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Abstract 

Lithium-ion batteries are already playing a key role in the move from fossil fuels towards clean 

and renewable energy systems. This is because variabilities in renewable energy grids need to be 

supported by very stable storage mechanisms (batteries). In electric vehicles, lithium-ion batteries 

are also very important and determine applicability on the target vehicle. At their end-of-life, 

substances contained in them make it impossible to be discarded in an uncontrolled way. 

Moreover, the batteries contain critical metals that need to be recovered. While there are currently 

numerous studies on recycling of the cathode materials, there is very scarce research on how 

electrolytes impact recycling. This research reviews and enumerates on the advances in lithium-

ion battery electrolytes in the context of recycling. 
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1. Introduction 

Although the first lithium-ion battery for commercial use was produced only two decades ago, its 

technological advancement has moved very rapidly. It has a wide range of applications from small 

portable electronic devices to very large-scale applications such as in automobile industry. 

Lithium-ion batteries now further represents the future of most energy storage mechanisms. If the 
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goal of a cleaner planet with very low greenhouse gases plus a digital age are to be realised, the 

solution lies in the developments of very powerful energy storage mechanisms. 

Arguably, the six features/factors that make a lithium-ion battery competitive are; specific energy, 

specific power, battery performance, battery lifespan, safety of the battery, and the costs 

associated. The six most developed lithium-ion battery technologies include: Lithium Cobalt 

Oxide, Lithium Manganese Oxide, Lithium Nickel Manganese Cobalt Oxide, Lithium Iron 

Phosphate, Lithium Nickel Cobalt Aluminum Oxide, and Lithium Titanate. Table I depicts how 

these battery technologies fare against the above listed factors, and shows the extent of diversity 

in the battery technologies. 

Table I. A comparison of the competitiveness of the six most common lithium-ion battery 

technologies. Notations: L stands for low, M for moderate, H for high 

 Indicators for the six most common lithium-ion batteries 

 Specific power Specific energy Safety Lifespan Cost Performance 

LiCoO2 L H L L L M 

LiMn2O4 M M M L L L 

LiNiMnCoO2 M H M M L M 

LiNiCoAlO2 M H L M M M 

Li4Ti5O12 M L H H H H 

LiFePO4 H L H H L M 

 

At end of life (EoL), recycling of all these batteries is critical to keeping a closed loop of metals. 

In this regard, Umicore is among the leading lithium-ion batteries recycling company. The 

susteainable recycling process of Umicore is schematically illustrated in Fig. 1. Current lithium-

ion batteries reach their EoL already after 300 to 500 charging cycles or 3 years of usage after 

which they must be recycled to recover valuable metals. For this reason, there is intensive research 

in the field of recycling lithium-ion batteries, with focus on the cathode contents of the lithium-

ion batteries. There is, however, less consideration on lithium-ion battery electrolytes and how 

they affect the recycling process. This paper elaborates on lithium-ion battery electrolytes from 

the critical metals recovery point of view. 
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Fig. 1 Schematic diagram showing the recycling of batteries at Umicore with a closed loop of 

metals. Modified from [1] 

2. Lithium-ion battery electrolytes 

In the operation of a lithium-ion battery, the electrolytes play a fundamental role and one which is 

often understated. The electrolyte is an organic liquid with dissolved substances and provides a 

sufficient conductive pathway for ions between electrodes during charge and discharge cycles. For 

this reason, the overall performance of the lithium-ion battery is a function of the performance of 

the electrolyte used. In fact this is why today’s battery technologies have not yet been able to meet 

automobiles’ stringent future requirements for high energy density, sufficiently long cycle life, 

excellent safety, and wide operating temperature range [2,3]. Eelectrolytes holds the key to the 

success of EV batteries. State-of-the-art electrolytes primarily consist of lithium salts and organic 

solvents. These cause irreversible capacity losses that resulted from the formation of stable solid 

electrolyte interphase (SEI), which inhibit the increase in life cycle, and limit the operating 

temperature window, something which pose severe safety concerns on lithium batteries. Typical 

first-generation lithium salts and their properties are presented in table II. 
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Table II. Thermal stabilities, properties and applications of selected lithium salts  

 

LiX 

Properties of individual salt Properties of 

electrolyte solutions 

(at 25 °C) 

 

Application 

Tm.p. °C Tdecomp. Stability 

against 

hydrolysis 

Passivation 

of Al 

E, V 

LiClO4 236[4] >236[4] Stable[4] Yes 4.6[7] Primary Li 

cells[4] 

LiCF3SO3 300-400 

[4,5] 

~430[8] Stable[4] No 5.0[7] Primary Li 

cells/thin film 

LiAsF6 340[4] 240[9] Stable[4] Yes 5.1[7] Primary Li 

cells[4] 

LiPF6 190-200 

[4,6] 

≥50[10,11] Unstable[4] Yes 4.2-

4.5[7] 

Mass-

production[4] 

LiBF4 293-305 

[4,7] 

~132-

300[7,12,1

3] 

Unstable[4] Yes 5.2[7] Primary cells[4] 

 

In this respect, the replacement of currently used organic liquid electrolytes with inorganic solid 

electrolytes (SEs) is very appealing 

2.1 Future batteries electrolytes 

To increase battery-operating voltage, there is a need for electrolytes that are compatible with both 

anode and cathode interfaces. Development of organic solvents that are compatible with lithium 

salts can supply a broader electrochemical stability window whilst providing a higher operating 

voltage are need. In current research, the limiting factor to achieving this is the availability of an 

electrolyte with a low charge transfer resistance at the solid liquid interface. Examples of solid 

electrolytes pursued include, LISICON, NASICON, sulfide, and poly (ethylene oxide) (PEO). The 

future of lithium ion battery technology hinges on two principle drivers, increasing the cell voltage 
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and the charge-storage capacity. It must be stated that these two tasks can only be successfully 

achieved with excellent electrolytes. 

4. Chemistry and recycling 

From the contents of Table II, it can be inferred that the variability of electrolytes for lithium-ion 

batteries is wide. This adds to the already existing battery chemistry associated recycling 

challenges of individual electrolyte battery technologies. So far, the most popular electrolyte 

option is the LiPF6 electrolyte technology, since the voltage of a Li-ion cell (∼3.6 V) is way higher 

than the standard potential of electrolysis of water which is only1.23 V at 25◦C. There is a need 

for non-aqueous solution. Typically, solvents with high dielectric constants are desirable. Common 

electrolyte solvents employed are propylene carbonate (PC), ethylene carbonate (EC), and 

dimethyl sulfoxide. These are all able to dissolve several lithium salts. Because of very high 

viscosities, these solvents tend to inhibit ionic transfers. For this reason, the actual electrolytic 

fluids contain empirical mixtures that include low viscosity solvents, dimethyl carbonate or methyl 

ethyl carbonate. 

4.1 Factors that inhibit lithium-ion batteries recycling 

The three potential hazards for recycling are electrical, fire or explosion, and chemical [13-15]. 

Recovery of the valuable metals from lithium-ion batteries is threatened by the high flammability 

and toxicity potential of the contents of the electrolyte on exposure to certain environments. This 

is also why EoL lithium-ion batteries are classified as toxic waste by many standards.  

Solvents such as cyclic and linear carbonates are at present frequently used in standard commercial 

electrolyte formulations. Solvents such as e.g. tetramethylenesulfone, diethoxyethaneand 2-

methyl-tetrahydrofuran have been considered for formulations of high-voltage electrolytes due to 

their high anodic stability. From the analysis of the data presented in Table I, it can be concluded 

that most of the solvents are liquid at room temperature and they can roughly be divided into two 

groups depending on their volatility: 

(a) (highly) volatile solvents with low boiling temperature, high vapor pressure at room 

temperature and high relative evaporation rate and b) less volatile solvents with high boiling point, 

low vapor pressure at room temperature and low relative evaporation rate. 
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An analysis of the contents and chemistry of the components of the commercially employed 

electrolytes for lithium-ion batteries reveals that: 

a) Most currently used lithium-ion battery electrolytes on exposure to the environment are toxic, 

irritant or harmful in addition to being flammable. While flammability associated risks of 

electrolytes are well researched and documented such that they are well known by handlers, 

hazards and risks associated with their toxicity are less often addressed.  

b) Typical commercial lithium-ion battery electrolyte solvents are volatile, with volatility 

ranging from moderate to extremely volatile. Several studies have now shown that even small 

amounts of some of these solvents when exposed to the environment have irreversible serious 

health effects. Any recycling technology must devise a method to overcome this potential 

hazard. 

c) The reactions of salts including the most commercially successful–LiPF6 – when in contact 

with water for example is known to result in the generation of gaseous HF, which is very toxic 

and corrosive compound posing a serious health risk.  

d) In addition to salts and their resultant toxic products, many of industrial available electrolytes 

comprise numerous additives which could also be volatile and toxic. Although the number of 

additives in electrolyte is generally limited, nevertheless as part of a thorough risk analysis 

potential risks associated with release of these additives should not be neglected. 

6. Summary and Conclusions 

Lithium-ion batteries represent the future of most energy storage mechanisms. In electric vehicles, 

lithium-ion batteries are becoming increasingly very important and determine applicability on the 

target vehicle. At end-of-life, contents of the lithium-ion batteries make it impossible to be 

discarded in uncontrolled way. Moreover, they contain valuable metals that need to be recovered. 

While there are currently numerous studies on recycling of cathode materials, there is very scarce 

research on how electrolytes impact the recycling process. This research highlights and enumerates 

the advances in lithium-ion battery electrolytes in the context of designing sustainable recycling 

technologies. 
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