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H I G H L I G H T S

• Gelified electrolytes exhibit a higher thermal stability than ionic liquids.
• Ionic liquid electrolytes exhibit lower toxicity during pyrolysis.
• The CO2 during pyrolysis is directly proportional to the Li Soluble compounds.
• Recycling achieved 65–90 % recovery rates for Ni, Mn, Li, and anode materials.
• TNO Cathode material can be selectively recovered via weak sulfuric acid leaching.
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A B S T R A C T

The scarcity and uncertain supply of cobalt poses significant challenges for the lithium-ion battery industry. To 
address this issue, alternative chemistries excluding cobalt have been developed. Despite solving supply issues, 
these developments raise concerns about recyclability and their impact on current recycling trends.

This study presents a recycling strategy and evaluates its performance for next-generation cobalt-free lithium- 
ion batteries. It focuses on three prototypes that use innovative cathode materials (titanium niobium oxide, 
carbon, and silicon/carbon) and electrolyte systems (ionic liquid and gelified). The proposed recycling process 
includes pyrolysis, mechanical separation, neutral and acid leaching, cementation, and neutralisation for se
lective metal separation.

The results indicate that gelified electrolytes exhibit greater thermal stability than their liquid counterparts, 
indicating an effect on the degradation temperature and gas emissions, which are crucial for metal recovery. This 
study highlights the reduced toxicity of ionic liquid electrolytes and emphasises the need for strict pyrolysis gas 
handling due to hazardous emissions. High recovery rates (65–90 %) were achieved for nickel, manganese, 
lithium, and anode components.

With potential for process optimisation to improve the quality of products, this study shows that cobalt-free 
battery systems can be integrated into existing recycling frameworks with adjustments, supporting progress 
towards sustainable battery practices.

1. Introduction

Lithium-ion batteries (LIBs) are long-lasting high-energy storage 
units widely employed in electronic applications such as electric vehi
cles, computers, mobile phones, and even in the renewable energy 
sector. With a predicted lifespan of 3–10 years, such batteries generate a 

large quantity of waste as they are nearing their end-of-life. Approxi
mately 11 million tons of spent LIBs are expected to be discarded by 
2030, with only approximately 5 % being recycled [1]. The LIB market is 
anticipated to reach 129.3 billion $ in value by 2027 [2]. The number of 
batteries that have been recycled globally is still small, despite the Eu
ropean Union’s attempts to recycle them through the implementation of 
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numerous legislations. Furthermore, due to the increasing demand for 
LIBs, the cost of crucial elemental resources (lithium (Li), nickel (Ni), 
and cobalt (Co)) is rapidly increasing [3].

Over the last decade, a substantial increase in demand for LIBs has 
been anticipated. The necessary capacity is projected to escalate from 
700 GWh in 2022 to 4.7 TWh by 2030. This surge is predominantly 
driven by the adoption of electric vehicles (EVs), which are projected to 
contribute to approximately 4300 GWh of this demand [4]. In addition, 
LIBs are preferred for both consumer electronics and stationary energy 
storage due to their high energy density. Despite the potential of LIBs to 
surpass automobile batteries, challenges persist in their various material 
chemistries, including their lifespan, cost, and safety [5–8].

The main components of an LIB typically include an anode, cathode, 
and separator, which are submerged in a liquid electrolyte and enclosed 
in a body composed of plastic, aluminum (Al), or stainless steel [4]. 
Among these, the electrode materials (anode and cathode) and elec
trolytes are two of the most relevant because they determine the storage 
capacity and cell potential of a battery [5]. The evolution of LIB mate
rials is driven by the need to improve their performance, safety, and 
cost-effectiveness [6].

The relevance of Co in the cathode chemistry of LIBs is undeniable. 
However, their scarcity and uncertain supply chain pose significant 
challenges. With current demand trends, there is an implicit risk of Co 
supply shortage within the next decade, especially considering the 
exponential growth in electric vehicle production [7]. The European 
Union (EU) is projected to require up to five times more Co by 2030 and 
15 times more by 2050 for energy storage and electric car batteries, 
potentially causing supply issues if unaddressed [8]. Co constitutes up to 
60 % of the material cost for battery producers. To ensure profitability in 
these sectors, a consistent supply of reasonably priced Co is imperative 
[9]. An alternative approach involves identifying substitutes for this 
critical element [10,11]. This shift offers several advantages. First, it 
reduces reliance on costly, scarce Co, and mitigates scarcity-related 
challenges. Secondly, Co-free batteries promote environmental sus
tainability by circumventing the adverse effects of Co mining and 
extraction. Finally, the adoption of Co-free battery chemistry stream
lines and economises Li-ion battery manufacturing [9,12].

Currently, only a few Co-free LIBS are successfully available in the 
market. Among these, LiFePO4 (LFP) is notable for its high energy 
density and cost-effectiveness, making it increasingly adopted by EV 
battery manufacturers. Moreover, LFPs are known for their thermal 
stability, which reduces the need for additional thermal management 
components. Another known system is the Li4Ti5O12 (LTO), which offers 
enhanced thermal stability, high rate capability, and good cycle life 
despite its higher cost, lower cell voltage, and reduced capacity [13,14]. 
Despite the availability of these commercialised products, research is 
ongoing to improve Co-free battery systems, primarily to enhance their 
energy densities and overall performances [13,14]. Recent de
velopments in Co-free LIB systems have mainly focused on improving 
Ni-rich layered materials, substituting cations, such as Mg2+, Fe3+, Al3+, 
and Na+, and enhancing the electrochemical performance and safety of 
Ni-rich cathodes [9,15–17].

In this study, special emphasis is placed on two European projects, 
CoFBAT (G.A. No. 875126), and Si-DRIVE (G.A. No. 814464), and 
research alternatives for Co systems. These projects, pointing to the next 
generation of batteries that are crucial for the EU’s energy transition, 
focus on Co-free high-voltage cathodes, anodes, and recycling aspects. 
CoFBAT addresses the development of the cathode material 
LiNi0.42Mn1.58O4 (LNMO), anode materials such as silicon/Carbon (Si/ 
C) composites and TiNb2O7 (TNO), and gel polymers as the electrolyte 
media [18]. Si-DRIVE aims to manufacture amorphous silicon-coated 
anodes using polymer/ionic-liquid electrolytes and sustainable Li-rich 
high-voltage cathodes. The goal is to enhance energy density, cycle 
life, fast charging, and safety [19]. Both projects aimed for sustainable 
and competitive LIB technologies, supporting cleaner energy, effective 
recycling performance, and enhancing the EU’s global market.

Research on new Co-free battery systems will undoubtedly provide 
substantial advantages to the battery manufacturing sector, including 
enhanced performance and sustainability [18,19]. However, recycling 
cobalt-free batteries presents challenges, as current methods are tailored 
for cobalt-containing batteries. Ensuring sustainability requires under
standing the compatibility of new battery systems with existing recy
cling techniques and developing specialised approaches for recovering 
valuable materials. The development of effective recycling solutions is 
crucial for upholding the circular economy and minimising the envi
ronmental impacts. In this regard, new Co-free systems will need to 
comply with the current and upcoming recycling regulations. In this 
regard, the European Union has strict recycling regulations for LIBs 
under the Battery Directive (Directive 2006/66/EC) and the Waste 
Electrical and Electronic Equipment (WEEE) Directive (Directive 
2012/19/EU) [20,21]. The newly proposed European guidelines set the 
collection goals for LIBs at 65 % by 2025 and 70 % by 2030. For LIBs, the 
recycling targets for material recovery are expected to be 90 % for Ni, 35 
% for Li, and 90 % for Cu by 2025 and 95 % for Ni, 70 % for Li, and 95 % 
for Cu by 2030 [22,23]. These regulations promote sustainability and 
circular economy for the development of LIBs.

The primary objective of this study is to propose a recycling concept 
based on the literature, investigating the behaviour of current prototype 
Co-free systems. This encompasses the evaluation of experimental 
cathode materials (TNO, Carbon (C), and Si/C) and the utilisation of two 
different electrolyte systems (liquid and gelified). These materials are 
expected to represent an important alternative to conventional onces in 
the next generation of Lithium ion batteries.

This study also assessed the compatibility of the chemistry of battery 
prototypes with the recycling approach used for commercial batteries. 
The recycling concept employed a well-known hydrometallurgical 
approach (based on [18,19]), involving pyrolysis, mechanical separa
tion, neutral leaching, acid leaching with sulfuric acid and hydrogen 
peroxide as additives, cementation, and neutralisation with sodium 
hydroxide for selective metal separation.

It is important to clarify that this study should be considered as the 
first building block for the recycling of selected cobalt-free systems and 
not as a finalised concept. This is due to the limited amount of prototype 
material used in the experimental work. However, the controlled uti
lisation of input materials should contribute to the scientific under
standing of material behaviour during recycling. The results should 
provide a good indication for future perspectives if the selected cell 
design, or a similar one, reaches the market in the coming years.

This study contributes significantly to advancing recycling practices 
for Co-free battery systems and promoting sustainable battery 
development.

2. Background on the recycling concept for the Co-free batteries

To develop efficient recycling strategies for new battery systems, it is 
crucial to explore existing recycling methods compatible with their 
material chemistry. Various established procedures are available in the 
recycling sector that are tailored to specific systems and target metals for 
recovery. Typically, the recycling process involves dismantling, fol
lowed by thermal or mechanical pre-processing, mechanical separation, 
and extraction methods [24,25]. In this study, emphasis was placed on 
pyrolysis as a pretreatment method to handle hazardous halogenated 
electrolytes and hydrometallurgical processing for metal extraction, 
which consisted of neutral leaching, acid leaching, cementation, and 
controlled precipitation steps. This approach has been highlighted for its 
advantageous selective operation in terms of metal recovery and safety, 
particularly when compared to pyrometallurgical extraction methods 
[26].

Pyrolysis is defined as the thermal degradation of organic com
pounds at high temperatures in a controlled setting, in the absence of 
oxygen. The heating temperature in pyrolysis technology must be 
carefully chosen to successfully degrade most organics, binders, and 
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electrolytes. These materials often hinder the efficiency of hydrometal
lurgical extraction methods [34]. Moreover, transition from insoluble Li 
compounds to more soluble species can be achieved via Li carbonisation 
[27]. After pyrolysis, the separation of metals from the black mass in the 
metallic form occurs mechanically via crushing and sieving [24]. In this 
context, black mass refers to the fine nonmetallic residue containing the 
majority of the anode and cathode materials after the metals are sepa
rated from the rest of the battery residue. The fine black powder con
tained the majority of the elements targeted for extraction [26].

Later, neutral leaching of the black mass takes place, allowing early 
extraction of Li in the recycling chain. Neutral leaching uses water to 
selectively extract Li from the black mass. This process targets water- 
soluble Li compounds. In contrast, leaching of manganese (Mn), Co, 
and Ni under these conditions is avoided [28]. After filtration, the 
delithiated black mass follows the next process step, while Li is extracted 
from the pregnant solution via precipitation [29].

Different references can be found aiming to select the “correct” solid: 
liquid ratio and temperature to extract Li in netral leaching. One study 
found that at a solid-liquid (S:L) ratio of 25 g/L, water leaching led to the 
dissolution of approximately 83 % of Li. In a separate study, it was found 
that 93 % of Li could be leached and recovered as Li2CO3 when the 
pyrolysis samples were leached three times at an S:L ratio of 50 g/L [29]. 
The efficiency can be affected by the process temperature; for instance, 
Li leaching was notably high at 93 % when carried out at 25 ◦C, but 
decreased to 79 % at 80 ◦C. This decrease is attributed to the reduced 
solubility of Li2CO3 at higher temperatures. Therefore, it is recom
mended that a water leaching operation be conducted at room tem
perature [30].

After neutral leaching, the delithiated black mass was subjected to 
acid leaching for metal extraction. However, determining the parame
ters for recycling feasibility studies is challenging because of limited 
prior research on the discussed Co-free battery chemistries. Neverthe
less, acidic hydrometallurgical extraction methods for other chemistries 
are well-documented and may be compatible, except for cases involving 
cobalt and commercial electrolytes.

Current studies have explored both organic and inorganic acids to 
leach cathode substances for extracting important metals, such as Ni, 
Mn, and Co. Inorganic acids, such as phosphoric acid (H3PO4), sulfuric 
acid (H2SO4), nitric acid (HNO3), and hydrochloric acid (HCl) are used 
in the leaching process [28,31]. Additionally, reducing agents such as 

hydrogen peroxide (H2O2), sodium bisulfite, or glucose are employed to 
convert the high-valence states of Co or Mn into easily soluble forms 
such as Co2+ and Mn2+, while leaving Li as Li+ ions without undergoing 
reduction [32]. To enhance efficiency, H2SO4 is commonly used in 
conjunction with reducing agents [33]. Table 1 compiles significant 
publications that employed H2SO4 as the leaching medium under 
various parameters, achieving notable recovery rates. This information 
is pertinent for establishing a foundation for the leaching concept in 
Co-free batteries in this study.

The process of recovering valuable metals from the leached materials 
follows a systematic approach. Initially, Cu is separated from the 
leached solution in a process known as Cu cementation using Fe because 
it effectively reduces the presence of noble metal ions [34].

Once Cu is extracted, Al and iron (Fe) takes place through metal 
hydroxide precipitation, followed by the precipitation of Ni, Mn, and Co. 
pH is a critical factor in this process. If the pH is too low, the complete 
removal of Al and Fe may not be achieved. Conversely, at high pH, there 
is a risk of the co-precipitation of Ni and Mn [35,36].

Maintaining an appropriate pH value is essential to maximise the 
removal of Fe and Al, while minimising the loss of other valuable ele
ments. The reported results indicated that at an equilibrium pH of 3.3, 
over 99 % of Fe(III) and 62 % of Al(III) were successfully extracted, 
whereas only 1.1 % of Ni, Mn, and Li were lost [37,38].

Finally, by adjusting the pH to reach 11, where Ni precipitates at pH 
9 and Mn at pH 10.4, the remaining cathode metal is precipitated. 
Subsequently, crystallisation of Li2CO3 occurs through titration with 
Na2CO3 in the presence of the remaining alkaline solution, resulting in 
the formation of Li crystals [34].

As the industry shifts towards cobalt-free batteries, there remains a 
critical gap in understanding the optimal recycling processes for these 
emerging battery systems. This study fills that gap by introducing the 
prototype systems in stablished methodologies, enhancing the recovery 
efficiency of key metals like lithium, nickel, manganese, titanium, 
niobium and graphite. The insights gained from this research have the 
potential to significantly influence future recycling practices and battery 
design, ensuring that the transition away from cobalt is both efficient 
and environmentally responsible.

Table 1 
Summarises recent scientific studies on acid leaching for LIBs recycling.

Battery systema Media (Mol H2SO4) 
- Additive

Temp (◦C) S/L ratio (g/L) Time (h) Recovery method Best Efficiency achieved (%) REF

NMC 3,5 M 85 1:5 3 Evaporative 
Crysystallization, Solvent extraction

Li-85, Ni-98, Mn-99 [39]

3 M 80 1:15 1 precipitation Li-99, Co-99 [40]
2 M − H2O2 80 1:0.05 1 selective 

precipitation, 
solvent 
extraction

Li-99, Ni-98, Co-98 [36]

4M 60 1:0.03 2 – Li-94, Ni-93, Co-98, Mn-99 [41]
2 M − H2O2 50–80 1:10,1:30,1:50 1 Solvent extraction Li-95, Co-80 [42]

NCA 3 M 50–90 1:15 5 Solvent extraction Co-94, Ni-94, Cu-94 [43]
2 M 25–90 1:20 3 precipitation Li-78, Ni-38, Co-42, Al-36 [44]
4 M 80 1:5 1 Leachant Ni-82, Co-80, Al-30 [45]

LCO 2 M − H2O2 60 1:33 2 precipitation Co-96, Li-88 [46]
2 M − H2O2 75 1:10 1 Solvent extraction Li-94, Co-93 [47]
2 M − H2O2 60 1:10 2 Solvent extraction Co-99, Li-99 [48]
2 M − H2O2 75 1:20 1 – Co-80, Li-100 [49]
2 M − H2O2 80 1:20 1 Leachant Li-99 [50]

LTO 4 M − H2O2 80 1:40 4 Solvent extraction Li-97, Ti-98 [51]
LMO 2 M 25 – 1/2 Solvent extraction Mn-85 [52]
LFP 0.3 M − H2O2 25–80 1:100 2 precipitation Li-99, Fe-78, [53]

2 M 60 1:20 2 Leachant Li-96, Fe-93 [54]
0.2 M -H2O2 60 1:100 2 Solvent extraction Li-96, Fe-5 [35]

a NMC- Lithium Nickel Manganese Cobalt Oxide, NCA- Lithium Nickel Cobalt Aluminum Oxide, LCO - Lithium Cobalt Oxide, LMO - Lithium Manganese Oxide, LTO - 
Lithium Titanate, LFP- Lithium Iron Phosphate.
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3. Material and methods

3.1. Materials

The raw materials utilized in this study were based on the baseline 
design of three prototype batteries, which are integral to the ongoing 
development of two European projects: Si-drive and CoFBAT. These 
prototypes represented a relatively advanced design. Although varia
tions in the final cell composition might occur in these ongoing projects, 
they do not affect the fundamental knowledge generated in this study.

The first system, referred to as the C-LNMO System, consisted of an 
anode made of graphite and a cathode composed of LNMO 
(Li1.0Ni0.42Mn1.58O4 -Lithium Nickel Manganese Oxide). Cu and Al foils 
were used as current collectors in the battery system. Polyvinylidene 
fluoride (PVDF) served as a binder material to maintain the electrode 
integrity. Graphite was used in both the anode and cathode materials, 
with an additional C65 material. The electrolyte used in this system was 
a gelified electrolyte, which was a Gel Polymer Electrolyte (GPE) 
developed in CoFBAT and described as a crosslinked PVDF based 
membrane. The baseline of the used electrolyte for the full cell consisted 
227 of Celgard 2500 (25 μm thick) + 100 μL of liquid electrolyte 1M 
LiPF6 ethylene 228 carbonate (EC):dimethyl carbonate (DMC) (1:1 vol) 
(LP30) and 3 wt % FEC. In this 229 system, an Fe-based metal casing was 
employed in the commercial format 21700.

The second system, known as the TNO-LNMO System, is comprised 
of an anode made of TiNbO (TiNb2O7 - Titanium Niobium Oxide) and a 
cathode composed of LNMO. The Al foil was the only current collector in 
this system, and the metal casing was composed of Fe. C65 graphite and 
PVDF were used in these systems. The electrolyte used was the same 
Gelified Electrolyte used in the first system.

The third system, labelled the Si/C-LRLO System, features an anode 

made of Si/C-coating (silicon/carbon-coating) and a cathode composed 
of lithium-rich layered oxides (LRLO). Cu and Al foils were employed as 
the current collectors and tabs, respectively, in this battery system with 
an Fe metal casing. This system utilises a liquid electrolyte containing an 
ionic liquid electrolyte known as LiFSI:EMIMFSI. The ionic liquid elec
trolyte EMIMFSI has the chemical formula LiC2NO4F6S2: 
C6H11F2N3O4S2.

In this study, PVDF was used as a binder in the first two systems. 
However, the Si/C-LRLO system did not include PVDF in its design, as 
the physical properties and supporting feature of the ionic liquid, 
silicon/carbon-coating, and ceramic layers allow for manufacturing of 
the batteries without the explicit use of such a binder.

Because of the sensitive data regarding the intellectual property 
associated with the design of the batteries and the experimental elec
trolyte materials used in this study, we cannot provide a detailed ma
terial distribution of the input materials. For more information about 
their design and development, please refer to official project websites 
[55,56].

3.2. Experimental

The experimental strategy proposed in this study for recovering 
valuable metals from Co-free batteries is shown in Fig. 1. This flow chart 
shows the techniques, additives, and end-products required for the 
separation of metals.

In the following sections, information related to the parameters and 
experimental procedures is addressed in detail for each process step. In 
this study, each of the three systems underwent two sets of trials.

3.2.1. Pyrolysis
The tests were conducted in a programmed resistance furnace using 

Fig. 1. Proposed method for recycling Co-Free Batteries.
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the stationary pyrolysis method. To create a closed environment, a 1- 
litre volume reactor was utilized, which was sealed with a water- 
cooling lid. The top features of the reactor include a pressure gauge, 
thermocouple, carrier gas input, gas-sampling vent, and exhaust (Fig. 2). 
Additionally, a Fourier Transform Infrared spectrophotometre (FTIR) 
system was connected to the outside valve of the reactor to measure and 
analyse the gases produced during the reaction, which is crucial for 
understanding the degradation of organics and assessing environmental 
safety.

FTIR allows the measurement of gaseous components, such as H2O, 
CO2, CO, HF, and other volatile organic compounds (VOCs). The gas 
inlet (N2) was connected to the top of the reactor and the exhaust was 
directed to the scrubber. The scrubber consisted of two bottles: one 
containing alkaline to clean the off-gas and prevent oxygen backflow 
into the reactor, and the other serving as a safety measure to prevent 
water ingress from the second bottle into the reactor in the case of a 
pressure drop inside. The pyrolysis process began by charging 162.5 g of 
the synthetic battery formulation into the reactor using a crucible. The 
reactor was closed and placed in a furnace. Nitrogen gas was introduced 
into the reactor from the top at a rate of 6 l/min to drive the pyrolytic gas 
created during the process into the hot tube, thereby preventing the 
subsequent pyrolysis reactions. The furnace was heated at a constant 
rate of 350 ◦C/h, until the temperature reached 600 ◦C. Once the desired 
temperature was reached, the reactor was maintained at this tempera
ture for 2 h and then cooled.

3.2.2. Crushing and mechanical separation
After pyrolysis, the pyrolysed material was ground to separate black 

matter from the metallic components. A benchtop ball-milling machine 
was used for 10 min at 500 rpm. The milling process involved mixed-size 
grinding balls (10–30 mm) weighing 0.75 kg per set. The milled material 
was sieved. Different sieves measuring 5, 2, and 1 mm were used to 
separate the coarse and metallic particles from the powder. In this step, 
the coarse fraction (>2 mm) of metallic materials such as Cu, Al, and 
casings was separated. Following mechanical separation, the black mass 
(<1 mm) was advanced to the subsequent leaching step, and a sample 
was collected for chemical analysis. Residual metal foils were weighed 
to calculate the mass balance.

3.2.3. Neutral leaching
The traditional hydrometallurgical process was selected for this 

battery system recyling due to its superior recovery efficiency, cost- 
effectiveness, and environmental benefits as the result of relatively 
weak acids and abundant reagents. It enables high-purity extraction of 
lithium, nickel, and manganese while consuming less energy than 
alternative methods. Additionally, its versatility across different battery 
chemistries makes it particularly effective for the recycling goals of this 
study.

Following the separation of the fine black powder, the black mass 
was placed in a 2000 ml glass beaker with deionised water at a 1:40 
ratio. The mixture was stirred at room temperature for 2 h at 300 rpm 
using a magnetic stirrer. Filtration was conducted using a funnel and 
filter paper with the aid of a vacuum pump. This filtration technique was 
employed in all solid-liquid separations in the following steps. The 
filtered material was dried in an oven, and its weight was measured. 
Additionally, a small sample of the leached solution and dried black 
mass were retained for analysis.

3.2.4. Acid leaching
The dried delithiated black mass was weighed after neutral leaching 

and transferred to a 1000 ml beaker for acid leaching. At an ambient 
temperature of 80 ◦C, the weighed black mass was dissolved in 2.5 M 
H2SO4 at a ratio of 1:10 for 2 h while being continuously mixed at a 
speed of 300 rpm and heated with the help of a heating plate. Thermal 
probes were used to monitor and regulate the temperature. Subse
quently, the leaching process was followed by filtering. The solution was 
then used for additional precipitation stages, and samples were collected 
for analysis. The leached black mass was then dried and stored for 
analysis.

3.2.5. Cementation step
The pregnant solution from the acid leaching was used for the Cu 

cementation process. The solution was heated to 60 ◦C and stirred at 
300 rpm. pH control is essential for the removal of Cu from the solution. 
NaOH solution (100 ml) (300 g/l concentration) was added dropwise 
until the pH reached 1.15. Then, 19.65 g/l of CuSO4 and 7.5 g/l Fe 
powder were added to the solution. CuSO4 was introduced following the 
recommendations of previous studies [57]. This step was performed for 

Fig. 2. Experimental setup for slow Pyrolysis of battery products.
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30 min. Filtration was then performed to separate and dry the Cu 
cementates, and a sample of the solution was retained for the analysis.

3.2.6. Fe-Al precipitation
After removing the Cu, the remaining solution was heated to 60 ◦C 

and stirred at 300 rpm. NaOH solution (150 ml) (300 g/l concentration) 
was added dropwise until the pH concentration reaches 2.6–2.8. Then, 
13.33 ml of H2O2 was added as the oxidising agent. NaOH (70 ml) was 
then added to increase the pH to 3.3. Once the required pH level was 
reached, the solution was filtered to separate the Al-Fe hydroxide cake 
and the samples were stored for analysis.

3.2.7. Cathode metal precipitation
In this step, the solution was maintained at room temperature, only 

stirring was required, and NaOH (80 ml) (300 g/l concentration) was 
gradually added to the solution until the pH reached 10. The solution 
turned into a slurry owing to the precipitation of metals, which was then 
filtered. The filter cake was dried and stored for chemical analysis. The 
remaining alkaline solution was collected for further characterisation.

3.3. Analytical methods of the hydrometallurgical products

Spectro ICP-OES (Spectro CIROS Vision, Spectro Analytical In
struments GmbH) is used for analyzing the liquid samples and filter 
cakes after acidic dissolution (HNO₃). The Li and fluoride contents were 
measured using an Ion-Selective Electrode (METTLER TOLEDO). The 
combustion methods for carbon and sulfur analysis (ELTRA CS 2000, 
ELTRA GmbH) and fluoride analysis (A1 Combustion-IC) were used to 
identify the black mass composition.

3.4. Determination of elemental efficiency and total efficiency of the 
recycling concept

Following the chemical analysis, the following formula was used to 
determine the metal recovery efficiency: 

ηa =
ma,i

Ma,T
*100% 

where ηa is the elemental efficiency of a metal a, ma,i is the mass of a 
metal a in a targeted product i and Ma,T represents the total mass of 
metal a found in the studied battery system, measured in the input 
material.

The total recycling efficiency is defined as the sum of all the metals 
recovered over the weight of the input battery system in terms of weight 
percentage.

4. Results and discussion

The difference in the electrolyte material was carefully evaluated, as 
both gelified electrolytes and ionic liquid electrolytes are experimental 
materials for next-generation batteries. Degradation of these materials 
during pyrolysis is discussed in the following section. Subsequently, a 
thorough discussion of the recycling performance of the individual 
components in each process step is provided.

4.1. Volatile material behavior during pyrolysis: gelified vs ionic liquid 
electrolyte

The evaluation of the off-gas composition during pyrolysis of the 
gelifed presented in C-LNMO and TNO-LNMO, and liquid electrolytes 
presented in Si/C-LRLO, indicated different patterns while heating the 
material.

Fig. 3 shows that, in general, the ionic liquid electrolyte showed a 

Fig. 3. FTIR results of gas emission during pyrolysis applied to (a)Carbon dioxide, (b) Hydrogen fluoride, (c) Water vapor, (d) Propylene carbonate, (e) ethanol, (f) 
methanol (g) Ethyl methyl carbonate, (h) Ethylene carbonate, (i)Propane, (j) Dimethyl carbonate, (k) Acetaldehyde, (i) Carbon monoxide.
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more unstable condition at lower temperatures, above 100 ◦C, compared 
to that of the gelified material. For the ionic electrolyte, the initial step of 
the process involved a drying phase between 70 ◦C and 100 ◦C, during 
which dehydration occurred. This was verified by the identification of 
H2O gas. This compound was further in temperature registered but was 
most likely a product of the degradation of organic matter. In addition, a 
second phenomenon can also be identified at 100 ◦C, which is charac
terised by a redox reaction where gases such as CO2 and CO are formed 
alongside organic gases such as methanol, ethanol, and propane. This 
stage involves reactions between the hydrocarbons and CO2 gases [58].

CH3OH (methanol) generated in both studied electrolytes was 
generated at temperatures between 100 and 400 ◦C as a primary product 
in low-temperature reactions involving DMC and ethyl methyl carbon
ate (EMC) [59].

In the case of the gelified electrolyte, the two systems showed little 
difference, except for an increased degradation yield in C-LNMO, 
marked by gases in increased concentration, despite the same amount of 
electrolyte in the studied material, compared to that of TNO-LNMO. In 
contrast to the ionic liquid electrolyte, H2O vapor was not observed in 
this electrolyte over the entire temperature range. Moreover, the off-gas 
was characterised by the early volatilisation of electrolyte solvents such 
as EC and DMC at low temperatures, even below 100 ◦C, followed by PC 
at approximately 150 ◦C in the resulting gas. The difference between the 
two systems could be attributed to the catalytic effect of graphite in the 
samples [60]. Based on these results, it is evident that the gelified 
polymer degraded to form organic gases such as propane, acetaldehyde, 
and propylene carbonate.

During this process, certain organic compounds within the battery, 
including the electrolyte, can decompose, generating gases, such as 
propane. Both systems with gelified electrolytes also produced organic 
gases, such as DMC, EMC, and EC, because of the decomposition of the 
LiPF6 gel electrolyte. Conversely, H2O, ethanol, and methanol were 
observed only in the Si/C-LRLO system. EC evaporation was observed 
over a wide temperature range, spanning from 100 ◦C to 270 ◦C, with a 
distinct peak at 200 ◦C. Nonetheless, in the presence of a certain amount 
of Li, a minor fraction of EC underwent decomposition, resulting in the 
formation of CO2, as shown in equation (1) [61]. 

2Li+ 2EC → Li − O − (CH2)4 − O − Li + 2CO2 (1) 

In all three systems, CO2 and CO were predominant gases. However, in 
the ionic liquid electrolyte system, they are generated at much lower 
temperatures (below 100 ◦C) and progressively decrease in formation 
after peaking at approximately 125 ◦C until reaching 400 ◦C. 
Conversely, gelified electrolytes (C-LNMO and TNO-LNMO) exhibit 
different behaviours. Specifically, the graphite-containing material 
released higher concentrations of CO2, CO, and other hydrocarbons than 
TNO-LNMO. In both cases, these gases were produced during the 
degradation of the gelified electrolyte and only occurred after 200 ◦C, 
with two peaks of generation at approximately 250 ◦C and 350 ◦C, 
respectively. In all three systems, CO2 and CO were barely detected at 
temperatures above 400 ◦C.

The generation of gases such as CO2 and CO can be expected through 
thermal degradation during pyrolysis due to the presence of compounds 
within the hydroxyl (• OH) functional group [62]. These substances 
undergo thermal breakdown when heated to high temperatures, pro
ducing a variety of by-products including free OH radicals [58]. These 
free OH radicals are the main sources of oxygen in oxidative reactions, 
leading to the formation of CO and CO2, as shown in equation (2) [58]. 
The presence of hydroxyl radicals was evidenced in the registered 
methanol in all the studied systems and ethanol, especially in the ionic 
electrolyte. 

CO+ • OH = CO2 + H (2) 

The generated OH radicals could also form water (H2O) molecules. 
This is a simplified representation, as CH3 could potentially react with 

•OH to form CH3O; however, these processes involving methyl are not 
significant throughout pyrolysis. One sub-mechanism leads to the pro
duction of CO, and the other results in the generation of hydrocarbons 
and H2O [58].

The OH radicals could also be generated from methanol during py
rolysis, as detected by FTIR, as shown in equations (3) and (4) [63]. 

CH3OH+M → • CH3 + • OH + M (3) 

CH3OH+M → • CH3O+H + M (4) 

The reverse reaction involving CH3 is also a critical factor for CO2 
consumption. In this process, methoxy radicals (CH3O), such as meth
anol and CO, can be generated, as shown in equation (5) [64]. 

•CH3O+CO ↔ • CH3 + CO2 (5) 

Nevertheless, the oxidation pathway that resulted in the formation of 
CH3O was facilitated as the concentrations of O and •OH in the mixture 
increased. This leads to the accelerated production of CO, particularly 
with increasing CO2 fraction [63].

The initiation of pyrolysis is believed to have an impact on the 
unimolecular decomposition of ethanol, which is formed above 100 ◦C 
with the ionic electrolyte and small traces in the gelified electrolyte. If 
this is indeed the case, this implies the existence of a reaction that 
produces hydroxyl radicals, as shown in equation (6) [65]. 

C2H5OH → •C2H5 + •OH (6) 

When examining the pathways for CO2 consumption in both types of 
electrolytes for these hydrocarbons, it is clear that the CO2 reaction 
taking the right path (involving H, singlet methylene, and methyl) 
predominates significantly during propane formation, as shown in 
equation (7) [64]: 

C3H8(+M) ↔ •C2H5 + •CH3 + CO2 (7) 

These reactions (equations (3), (4) and (6)) involve both the for
mation and decomposition of unsaturated hydrocarbons, and signifi
cantly affect the consumption of H radicals. Consequently, they could 
play a substantial role in the utilisation of CO2 and concurrent genera
tion of CO [64].

Pyrolysis is a complex process that involves multiple simultaneous 
reactions. For instance, in addition to the cracking of organics, the 
reduction reactions of metal oxides can lead to CO and CO2 formation 
during pyrolysis [58]. In the context of LIB pyrolysis, for all three sys
tems, some anticipated reactions in the pyrolysis process concerning 
Li-containing compounds could occur, as shown in equations 8–11 [66,
67]: 

Li2O(s) +CO2(g)→Li2CO3(s) (8) 

Li2O+2HF → 2 LiF + H2O (9) 

Li2CO3 +2HF → 2 LiF+H2O + CO2 (10) 

Li2O(s) +H2O(g)→LiOH (11) 

According to Equations, in systems involving C-LNMO, TNO-LNMO, 
and Si/C-LRLO, both LNMO (Lithium Nickel Manganese Oxide) and 
LRLO (Lithium-Rich Layered Oxide) materials, which can include 
LiMn2O4 and LiNiO2 as part of LNMO and LRLO, are expected to expe
rience reactions that lead to the generation of reducing gases and 
changes in the forms of metallic components or oxides with lower 
oxidation states. LiMn2O4 can be transformed to Mn3O4, Li2CO3, Li2O, 
MnO, CO, and CO2. Similarly, as indicated in equations 12–15 [66], 
LiNiO2 can be transformed into Ni, Li2CO3, Li2O, NiO, CO, and CO2 

2.4 LiMn2O4(s) +C(s) → 1.2 Li2O(s) +1.6 Mn3O4(s) + CO2(g) (12) 

3 LiMn2O4(s) +2.5CO(g) → 2 Mn3O4(s) +1.5 Li2CO3(s) + CO2(g) (13) 
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4 LiNiO2(s) +C(s) → 2 Li2O(s) +4NiO(s) + CO2(g) (14) 

2 LiNiO2(s) +3C(s) → Li2O(s) +2Ni(s) + 3 CO(g) (15) 

Another important observation in Fig. 3 is related to the formation of 
HF during the pyrolysis. As can be seen, this component also exhibits a 
significant difference when using gelified electrolyte compared to ionic 
liquid electrolyte. HF showed a gradual increase above 100 ◦C for the 
system with graphite as the cathode material, and only above 170 ◦C for 
the system with TNO. In both systems, the HF formation peak was 
reached at approximately 250 ◦C, with increased formation in the C- 
LNMO system. Experiments using an ionic liquid electrolyte did not 
indicate the formation of HF over the entire experimental temperature 
range. This behaviour could be attributed to the presence of PVDF in 
both systems using a gelified electrolyte, which led to the release of 
gases, such as CO and HF, along with the formation of solid carbon 
residues. PVDF decomposes at temperatures between 250 and 500 ◦C, 
depending on the rate, pressure, and dwelling time, as shown in equa
tion (16) [68]. The HF gas release in the Si/C-LRLO system was low 
because of the absence of PVDF as a raw material.

The pyrolysis of PVDF results in: 

− (C2H2F2)n − →
(
CxHyFz

)
+HF(g) + C (16) 

Lithium fluoride (LiF) may occasionally be created when HF reacts 
with lithium hydroxide (LiOH) in a battery to form LiF, as indicated in 
equation (17) [69]. 

HF+ Li+ + •OH− = LiF + H2O (17) 

Notably, LiF is typically an undesired compound because of its low 
solubility in water [70], which could pose challenges in the subsequent 
neutral leaching steps.

The release of pyrolysis gas stopped after a certain time at a higher 
temperature. The release of gas during pyrolysis in the liquid ionic 
electrolyte system decreased after reaching 400 ◦C to almost zero, 
whereas in the gelified electrolyte systems, the release was the same 
after reaching 450 ◦C and 500 ◦C for TNO-LNMO and C-LNMO, 
respectively. As a result, there was no gas emission from pyrolysis after a 
given period of time, indicating that the chemical reaction inside the 
pyrolysis was complete.

When comparing the gases released from the three systems, CO2 
emissions were the highest, followed by HF, CO, and other organic 
gases. Because of its electrolyte and battery system, Si/C-LRLO with an 
ionic liquid electrolyte exhibited the lowest levels of harmful gases 
because it had lower HF gas emissions, which are more toxic than other 
gases such as CO2 and CO [58].

Although considerable attention has been directed towards investi
gating the off-gases generated by LIBs, no special method has been 
proposed to quantitatively assess the overall toxicity of these off-gases. 
To address this, the USA’s Protective Action Criteria (PAC) were intro
duced for battery pyrolysis to allow for a quantitative comparison of off- 
gas toxicity [58]. PAC_1 represents the mildest toxic hazard of a sub
stance. Essentially, it is used to calculate the theoretical contaminated 
volume of a single LIB, which is subsequently used to evaluate its 
toxicity.

The theoretical contaminated volume of a single LIB can be described 
as the cumulative volume necessary to ensure human health safety for 
all substances identified in an off-gas environment. The toxicity value is 
calculated by the following formula shown in equation (18). 

Vcontaminated =
∑Vsubstance

PAC1
(18) 

where Vcontaminated represents the total contaminated volume of space 
based on toxicity value of all specific component in the off-gas. Vsubstance 
denotes the volume or concentration of each individual substance pre
sent in the off-gas. PAC1 is a parameter known as the "Pollutant 

Abatement Coefficient," which normalizes the concentration values to 
account for their relative toxicities.

The total volume per component of gas produced during pyrolysis is 
calculated by integrating the time-concentration records from FTIR, 
obtaining the total volumes in Liters, as shown in equation equation 
(19). Where V is the volume of compound (Liter), d is the diluted ratio of 
the FTIR, V̇ is the flow rate of carried gas (L/min), ci is the concentration 
of compound at time ti (ppm), ci+1 is the concentration of compound at 
time ti+1 (ppm). 

V =
1
d
∑n

i=0
V̇(ti+1 − ti)(ci+1 + ti)

/

2 (19) 

In essence, the greater the theoretical contaminated volume, the more 
toxic is the off-gas considered [58]. Fig. 4 shows the calculated toxicity 
released during the pyrolysis of the three systems with both the ionic 
liquid and gelified electrolyte.

Among the different systems, the C-LNMO system with a gelified 
electrolyte, utilising graphite as its anode material, produces the highest 
quantity of harmful gases, particularly HF and PC gas, which are notably 
more toxic than those produced in TNO-LNMO with the same electrolyte 
and Si/C-LRLO with the ionic liquid electrolyte. Propylene Carbonate is 
another significant contributor to toxicity in all systems, and is the main 
source of toxicity for the ionic liquid electrolyte, with smaller amounts 
of Dimethyl Carbonate and Ethylene Carbonate. In this regard, TNO- 
LNMO was ranked as having the second-highest registered toxicity. 
The system with the lowest toxicity registered corresponds to the Si/C- 
LRLO system with the ionic liquid electrolyte, which emits the lowest 
total volume of gases but still contains PC and HF gases as pollutants. 
Indeed, it is relevant to treat pyrolysis gases not only to safeguard the 
environment but also to ensure compliance with safety regulations.

The pyrolysis gases can undergo treatment processes involving 
scrubbers, amine solvent absorption equipment, and membranes to 
mitigate their toxicity; in some cases, certain gases can be transformed 
into valuable products.

4.2. Metal dispersion and recycling efficiency through the recycling 
process

During neutral leaching, the effects of pyrolysis were discernible. 
Depending on the pyrolysis process state and the studied material, the 
early Li recovery showed a distinct trend. High temperatures can 

Fig. 4. Theoretical contaminated volumes for individual substances of three 
different battery system during pyrolysis.
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promote Li to become more reactive, leading to the formation of lithium 
oxide (Li2O) or lithium carbonate (Li2CO3) during the consumption of 
CO2 [66]. Due to the possibility that CO2 may react with LiOH to make 
Li2CO3.

For neutral leaching, favouring compounds that are more soluble 
than others is necessary to achieve a higher Li yield in the process. 
Therefore, the formation of Li2O (1.3 g/L) and LiF (1.14 g/L) is less 
desirable than that of Li2CO3 (13 g/L) and LiOH (130 g/L) [70–72].

As shown in Fig. 5, a linear correlation existed between Li leaching in 
water and the quantity of CO2 generated during pyrolysis. Based on 
Fig. 5 and the understanding that oxygen is not present during pyrolysis 
in gas form, it can be said that CO2 formation can be mostly attributed to 
reduction reactions involving Li species, thus leading to the formation of 
soluble compounds such as carbonates in the black mass during the 
pyrolysis process. In addition, the significant interaction of CO2 with 
other compounds at high temperatures could also be a driving force for 
the carbonisation of Li at high temperatures [73].

In the results shown in Fig. 5, when comparing the studied materials, 
the Si/C-LRLO system exhibited the highest Li recovery and CO2 emis
sions. In contrast, the TNO-LNMO system exhibited the lowest Li re
covery, which corresponded to its lower CO2 emissions. This implies that 
carbon-containing matter, either as an ionic liquid, gelified electrolyte, 
or graphite, plays a crucial role in the efficiency of early Li extraction. As 
previously discussed, in the context of pyrolysis, the TNO-LNMO system 
exhibits the lowest organic-containing material and most probably leads 
to a greater LiF content compared to the other systems. This, in turn, 
resulted in reduced Li leaching during the subsequent neutral leaching 
processes.

The neutral leaching results, except for the TNO-LNMO system, 
indicate competitive performance compared to existing commercial 
battery systems containing Co, where the Li recycling efficiency typi
cally ranges from approximately 70 %–80 % [28–30]. Consequently, 
active materials in next-generation batteries, which may have lower 
concentrations of organic materials, could potentially raise concerns 
regarding the applicability of this recycling step. This is relevant, 
considering that research and current developments have placed neutral 
loading of Li as a primary method for the extraction of this valuable 
metal [28–30].

The results of the recycling process after neutral leaching are 
included in the Sankey diagrams for all the three systems studied in 
Fig. 6. Mass modelling was conducted on 100 batteries to facilitate 
balance analysis and visualisation of the resource potential.

The results indicated that during the pyrolysis stage, most of the 
organic compounds in the components were separated from the recycled 
materials and transformed into volatile matter. This out stream repre
sent 16.6 wt%, 21.3 wt% and 13.9 wt% from the input material for the 
C-LNMO (Fig. 6a), TNO-LNMO (Fig. 6b), and Si/C-LRLO (Fig. 6c) 
systems.

After pyrolysis and mechanical treatment, the metallic components 
were segregated into a coarse fraction (>2 mm), called the metal frac
tion, primarily comprising Cu and Al foils alongside the casing material 
and a few fused particles. The brittleness of Cu and Al during pyrolysis, 
coupled with metal foil breakage during ball milling, resulted in the 
production of fine metal particles. Fig. 6 depicts a small portion of the 
metals (Cu and Al) embedded in the fine black mass, which was subse
quently extractable through chemical methods.

Treatment of the C-LNMO and Si/C-LRLO systems resulted in the 
accumulation of metallic foils and casings comprising Al, Cu, and Fe. In 
contrast, the TNO-LNMO system accumulated only Al and Fe. From a 
metallurgical perspective, utilising Al alone as a current collector, as in 
the TNO-LNMO system, offers a higher recovery potential than mixed- 
material systems. Conversely, when the material fraction includes Cu, 
the separation of Al from Cu presents challenges and is economically 
unviable, leading to the expected loss of Al as a slag component during 
Cu recycling [74]. Fe does not pose a special challenge because it can be 
separated through magnetic separation and recycling proceeds in the Fe 
and steelmaking industries [75].

The neutral leaching process demonstrated efficient Li recovery for 
all three systems. Among them, Si/C-LRLO exhibited the highest Li re
covery during neutral leaching compared with the C-LNMO and TNO- 
LNMO systems. As can be seen, the remaining Li in the delithiated 
black mass was later distributed in all subsequent products, with the 
main portion collected in the alkaline solution at the end of the hydro
metallurgical recycling process. The Li extracted in neutral leaching and 
that found in the remaining alkaline solution are the only Li atoms 
accessible for extraction. Fig. 7a shows the total Li recovery efficiency 
and product distribution for these two key products. In general, it can be 
said that Li recovery was achieved up to 90 % in the Si/C-LRLO system, 
80 % in the C-LNMO system, and 54 % in the TNO-LNMO system. It can 
also be observed that the selectivity of Li in neutral leaching was ach
ieved, except for the TNO system, where only 55 % of the total extracted 
Li corresponded to that of neutral leaching. Here, it can be seen that, at 
least for the TNO-LNMO system using the same operating conditions, 
neutral leaching would not be fully advisable, unless the pyrolysis 
conditions were changed to reinforce lithium carbonisation, for 
instance, by blending the material with carbonaceous fractions or using 
a reducing gas during thermal operation.

As shown in Fig. 6, following neutral leaching, the delithiated black 
mass underwent acid leaching. This process generates leachate enriched 
with valuable metals, such as Ni and Mn, along with remaining traces of 
base metals, such as Cu, Al and Li. In contrast, elements resistant to 
sulfuric acid, which predominantly constitute the anode material, 
remained selectively as a solid product of acid leaching, representing the 
only stream in the recycling process. These materials contain small 
traces of contaminants, which vary from one battery type to another and 
are therefore referred in this study to as “crude” anode materials. As 
shown in Fig. 7b, the recovery efficiency of the anode material was se
lective and efficient. In the C-LNMO and Si/C-LRLO systems, approxi
mately 78 % of the C was successfully recovered after acid leaching. In 
the Si/C-LRLO system, approximately 70 % of the Si was recovered 
along with carbon. In this particular case, Si does not dissolve in a weak 
concentration of sulfuric acid [76]. Based on the chemical composition 
of the "crude materials" analysed in the solid product, it was observed 
that among the metals, Al, Ni, and Mn appeared to have one of the 
highest concentration (1–2 wt%). This could have resulted from the 
leaching temperature and reduced acid concentration during the acid 
leaching process [77]. Notably, in the TNO-LNMO system, niobium (Nb) 
and titanium (Ti) were efficiently recovered at rates of approximately 90 

Fig. 5. Correlation between CO2 emission during pyrolysis and Li recovery 
during neutral leaching (C-LNMO, TNO-LNMO, Si/C-LRLO).
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% and 65 %, respectively, while the carbon content resulting from the 
use of C65 was approximately 72 %. Based on these results, it can be 
concluded that such a product requires a refining process or the opera
tion of the leaching process in a cascade structure. However, because of 
the limited availability of the material and because it was beyond the 
scope of this research, purification of the crude anode material was not 
included in this investigation.

The potential for further refinement of the anode materials through 
repeated acid leaching is viable. For crude graphite, the obtained 
product consisted of carbon-enriched graphite (91 % carbon) featuring 
minor Al traces and an absence of other metals, which is a favourable 
outcome relative to other systems. This material is of comparable quality 
to commercial raw graphite, with 55.2 % carbon and 1.7 % Al available 
in the market [79]. In the Si/C-LRLO system, graphite with silicon can be 
recycled for use in Si-C composite anodes, where a carbon content of 
more than 30 % is necessary [80]. The crude TNO recovered from 
TNO-LNMO can be thermally treated to transform it into a graphite-free 
material [81]. A brief overview of the transition of the anode material 
from post-pyrolysis through neutral and acid leaching based on the 
analysis of the solid products is provided in the supplementary material.

After separation of the anode material in the acid leaching process, 

the leachate first undergoes separation of the base metals as Cu- 
cementate and Al-Fe precipitates via cementation and alkaline precipi
tation, respectively. Based on the elemental flow shown in Fig. 6, these 
separation processes were highly selective with regard to Cu and Fe but 
were ineffective for Al, which remained in considerable amounts in the 
leachate solution, specifically in the C-LNMO and TNO-LNMO systems. 
The presence of Fe in the Cu cementate may indicate an excess of this 
element, which is more than needed to cement Cu in the solution. This is 
problematic because the Fe contamination in the cementate dissolves, 
requiring additional NaOH for the Al-Fe precipitation step. Despite im
purities in the Cu-cementate (up to 9 wt% Fe and 0.2 wt% Al), it remains 
suitable for Cu recycling. During smelting, Fe and Al are oxidised and 
accumulate in the slag, whereas the recovered Cu is collected in the 
copper molten phase, metallurgically refined, cast as a copper anode in 
the recycling facility, and then electrolytically refined and sold as a 
cathode material [82]. Moreover, the addition of CuSO4 should be 
re-evaluated in future research, as no evident positive effects were 
observed. In addition, future research should optimize pH to facilitate 
the removal of Al from the pregnant solution.

Regarding the quality of the products, the Al-Fe precipitate still 
contained a few impurities, such as Cu, Ni, and Mn, in all three systems. 

Fig. 6. Metal–mass balance of each processing step for all three systems, a. C-LNMO system, b. TNO-LNMO system and c. Si/C-LRLO system.
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These should have precipitated in the previous step (for Cu) and sub
sequent steps (for Ni and Mn). Metal contamination could be attributed 
to the conservative selection of the pH value (3.3), which was chosen to 
prevent the precipitation of Ni and Mn. An Al-Fe filter cake containing 
valuable elements such as nickel could potentially be used as an input 
material in the Fe and steelmaking process as an alloying element for 
grade 3Ni4Al stainless steel, which requires a composition of 3 % Ni, 
remaining Fe, and other elements [83].

Moreover, the addition of CuSO4 should be re-evaluated in future 
research, as no evident positive effect was observed. In addition, future 
research should optimize the pH to facilitate the removal of Al from the 
pregnant solution.

Metals such as Fe, Al, and Cu in LIBs are mostly in metallic form and 
mechanically separated during the recycling process. Therefore, as 
shown in Fig. 7c, the recovery efficiency still demonstrates outstanding 
performance, exceeding 80 % for Al in all three systems, averaging 80 % 
for Fe, and over 90 % for Cu. The only exception is the TNO-LNMO 
system, which does not use Cu as a current collector.

After the separation of the base metals, a Ni-Mn precipitation step 
was applied. Based on the elemental flow shown in Fig. 6, it can be 
stated that the separation of these valuable metals demonstrates 
outstanding performance in terms of selectivity for the targeted metals. 
However, this product shows significant contamination with undesired 
elements, such as Al and Cu. The situation with Li contamination is 

somewhat different because Li is not undesirable in cases where LNMO 
is produced. Nevertheless, the scope of this research did not allow the 
evaluation of the purification and regeneration of such materials. These 
findings provide opportunities for future research in this area.

As shown in Fig. 7d, the assessment of the recovery efficiency for Ni 
and Mn indicated outstanding performance. For both elements, effi
ciencies of 90 %, 95 %, and 97 % were registered for the C-LNMO, TNO- 
LNMO, and Si/C-LRLO systems, respectively.

4.3. Comparison of recycling process of the studied next generation 
cobalt-free with other commercial lithium-ion batteries

The assessment of the total recycling efficiency achieved using the 
defined recycling concept for all three evaluated systems is shown in 
Fig. 7e. As can be seen, the Si/C-LRLO system has the highest recycling 
efficiency at 85 %, followed by the C-LNMO and TNO-LNMO systems 
with approximately 80 % and 65 %, respectively. Fig. 7e also illustrates 
that, although this study provides only an initial overview of the recy
clability of these new Co-free batteries, they already show competitive 
performance compared to the total recycling efficiency expected in the 
new regulation for 2025 and current reported data on commercial NMC 
batteries [78], highlighting the significant potential for optimisation. 
Little effort should be devoted to lithium recovery from the TNO-LNMO 
system to surpass the 2030 target of 70 %.

The recycling processes of cobalt-free lithium-ion batteries studied 
here reveal notable differences compared to those involving cobalt- 
containing batteries. The absence of cobalt simplifies the extraction of 
nickel and manganese by reducing the number of required reagents and 
steps, which can lead to lower overall costs and environmental impact. 
In addition, to a direct recovery of the anode material in all three studied 
cases. As shown in Fig. 7e, the recovery efficiency for lithium, nickel, 
and manganese in cobalt-free batteries is comparable to, or slightly 
different from, that in cobalt-containing batteries, reflecting both the 
advantages and limitations of the absence of cobalt. However, direct 
comparisons between cobalt-containing and cobalt-free battery recy
cling processes are limited, the elimination of cobalt is generally ex
pected to reduce the need for complex chemical treatments and 
impurities.

Results compared with previous work on commercial cobalt-free 
batteries, such as LFP systems [53], indicated a lower Li yield recov
ery (99 %). However, Li et al. did not consider realistic conditions in the 
preprocessing stage, where both active materials are found together, as 
would be expected if the spent battery undergoes shredding and physical 
metal separation from the black mass. This study consider such a con
dition to evaluate the elemental dispersion through the hydrometallur
gical processing. ther studies reported total recovery from LFP batteries 
with values ranging from 82 % to 90 which makes the recycling of the 
studied prototypes competitive with at least two of the three alternatives 
(C-LNMO and Si/C-LRLO systems) [84].

5. Conclusion

This study aims to advance the recycling practices for Co-free battery 
systems currently under development, focusing on systems that repre
sent cutting-edge advancements in next-generation LIBs. The recycla
bility of the experimental cathode materials (TNO, Carbon, and Si/ 
Carbon) and two types of electrolyte systems (ionic liquid and gelified) 
were evaluated using a recycling concept derived from literature and 
adapted to these modern prototypes. This study employed established 
hydrometallurgical techniques including pyrolysis, mechanical separa
tion, neutral and acid leaching, cementation, and neutralisation with 
sodium hydroxide to achieve selective metal separation.

The findings indicated that gelified electrolytes demonstrated 
greater stability under pyrolysis than liquid electrolytes, which began to 
degrade at lower temperatures. This influenced the types and quantities 
of gases emitted, notably CO2 and CO, which are crucial for the 

Fig. 7. Shows the metal recovery during precipitation: a. Li recovery, b. Anode 
material recovery, c. Cu-Fe-Al recovery, d. Ni-Mn recovery in all three systems, 
and e. Recycling efficiency compared to a commercial battery systems based 
on [78].
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subsequent stages of metal recovery. This includes a direct relationship 
between the CO2 generated during pyrolysis and Li extracted via neutral 
leaching.

The ionic liquid electrolyte exhibited lower toxicity based on the PAC 
number, primarily because of reduced HF formation during pyrolysis. 
However, the study emphasised that all systems require stringent miti
gation measures to control hazardous compounds, such as HF and PC, 
which pose significant environmental concerns.

The recycling processes were effective, complementing the 
outstanding performance of base metals, such as Cu, Al, and steel, which 
were separated through mechanical separation. Moreover, the recycling 
strategy succeeded in recovering valuable materials, particularly anode 
materials (graphite, Si/C, and TNO), Ni, Mn, and Li, with total recovery 
efficiencies ranging from 65 to 90 %. The recycling of metals surpassed 
the expected efficiencies within the upcoming regulation for 2025 and, 
with little optimisation of lithium recovery for the TNO-LNMO system, 
also reached competitive numbers by 2030.

Despite their excellent performance, challenges such as Al and Cu 
contamination in the anode material underscore the need for process 
optimisation and refining stages. In addition, it is necessary to improve 
thermal degradation to improve Li carbonisation during pyrolysis of the 
TNO-LNMO system. The results emphasise the importance of adjusting 
the pyrolysis conditions and acid leaching parameters to enhance the 
purity and overall yield of recycled materials.

The chemistry of the battery prototypes proved compatible with the 
recycling techniques used for commercial batteries, albeit with modifi
cations to accommodate the unique characteristics of Co-free systems, 
especially for the TNO-LNMO system with gelified electrolyte. This 
compatibility is crucial for integrating new battery technologies into the 
existing recycling infrastructure. In this regard, besides the indications 
regarding electrolyte development, the results suggest that the new 
generation of batteries, which aim to reduce organic components—such 
as using a ceramic anode material like TNO—could impact current 
recycling technologies. Specifically, thermal treatment may not effec
tively produce Li-soluble compounds, thereby complicating the selective 
extraction of lithium during neutral leaching. However, acid-resistant 
materials like TNO, graphite and Si/C support the recovery and circu
larity of materials, facilitating the re-manufacturing of batteries. Future 
work should focus on the optimisation and study the viability of re-using 
the extracted purified anode material for battery manufacturing.
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