baseline. This work identified 12 

nickel as well as lithium and cobalt as having high potential supply risk in the future.61 No 13 

mention of ore grade is supplied within Habib et al.’s report, suggesting this supply risk is 14 

based on total nickel reserves as opposed to the 46% of nickel reserves that are acceptable 15 

for battery use.60,61 With increasing nickel content in lithium-ion cathodes, greater attention 16 

must be paid to improving supply and demand modelling of not only lithium and cobalt but 17 

also, crucially, nickel. 18 

 19 

Comparison between different models of supply vs. demand outlined above shows a large 20 

disparity in projected outcomes. Earlier attempts of modelling supply vs. demand lacked detail, 21 

often only considering one battery chemistry and EV type.56 Recent developments show 22 

increased attention to specific EV and battery technologies employed, considering various 23 

cathode chemistries and relative EV battery sizes (kWh). Another area for uncertainty is non-24 

battery applications. Whilst some works tried to also model non-battery applications, others 25 

do not, which would result in a gross underestimate of materials demand. The inclusion, 26 

however, adds further complexity and uncertainty to demand calculations. The sensitivity of 27 

modelling supply vs. demand renders outcomes doubtful, thus comparison studies, as 28 

conducted by Habib et al., may prove more beneficial.61 Various time-frames used in reports 29 

make comparison difficult. As may be expected, with increased time, uncertainty increases 30 

due to the greater probability of significant changes in the supply and demand landscape.  31 

 32 

Material demand is often modelled on different scenarios. These scenarios, however, are not 33 

consistent between reports. Whilst Speirs et al.56 and Habib et al.61 both considered scenarios 34 

based on CO2 emission targets, the targets used were different with the former using IEA 35 

scenarios in which CO2 emissions should see a 50% reduction by 2050 and the latter 36 
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employing scenarios based on shared socio-economic pathways outlined by climate change 1 

researchers targeting different RCPs. This leads to significant differences in the anticipated 2 

EV and subsequent Li demand. Speirs et al. consider an EV market made up of BEVs and 3 

PHEVs, totalling 109 M vehicles in 2050. Varying material intensity within the EVs batteries 4 

resulted in a wide range of Li demand from 184-989 kt. Habib et al, on the other hand, predict 5 

EV demand between 2-3 M, with Li demand <100 kt for 2050. In addition to different scenarios 6 

used, different trends in EV adoption lead Habib et al. to predict a peak EV demand ca. 2030, 7 

whereas Speirs et al. observed a continual growth until 2050. Furthermore, Habib et al. 8 

included HEVs into their projections which use nickel-metal hydride batteries that are non-9 

reliant on Li and so this will further reduce Li demand projections. 10 

 11 

Focusing on projected cobalt demand for 2030, Habib et al., using RCP-based projections, 12 

predict EV demand from 30-70 million.61 Fu et al. instead used compound annual growth rates 13 

(CAGR) of 5 and 10% when projecting EV demand, suggesting a range of approximately 10-14 

21 million vehicles.50 The former suggests a demand of approximately 500-5000 kt in 2030. 15 

The latter, on the other hand, predicts 235-430 kt of cobalt demand, where the higher limit is 16 

in line with the lower baseline limit projections of the former. Such a drastic increase in 17 

projected demand may be explained due to the far greater estimations of EV adoption to meet 18 

CO2 targets where baseline efforts may be more probable unless significant policy is put in 19 

place. Despite the use of different scenarios, all recent works agree that supply will be 20 

sufficient for short-term to mid-term demand. A further drawback is that, although demand 21 

may appear to be within supply constraints, models often do not consider the rate of production 22 

for such critical metals. Lags in production rate may, therefore, pose a limiting supply factor.63 23 

It is evident from the works summarised, however, that cobalt poses the biggest depletion 24 

concerns followed by lithium. 25 

 26 

Despite research efforts towards replacing LIBs with more sustainable alternatives (e.g. 27 

sodium-ion, magnesium, and calcium batteries), the requirement of LIBs for high energy 28 

density applications is likely to remain necessary for the foreseeable future as alternative 29 

technologies lag. This makes the complete removal of lithium unfeasible at present. Optimising 30 

formulations to minimise lithium content per kWh, however, can be investigated to minimise 31 

strain on lithium demand. Unlike lithium, cobalt can, and is, being substituted, largely by nickel 32 

and/or manganese (See Material Development section).8 Despite no significant limitations 33 

predicted by literature reports on nickel supply in the near to mid-future, it would be worthwhile 34 

for modelling attempts to consider long-term supply vs. demand.  35 

 36 
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As seemingly abundant materials, iron (natural abundance (NA) = 56,300 ppm) titanium (NA 1 

= 5,650 ppm), and manganese (NA = 950 ppm) are viewed as worthwhile alternatives to nickel 2 

(NA = 190 ppm) and cobalt (NA = 25 ppm).64 Studies that consider supply and demand for 3 

iron and manganese, focus on their use in steel and those that consider titanium, consider its 4 

use in pigments and within the aerospace industry.65–67 From such studies it is difficult to 5 

extrapolate supply and demand to battery applications. As with nickel, however, battery 6 

applications form a small percentage of iron, titanium, and manganese demand. Supply and 7 

demand studies for iron focused entirely on supply and demand for steel, as it is estimated 8 

the 99% of the iron market lies within the steel industry.66 As with nickel, widespread adoption 9 

of titanium- and iron- and manganese-based cathode materials will add further strain on to 10 

resources with already high demand. Here, we highlight the dangers of defining any given 11 

battery material as sustainable, as in doing so we lose foresight to future sustainability issues. 12 

It is clear from the extensive amount of resources required for successful EV penetration that 13 

a variety of cathode materials, used in conjunction throughout the industry, will be required to 14 

optimise sustainable development. More research into the potential impacts of increased iron, 15 

titanium and manganese battery demand should be considered pre-development, once again, 16 

to better inform materials development. Modelling approaches may be wise to consider a 17 

variety of up-and-coming materials (see Material Development section) to model the optimal 18 

share of each within the EV sector to best sustain resources. Such modelling attempts should 19 

allow anticipation of future bottlenecks. The undetermined electrochemical performance of 20 

novel materials when implemented in EV systems may, however, present some challenges 21 

and additional uncertainties. 22 

 23 

 24 

 25 

Supply risk 26 

 27 

Supply risk is often assessed through product concentration, by-product dependency and 28 

political country risk (Fig. 3).49 Whilst lithium and cobalt are both largely concentrated in South 29 

America and the DRC, respectively, companies located in China are largely responsible for 30 

the refinement of these raw materials for battery material production.68,69 China has 31 

significantly increased investment into cobalt mining activities overseas in order to provide a 32 

domestic and steady downstream supply of raw materials. Chinese dominance of both raw 33 

and battery materials may lead to supply shortages if critical materials are leveraged in 34 

diplomatic disputes or reserved for their domestic use.69 Therefore, country-level disruption to 35 

South American countries, the DRC or China could result in a significant impact on global 36 
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lithium and cobalt supply resulting in high supply risk.49 In addition to lithium and cobalt, 1 

environmental policies appearing throughout South East Asia banning raw ore exports or 2 

suspending nickel extraction in certain regions may pose a notable risk to nickel supply.70 3 

Increased insight into the environmental, social and governance (ESG) impacts of critical 4 

metal mining (see below) has led to increased consciousness towards responsible sourcing, 5 

which may further restrict resources available for use. Tesla has demonstrated the need for a 6 

secure supply chain by securing supply of both Ni and Li as these metals pose the greatest 7 

risk within their nickel-rich chemistries.48,71  8 

 9 

Helbig et al. attempted to quantify the supply risk associated with a selection of metals used 10 

for battery applications.72 From this study, it was determined that Li and Co posed the most 11 

significant supply risk (54% risk). Risk to Li supply was largely impacted by lack of sufficient 12 

recycling opportunities, whereas high Co risk was a result of political instability and by-product 13 

dependence. From the data presented, Ni (50%) and Mn (52%) show similar supply risk 14 

scores, with Ni risk largely dependent on supply reduction. Mn, on the other hand, shows a 15 

high score, despite its high natural abundance, due to its lack of substitutability. Ti was also 16 

evaluated, due to its use in lithium titanate anode materials (Li4Ti5O12), and was shown to have 17 

a lower supply risk (43%). This work highlights the need to include Mn into supply 18 

considerations. Furthermore, understanding the impact of increased demand for Ti may be 19 

interesting for understanding the future implications of moving to Co- and Ni-free chemistries. 20 

 21 

In order to reinforce supply chains, a more diverse stream of cobalt and lithium, in particular, 22 

will be necessary. Diversifying cobalt supply can be achieved through improved artisanal 23 

cobalt mining from >150 cobalt sites currently unmined, located in countries that do not 24 

presently mine.49 Significant efforts should be made to improve the working conditions of 25 

artisanal mining through social and environmental sustainability measures as increased 26 

supply chain resilience could be achieved. The emergence of cobalt-primary mines, which has 27 

resulted from increased demand in the electronics sector, should help further improve cobalt 28 

security. Investment into lithium mining in Bolivia by foreign companies will considerably 29 

extend lithium reserves.57  30 

 31 

In addition to geographical supply risk, company-based supply risk poses a potential threat. 32 

Companies that possess multiple links to other companies within the supply chain pose the 33 

biggest risk as a collapse in their supply could result in large-scale disruption. A large network 34 

of companies in the supply chain is, therefore, favourable to minimise such large-scale 35 

damage.49 Any such shortages in supply may result in price increases. Cobalt shortages 36 

experienced between 2016 and 2017 saw cobalt prices approximately double (Fig. 5a). It is 37 
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estimated that the cost of NCA and NMC increased by roughly 12.5%, as a result. A further 1 

decrease in cobalt content would limit the propagation of price and supply volatility to LIBs.73 2 

In contrast, nickel prices are far less volatile yet have seen a recent increase in prices, to their 3 

highest in six years due to increased demand for EVs (Fig. 5a). Lithium carbonate, on the 4 

other hand, experienced a drop in price between 2018 and late 2020 as increased production 5 

was not met by the required demand within EVs (Fig. 5b).74  In order to sustain supply and 6 

demand, efforts must focus on developing electrode materials that are not reliant on scarce 7 

materials, extending battery lifetimes and improving reuse, repurpose, recycling and 8 

remanufacturing frameworks.75 Recycling offers a reduced burden on mining by feeding into 9 

supply, reducing the primary metals required to meet demand. Supply risk also has the 10 

potential to benefit from recycling as secondary metal production can be exploited in countries 11 

without geological supply, thus diversifying the current supply chain. If, however, secondary 12 

supply is dominated by primary supplying countries, such as China, risks to supply would 13 

remain.61 That being said, recycling will not alleviate strain within the near future given the 14 

lifetime of LIBs, rendering large material quantities in use until significant numbers of batteries 15 

reach end-of-life.63 16 

Figure 5. a) Price fluctuations of cobalt and nickel from 2016-2021 (USD/T). b) Price fluctuations of 18 

lithium carbonate traded in China, from 2017-2021 (CNY/T). Data from collected from references 76–78. 19 
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 1 

Environmental, social and governance (ESG) impacts 2 

 3 

Issues surrounding economics, supply, and demand appear to be the focus of LIB concerns, 4 

with a modest amount of literature reports on further environmental and societal matters. 5 

Sovacool et al. revealed the extreme risks to both environmental and public health, as well as 6 

social implications of gender discrimination and child labour in the DRC, exacerbated by the 7 

increasing adoption of 'green technologies' such as EVs.79 Gender inequality in such areas, is 8 

allowed through mining hierarchies in which women appear very low, thus often carrying out 9 

the most strenuous yet poorly paid activities.79 An estimated 23% of children within the DRC 10 

(many of whom are orphans) work within cobalt mining where they are exposed to physical, 11 

physiological and sexual abuse in order to provide for themselves and their families.79 The 12 

long-lasting health impacts to societies within the vicinity of cobalt mines has been made 13 

apparent through the elevated cobalt levels in their blood and urine resulting in potential heart, 14 

lung, thyroid and blood complications.73 Handling mining waste appropriately is also of utmost 15 

importance for ensuring the welfare of local residents. Waste from a previous mining plant 16 

after long storage was shown to have polluted surface and groundwater, atmospheric air, and 17 

soils with waste metals. The large number of heavy metals in water systems resulted in their 18 

presence within local foods.80 In addition to toxicity concerns, tunnels dug for mining purposes 19 

lead to soil erosion and land instability.79 Thies et al. considered child labour, corruption, 20 

occupational toxicity and hazards, and poverty as social risk factors throughout the supply 21 

chain of LIBs, through a social life cycle analysis – all of which were significantly reduced 22 

through the responsible sourcing of raw materials.81 The supply chains investigated 23 

considered raw materials, cell components, battery cell production and battery pack 24 

production. Comparisons between supply chains that consisted of China- and Germany-based 25 

battery cell and battery pack production indicated greater risks in all the aforementioned areas 26 

from China-based battery production.81 This highlights the value of responsibly sourcing and 27 

producing batteries and battery materials for the health and wellbeing of residents. Artisanal 28 

mining within the DRC has been highlighted in recent years due to child labour and unsafe 29 

mining conditions.82 Banning of artisanal mining may, however, result in unintended harmful 30 

consequences as in poorer areas as it can be the only source of income for local residents.82 31 

In such communities more money can be earned through cobalt mining than through 32 

agriculture, creating a desire to mine with the hope of escaping poverty.79 Although such issues 33 

accounted for a small amount of artisanal mining, further regulations and control are required 34 

to prevent such atrocities.82  35 
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Mining holds influence over ca. 50 million km2 of terrestrial surface area, with 82% of mining 1 

area targeting critical materials required for clean energy production.83 As the demand for 2 

different metals changes, the mining landscape will evolve with new mines opening, where 3 

desired ores are concentrated, and other mines closing due to declines in demand. The forced 4 

relocation of local residents to allow for mining expansion and the inhabitancy of old mining 5 

areas, due to decreased land quality, leaves a profound social and health impact on the local 6 

community.84 In addition to residential areas, agricultural land and forestry also endures 7 

impairment due to mine expansion, with 14% of protected areas being within, or close to, metal 8 

mining areas.84 The density of mining areas extracting critical metals that overlap with 9 

protected areas is far greater than the density of other mining areas which overlap. This 10 

indicates that with increased demand for critical metals for LIBs comes increased threats to 11 

biodiversity.83 This provides additional ecological and environmental concerns beyond 12 

material exhaustion. Such socio-environmental considerations are often beyond the scope of 13 

the supply, demand, and economic concerns of mining activities. New and developing mining 14 

activities are thus encouraged to formulate considered mining plans that aim to assess nearby 15 

eco-systems, long-term effects and possible rehabilitation strategies.84 It should be noted that 16 

issues will arise from the mining of most metals. It is, however, important to critically assess 17 

each in order to select those which pose minimal damage pre-use, during use and post-use. 18 

A comparative analysis into the ESG risk of a variety of transition metals used in green 19 

technologies, performed by Lèbre et. al, indicated that 70% of cobalt resources reside in areas 20 

with high ESG risks that are associated with a variety of factors across social vulnerability, 21 

land use, governance and waste.85 Lithium, on the other hand, shows 65% of resources are 22 

in areas with low to medium ESG risk, where water use presents the biggest concern among 23 

the ESG factors (Fig. 6).85 Nickel and iron show mining projects that are evenly divided across 24 

both high- and low-risk areas, where management and mitigation of ESG risks prove to be of 25 
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critical importance for a global strategy to ensure minimal environmental and social impact 1 

with increasing demand.85 Iron, when compared to nickel, cobalt and lithium shows very low  2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

ESG risk, with the 16 

biggest concerns 17 

stemming from toxic waste and land use (Fig. 6).85  Primary environmental concerns related 18 

to cobalt, other than material exhaustion, are eutrophication and global warming potential, due 19 

to large amounts of electricity consumption for extraction. For nickel and manganese, on the 20 

other hand, greenhouse gas emissions (GHG) pose the biggest concern due to fossil fuel 21 

usage in mining, extraction and refining.86 Access to sufficient renewable energy on the mining 22 

sites poses a hurdle for reducing GHG and global warming potential (GWP) as replacing 23 

existing supplies will prove time-consuming and costly.86 Using high-grade ores can both 24 

Figure 6. a) ESG risk matrix for nine metals ranked by total score, defined as the sum of the scores 

for the seven dimensions (first seven columns), in which environmental risk is comprised of waste, 

water and conservation and social risk is comprised of communities, land uses and social 

vulnerability. b) The breakdown of total risk scores by resource tonnage. Colours respond to risk 

level, with red showing higher risk and blue showing lower risk. Reproduced with permission from 
85. 
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economically and environmentally beneficial as processing requirements are lowered. As 1 

resources deplete, however, the extraction from low-grade ores will be inevitable.86  2 

Nickel production, particularly from nickel sulphate (NiSO4), is a very energy-intensive process 3 

that generates large amounts of sulphur dioxide (SO2) during refinement.87 This significantly 4 

increases the emissions related to LIB production. For this reason, the source of nickel 5 

production was shown to have a significant effect on the environmental impact through varying 6 

stringency on SOx capture, with Canadian refined nickel producing 0 kg SOx per kg NiSO4 and 7 

Russian refined producing 2,902,991 kg SOx per kg NiSO4.87 This is dependent on the use of 8 

sufficient technology to capture and convert SOx emissions and highlights the importance of 9 

responsible sourcing. These figures are particularly alarming when considering that Russia 10 

produced 21.1% of battery-grade nickel in 2019, the largest producer of that year.60 Life-cycle 11 

analysis conducted by Kallitsis et al. modelled three scenarios based on different NMC 12 

cathode chemistries (111, 622 and 811). Similar threats to humans and ecosystems are 13 

presented by novel chemistries.88 Nickel sulphate production, however, resulted in an increase 14 

in all ecotoxicity categories considered as cathode nickel content increased. An overall 15 

decrease in the impact of LIBs using novel nickel-rich cathodes is provided through expected 16 

increased capacities. The prospect that the initial lifespan of novel positive electrodes may be 17 

inferior to existing ones should be considered and may limit the reduction of impact over the 18 

whole lifetime. Of the aspects considered, namely mining, extraction, processing, manufacture 19 

and assembly, battery production was found to have the most profound effect on 20 

environmental impacts. This is largely a consequence of non-renewable energy use in battery 21 

production.88  The energy-intensive processing of nickel and cobalt ores accounts for a large 22 

proportion of energy consumption required to produce NMC-type cathodes. LMO and LFP 23 

cathodes, on the other hand, consume the most energy during the cathode preparation 24 

stage.21 25 

With regards to the titanium dioxide (TiO2) precursor, for which demand may increase if 26 

disordered rock-salt cathodes are to be successfully commercialised, production from starting 27 

materials such as rutile, ilmenite or titanium slag can be achieved through two methods: the 28 

chloride route and the sulphate route.65 As with nickel processing, the use of sulfuric acid in 29 

the sulphate route poses potential environmental issues, which as previously mentioned can 30 

be eliminated through the use of sufficient mitigation practices.89 Acid treatment, however, 31 

renders the sulphate route more costly.89 The sulphate route is predicted to be the most 32 

common throughout Europe and China, whereas the chloride route dominates America.65 The 33 

chloride route produces TiO2 with higher purity and so such routes may be necessary to 34 

provide battery grade TiO2.65 Greater understanding into the impacts of Ti processing, and 35 
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subsequent comparison with Ni, and Co, would be beneficial for understanding the true 1 

environmental gain of replacing Ni- and Co-rich chemistries. 2 

 3 

End-of-life and Waste Management  4 
 5 

The possibility of a secondary metal supply from spent LIBs is commonly considered as a 6 

necessary addition to the extraction of raw materials in order to meet future demand. Waste 7 

LIBs from EVs, and other portable devices, are rapidly accumulating with little regulation in 8 

place to ensure safe and sufficient disposal within a coherent waste hierarchy scheme: 9 

prevention, reuse, repurpose, recycle, disposal.90 Prevention, as previously discussed (see 10 

section Current Cathode Technology and Material Development), can be realised through 11 

material development, in which the amount of critical raw metal within cathode materials can 12 

be minimised. Subsequent improvement in performance of such materials is vital for lowering 13 

overall long-term demand.  14 

Reuse involves the repair and/or remanufacture of spent LIBs for use in the same applications, 15 

whilst repurposed LIBs are to be used for less demanding energy storage (i.e. second-use).90 16 

For effective re-use, efficient battery management will be required in order to retrieve LIBs 17 

with approximately 80% state of health for subsequent repair and recirculation, likely as part 18 

of a battery leasing scheme.90 LIB repair can involve identifying the cells within the battery 19 

pack (ca. 10%) with poorest state of health (SOH).91 The identified cells can then be replaced, 20 

with fresh cells, avoiding replacement of the whole pack. Research into alternative charging 21 

methods illustrates a possibility of rejuvenating spent LIBs without disassembly, potentially 22 

reducing costs when compared to remanufacture and recycling waste streams. One such 23 

charging method is sinusoidal wave charging, as opposed to constant current charging, in 24 

which cycling to negative currents allows the reduction of solid electrolyte interface species at 25 

the anode surface, improving passivation.92 This method has been shown to revive aged 26 

LiFePO4 -based cells with SOH of 60-70%, 70-80%, and 80-90% by 18.7%, 9.5% and 4.2%, 27 

respectively. 92  28 

Whilst reuse would be intuitively favoured over repurposing due to less processing required, 29 

a study into the eco-efficiency of end-of-life (EOL) routes showed that repurposing allowed for 30 

greater reductions in cumulative energy demand, eco-toxicity, metal input and economic 31 

benefit.91 This outcome largely came from the replacement of Pb-acid stationary storage with 32 

LIB stationary storage.91 However, the quantity of LIBs that can be repurposed for second-use 33 

will far outweigh the second-use demand, due to the large amount of EVs going into 34 

circulation.93 Furthermore, such repurposing will delay the retrieval of critical metals before the 35 
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LIBs are eventually discarded.94  The successful implementation of battery recycling and 1 

critical metal recovery is, therefore, crucial for providing a sustainable supply of battery 2 

materials.  3 

Each of the aforementioned EOL scenarios is limited by low collection rates (0-25% across 4 

different EU countries).95 Such rates are proposed to be a result of insufficient EOL policy and 5 

public awareness of disposal protocols from which spent LIBs are often incorrectly disposed 6 

of or left as hibernating stock within society.95 Under UK regulation the battery producer is 7 

responsible for paying for waste battery collection, treatment, recycling and disposal.96 Whilst 8 

the disposal of LIBs into landfills is illegal under UK law96, insufficient public awareness and 9 

lack of accessible disposal routes, such as kerbside collection, renders such practices 10 

inevitable.97 The incorrect disposal of LIBs poses a significant safety concern due to the 11 

associated electrical, chemical and fire hazards that arise from damage to the battery packs 12 

and leaching of internal chemicals. Such events have seen approximately 48% of UK annual 13 

waste fires to be a result of waste LIBs.97 This risk results in high transportation and processing 14 

costs such as manual disassembly, limiting the possibility for automated systems.98 Whilst 15 

such manual disassembly may suffice in the short term, it will fail to cope with the greater influx 16 

of spent LIBs that is expected to come.98 Automation within the disassembly line will, therefore, 17 

be paramount to the success of recycling operations.98  18 

Recycling  19 
 20 

In addition to extending resources, the successful recycling of LIBs is suggested to alleviate 21 

other environmental concerns surrounding metal extraction, such as pollution, energy use and 22 

water use.21,94,95,98–109 Beyond the environment, and as previously discussed (see section 23 

Supply Risk), a domestic secondary supply will reduce supply risk and mitigate price 24 

fluctuations, in addition to avoiding high transportation and processing costs of exporting and 25 

disposing of E-waste.103 The price of recycled materials, however, may struggle to be 26 

competitive with primary resources, especially at the early stages of recycling development. 27 

This calls for incentives from policymakers to internalise social and environmental costs or 28 

subsidise recycled materials.90 The benefits that recycling have on the social impacts of metal 29 

extraction, however, are largely unknown and may be a worthwhile investigation for future 30 

works to ensure the desired positive social impact.  31 

 32 

Numerous reviews have been published within the last couple of years, in which various 33 

recycling methods under development are critically analysed.21,94,95,98–109 Whilst an in-depth 34 

review of recycling methods is beyond the scope of the work presented herein, the 35 
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technologies under development are briefly discussed and the trends in challenges identified 1 

and future outlooks proposed within a series of reviews are considered.  2 

 3 

A variety of different recycling methods exist within the literature namely pyrometallurgy, 4 

hydrometallurgy, biometallurgy (Fig. 7) and direct recycling. Recycling first requires LIBs to be 5 

discharged, typically through the use of saturated sodium chloride solutions. If disassembling 6 

under inert conditions (e.g. under argon), however, such discharging is not necessary.107 7 

Mechanical separation is then used to dismantle the battery into its different components, from 8 

which the cathode material is extracted and further treated. Pyrometallurgy involves the heat 9 

treatment of recovered cathode materials to form an alloy of Cu, Co, Ni and Fe. Li and Al, on 10 

the other hand, are contained with the remaining slag from which they are difficult to extract. 11 

Due to the simplicity of pyrometallurgy, it is an attractive choice for recycling operations. 12 

However, the use of high temperatures and the release of significant greenhouse gasses limits 13 

its eco-friendliness. Hydrometallurgy involves the selective dissolution, leaching, separation 14 

and purification of metals from waste cathode materials. Typical leaching agents include 15 

H2SO4, HNO3 and HCl.107 Research into organic leaching agents, however, (such as oxalic 16 

and citric acid) is gaining importance in order to provide a more environmentally friendly 17 

alternative.110 Bio-metallurgy uses microbiological processes that can produce organic or 18 

inorganic acids to extract critical metals.99 Cathodes can then be resynthesized from the 19 

leachate solution via a co-precipitation or sol-gel method, which can simplify separation and 20 

purification steps.110 Both hydrometallurgy and bio-metallurgy have the advantage of being 21 

able to recover Li, unlike pyrometallurgy. However, the high volumes of effluents produced 22 

require treatment before disposal.107 Whilst bioleaching provides an eco-friendly and energy-23 

efficient method, its poor adaptability and leaching conditions required currently limit its 24 

suitability for industrial applications.110 Direct recycling poses a method in which the crystal 25 

structure can be retained thus improving the economic feasibility in addition to lowering 26 

environmental impacts.111,112 27 

 28 

The cost of different recycling methods is comprised of labour costs, material costs and utilities 29 

amongst additional expenses such as tax, rent, insurance, and maintenance (Fig. 7b).113 30 

Leaching chemicals required for hydrometallurgical recycling result in higher material costs, 31 

whereas pyrometallurgical recycling is more labour intensive with higher utility costs, resulting 32 

in a higher overall cost in comparison. The financial viability of hydrometallurgical, 33 

pyrometallurgical and direct recycling methods are impacted by a series of factors including 34 

transport distances, labour cost, disassembly cost, recycling capacity and revenue generated 35 

from recovered materials. Although direct recycling is predicted to be slightly more expensive 36 

than hydrometallurgical recycling, higher net profit is anticipated with increased scaling due to 37 
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increased revenue through higher material recovery. In comparison to European countries, 1 

such as Belgium and the UK, China and South Korea show lower recycling costs due to lower 2 

labour and general expenses costs. Despite this, an analysis into possible recycling routes for 3 

spent UK LIBs revealed that, due to high transportation costs, recycling abroad is uneconomic 4 

regardless of the cell chemistry and recycling method adopted.113  5 

 6 

Figure 7. a) Schematic illustrating the closed-loop approach to LIB EOL through recycle and 

reuse. Reproduced with permission from 94 (copyright Wiley Materials), b) Breakdown of 

recycling cost for a 240 Wh kg-1 NCA battery pack, reproduced with permission from 113. 
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The EOL of LIBs is confronted with many challenges spanning across social, environmental, 1 

economic, political, technical and chemical domains. Technical concerns dominate recent 2 

reviews, with barriers to automation seen as significant challenges.21,94,95,98–109 Such barriers 3 

include the non-uniformity in cell designs adopted by different manufacturers. Furthermore, 4 

the large variety of cell chemistries used in LIBs require sorting before recycling can begin. 5 

Whilst a mixed market of battery materials may be beneficial for conserving resources, a wide 6 

variety of chemistries in circulation renders highly specific recycling techniques inadequate. 7 

Lack of labelling systems on battery packs makes pre-sorting challenging, and introduces 8 

additional safety concerns as LIBs can enter Pb-acid battery waste streams accidentally.101 9 

Of the reviews considered,21,94,95,98–109 the technical barriers to widespread adoption of LIB 10 

recycling identified were ubiquitous, with each highlighting the need for; 1) sufficient labelling 11 

systems for easy identification, 2) standardisation of cell material, cell design and processing, 12 

and/or greater flexibility in the recycling processes, 3) minimisation of components, 4) 13 

screening, health monitoring and sorting methods and 5) automation in the disassembly line. 14 

It was acknowledged by the majority of reviews that many of these challenges require 15 

necessary intervention from policy-makers to provide a clear recycling industry chain and 16 

introduce sufficient regulations for the safe transport and handling of waste LIBs.93,94,98–17 
102,106,108  18 

Whilst recycling offers a potential secondary supply of materials, amongst other benefits, it is 19 

important to consider net changes in energy consumption when recycled materials are 20 

implemented. With a few exceptions,99,108,114 environmental concerns related to recycling are 21 

largely underexamined and, if so, addressed qualitatively. Conclusions made by Huang et al. 22 

highlighted the need for further quantification of environmental damage/benefit including the 23 

quantification of waste and emissions.108 For example, a study by Ciez et al. indicates 24 

pyrometallurgical and hydrometallurgical recycling processes do not pose significant 25 

environmental benefits when considering resulting reductions in greenhouse gas emissions.73 26 

For more environmentally friendly cathode technologies, such as LiFePO4 (LFP), no amount 27 

of recovered LFP is sufficient to offset GHG emissions that result from both the recycling 28 

process and the incineration of other waste components. Furthermore, the decrease in cobalt 29 

concentration reduces the economic viability of such processes, perhaps limiting the 30 

recyclability of lithium and nickel. Having said that, if nickel resources begin to deplete to the 31 

levels that cobalt is currently experiencing, the economic viability of such recycling will 32 

inevitably increase. 33 

As previously mentioned, direct recycling poses a method with greater economic and 34 

environmental benefits.111,112 Recent works demonstrated the possibility of directly recycling 35 

LFP112 and LMO111 cathodes, in which life-cycle analysis showed a reduction in both GHG 36 
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emissions (ca. 70%) and energy usage (> 75%). A critical review of recycling techniques, 1 

performed by Piątek et. al, revealed that, within the principles of green chemistry and circular 2 

economy, solutions presented are often very unsustainable.99 Whilst recycling is key for 3 

materials sustainability, this adds another level of complexity to the holistic lithium-ion 4 

sustainability problem whereby recycling efforts must employ technologies that do not pose 5 

additional negative environmental and social issues.  6 

Conclusion and outlook 7 

The issues presented by the widespread use of LIBs cover a wide range of sectors from onset 8 

through to end-of-life. Amongst them, mining and material management, socio-environmental 9 

life cycle analysis, material development and end-of-life management, outlined herein, are 10 

crucial for understanding and mitigating concerns surrounding supply risk and environmental, 11 

social and governance (ESG) issues. Whilst each one of these sectors plays an important role 12 

in LIB research, they are often considered as individual entities without additional thought to 13 

the other contributors. This review aims to place such material development into the wider 14 

context of ESG factors, in order to better inform cathode material development.  15 

Progression towards ‘sustainable’ cathode materials within the industry has seen a shift to 16 

nickel-rich chemistries. However, the dependence of LIBs on high-grade nickel ore may pose 17 

a limit to supply. Supply and demand projections that consider ore grade will, therefore, be 18 

vital in assessing the Ni resources available for battery applications. The increasing complexity 19 

of the EV and wider battery market results in an increased number of parameters to be 20 

considered, in which ore grade, varying EV battery types and sizes used, and non-battery 21 

applications will demand greater attention. With an increased number of parameters, however, 22 

comes increased uncertainty in the results obtained. It is thus important to critically analyse 23 

previous models against real-time supply and demand data in order to determine their 24 

accuracy and provide an explanation for discrepancies to allow for the development of 25 

improved, and eventually standardised models. Standardisation of such modelling would 26 

prove beneficial for comparing between different elements and can be translated to other 27 

elements contained within newer cathode chemistries, to highlight changes in material 28 

sustainability with cathode composition. Due to the dynamic nature of available reserves, 29 

increased efforts to strengthen supply chains (e.g. establishment of more Co-primary mines), 30 

and the exploration of new mining opportunities (e.g. deep-sea and lithium clay mining), long-31 

term models previously considered may require reassessment to account for such changes.  32 

Theis potential limit to supply, in addition to geopolitical and company-based supply risk, may 33 

add further strain to cathode and LIB supply chains. Such supply may, however, benefit from 34 

the successful implementation of reuse, repurposing and recycling in order to extend the use 35 
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of critical metals in stock and better distribute secondary resources that do not have such a 1 

significant dependence on geographical location.  Implementation at a large scale, however, 2 

is limited by poor financial viability and lack of automation. Thus, developing simple and low-3 

cost methods with increased recovery rates is vital for ensuring a secondary supply. Financial 4 

viability can be further improved by establishing domestic LIB waste schemes by avoiding high 5 

transportation costs, in which sufficient policy surrounding LIB waste management, increased 6 

recycling capacity and increased public awareness will be key. Whilst a secondary supply is 7 

crucial, the additional environmental impacts of recycling, such as waste and emissions, adds 8 

further complexity. Current literature lacks quantification of such impacts which is necessary 9 

for critically assessing and comparing various recycling methods.  10 

Beyond material sustainability, further efforts are required to ensure environmental 11 

sustainability of Ni used in LIBs by introducing sufficient international regulation on sulphate 12 

capture to prevent additional damage caused by NiSO4 processing emissions. It is therefore 13 

expected that in the future, more sustainable battery chemistries based on Co-free and low-14 

Ni content materials focused on Fe, Mn and Ti elements will provide both socio-economic and 15 

environmental gain. However, a foreseeable practical research challenge will be engineering 16 

cathode materials with adequate elemental compositions that can achieve comparable or 17 

even better performance metrics than well-established and commercialised cathode materials. 18 

Similarly, these new materials will require a critical assessment on ESG issues to encourage 19 

sustainability progression and successful and responsible use in LIBs for EVs. 20 
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