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The Li-ion battery recycling has a great importance, because the global demand for electric vehicles, renewable energy storage or even portable electronics are increasing. There are different processes for recovery of valuable metals from spent Li-ion batteries, but the recycling of their organic constituents is an unsolved problem. This work focuses to the value added recycling of spent Li-ion batteries to produce hydrogen. Catalyst was obtained from the non-polymerous waste from spent Li-ion batteries and their catalytic role for hydrogen production was investigated using separator foils. Catalysts with transition metals were obtained by pyrometallurgy treatment of waste sourced electrodes and used in pyrolysis-gasification reactions. The yield of gases was 88.2-94.2%. The hydrogen and CO content in gases were significant. Catalysts obtained by pyrometallurgical method using non-oxidizing atmospheres resulted gases with higher hydrogen content. Transition metals in reduced form can catalyse the steam and dry reforming reaction. Higher hydrogen yield was found at 500°C pyrolysis temperature using non-oxidized catalysts, however, the hydrogen/CO ratio was higher at 600°C pyrolysis temperature. The cost-balance was also calculated to investigate the feasibility of the process.
Introduction
Lithium-ion batteries are crucial elements of modern energy storage, consisting of cathode, anode, electrolyte, and separator. They are widely used in portable electronics, electric vehicles, or stationary energy storage applications. The cathode is usually made of metal oxide (e.g. LiCoO2, LiNixMnyCozO2, LiCoO2, LiFePO4), which coated by aluminium foil current collector (Manthiram 2020). The anode is typically made of graphite, which also contains copper foil support. The electrolyte contains lithium salts to ensure the migration of lithium ions between the electrodes, while the microporous polymer separator prevents short circuits (Costa et al. 2018). The increasing application of portable electric devices led to growing in the amount of used Li-ion batteries, which poses a serious technical and environmental challenge to the waste management. The currently used recycling technologies - pyrometallurgy, hydrometallurgy and electrochemical recovery - mainly focus on the recovery of valuable metals from the electrodes. The utilization of other components of spent batteries (e.g. plastic-based separator) is less investigated, although they can used to produce hydrocarbons or hydrogen through catalytic processes at high temperatures (Biswal et al. 2024, Hong et at. 2022). The transition metals (e.g. Ni, Fe, Mn, Co) obtained from spent lithium-ion batteries should be active catalysts in waste gasification, thus opening the possibility to recovery of metals and the production of hydrogen (Li et al. 2013). However, the catalytic performance depends on the oxidation state, dispersion and interaction of the metals (Faizan et al. 2023). Reduced form, metallic state is primarily required for high reforming activity and hydrogen selectivity, while the hydrogen yield may be significantly lower in the oxidized form (Fan et al. 2021, Liu et al. 2022). Based on the short literature review, it was concluded that the complex recycling of Li-ion batteries is currently unsolved. Most researches are focussing on valuable metals recovery from the electrodes and does not address the recycling of the rest constituents of batteries. It is also not clear how to solve the problem of recycling of each part of the batteries and making them secondary raw materials for a circular economy.
In this work the value-added recycling of spent Li-ion batteries was investigated to obtain hydrogen rich gases. Catalysts have been obtained by the pyrometallurgy pre-treating of spent Li-ion battery electrodes to enhance the gasification and reforming reactions.
0. Materials & methods
Raw materials and catalysts
Waste electronic devices (e.g. power bank, navigation device, laptop)) were dismantled to Li-ion battery and other parts. Then Li-ion batteries were discharged by their storage in 10% dissolution of NaCl for 2 days, crushed and physically separated into separator, electrodes and metal particles. The recycled electrodes were used for catalyst synthesis, while separators obtained from spent Li-battery were the raw material for pyrolysis-gasification to produce hydrogen. Based on proximate and ultimate analyses, the separator foil has the following properties: ash content of 0.8%, volatiles of 99.1%, humidity of 0.1%, C content of 84.7% and H content of 15.3%. For analysis a TG 209 F1 Libra equipment connected with Bruker Invenio S instrument and Carlo-Erba EA 1108 CHNS-O instrument were used.
To enhance the decomposition reactions and increase the hydrogen content, different catalysts obtained from spent Li-battery were tested. During the catalyst synthesis, the spent electrodes were heated to 900°C and 1000°C in nitrogen atmosphere and in air. It is known, that the spinel structure of the cathode material is collapsed, and the Li is in the form of Li2O at 800-900°C using nitrogen atmosphere. The nitrogen promotes the reduction of transition metals, therefore they are in the form of metals or even NiO, CoO, Mn2O3 and MnO. Higher temperature occurs further reduction of transition metals and they are rather in metallic form. Furthermore, higher temperature (especially over 900°C) favours to Li evaporation and Li loss. Regarding the pyrometallurgy step in air, the transition metals remain in oxidized form and decomposition produced stable oxides (e.g. NiO, Co3O4, CuO and Mn2O3). The main properties of the spent electrode based catalyst are shown in Table 1. The catalyst grain size was analysed by Fritch Analysette instrument based on Fraunhofer-law, while the surface area was measured by Micromeritics 3Flex 3500 instrument using the nitrogen adsorption-desorption isotherm.
[bookmark: _GoBack]The table only shows the concentrations of the main elements, the role of which is significant for pyrolysis-gasification.
Table 1: The main properties of the catalysts
	
	900°C/N2
	900°C/Air
	1000°C/N2
	1000°C/Air

	Temperature, °C
	900
	900
	1000
	1000

	Atmosphere
	Nitrogen
	Air
	Nitrogen
	Air

	Average grain size, m
	72
	74
	78
	73

	BET surface, m2/g
	1.1
	2.4
	0.3
	1.5

	Main elemental
content, %
	O (17.3), Co (15.8), Ni (17.2), Mn (5.1), Li (6.3) Al (16.8), Cu (8.3), C (6.4)
	O (34.1), Co (9.6), Ni (12.0), Mn (7.2), Li (5.4), Al (12.1), Cu (5.7), C (<1.0)
	O (8.9), Co (18.1), Ni (21.3), Mn (7.4), Li (2.5), Al (14.6), Cu (6.2), C (3.8)
	O (26.8), Co (16.2), Ni (14.1), Mn (9.5), Li (1.2), Al (15.5), Cu (9.1), C (<1.0)



Due to sintering and phase change or even pore collapse, less surface area was found at higher temperature. Regarding the atmosphere, primary the partial reduction and metallic phase formation enhancing partial coalescence are responsible for lower surface area. Catalysts had higher oxygen content and lower carbon content due to oxidation processes at higher temperatures and in the presence of air. Higher temperature also favours to release the metals in volatile form in case of catalyst preparation in nitrogen atmosphere.
Pyrolysis-gasification
Separator foil obtained from spent Li-battery have been decomposed by pyrolysis-gasification in a tubular reactor using nitrogen atmosphere. The temperature was 500°C and 600°C during the pyrolysis in the first reactor zone, while 750°C during the gasification step. In general, pyrolysis takes place between 400-600°C, while gasification over 700°C. Different temperatures result significant differences in composition of products. Therefore, the effect of volatiles with different composition to the catalysts activity in gasification step was also investigated. Regarding gasification temperature, the 750°C was selected, because higher temperatures could have caused structural changes in the catalysts. In order to increase the hydrogen content of the gas product, steam was added to the catalyst bed at 750°C at a flow rate of 5dm3/h. 5g of separator foil and 2g of catalyst were put into the reactor, and the reaction time was 20minutes. Based on three independent measurements, the RSD% values of the pyrolysis-gasification are 2.5-3.8% for product yield and 3.5-3.9% for gas composition. The gas products formed in the reaction were collected in a Tedlar bag for further analysis.
Analysis
The gas composition was investigated by DANI GC gas-chromatograph. The instrument was fitted with FID and TCD detectors, the used columns were an Rtx-1 PONA type (100 m long with an internal diameter of 0.25 mm and film thickness of 0.5 μm) and a CarboxenTM 1006 PLOT column (30 m long and 0.53 mm internal diameter). Clarity software was used to evaluate the chromatograms.
0. Result and discussion
Product yields
The product yields were calculated based on the weight balance. The weight of pyrolysis oil, water and residue were weighted by laboratory balance. The amount of coke on catalyst was determined by its combustion from catalyst surface at 800°C using air. Results are summarized in Table 2. It is clear that mostly gases were produced from the used Li-battery separator, which varied between 88.2%-92.1% and 90.0-94.2%, in case of 500°C and 600°C pyrolysis temperatures, respectively. Due to more coke on catalyst surface, the gas yield was lower using 500°C pyrolysis temperature. Limited amount of solid residue (2.6-2.9%) remained in the reactor, which was due to the high volatile content of the feedstock and only slightly changed with the experimental parameters.
Table 2: Product yields, %
	
	Pyrolysis at 500°C
	
	Pyrolysis at 600°C

	
	900°C/N2
	900°C/Air
	1000°C/N2
	1000°C/Air
	
	900°C/N2
	900°C/Air
	1000°C/N2
	1000°C/Air

	Gases
	90.5
	92.1
	88.2
	91.4
	
	93.3
	94.2
	90.0
	92.9

	Pyrolysis oil 
	None
	None
	None
	None
	
	None
	None
	None
	None

	Water
	<1
	<1
	<1
	<1
	
	<1
	<1
	<1
	<1

	Coke on catalyst
	6.8
	5.1
	9.1
	5.9
	
	3.9
	3.2
	7.1
	4.3

	Residue
	2.7
	2.8
	2.7
	2.7
	
	2.8
	2.6
	2.9
	2.8



Carbonaceous deposition was observed on the catalyst surface in all cases, the extent of which varied between 3.2-7.1% (at 600°C pyrolysis temperature) and 5.1-9.1% (at 500°C pyrolysis temperature). Regarding the different catalysts, the extent of surface deposition was lower on the catalysts obtained in air atmosphere during the pyrometallurgical method. In this case the metal content of the catalysts was typically more oxidized, than that of waste-based catalysts produced in nitrogen atmosphere. Therefore, the metal content of the catalysts typically contained metals in the elemental form. The high partial pressure of oxygen creates high oxygen chemical potential in oxygen atmosphere or using high temperature, therefore the metal oxides has higher thermodynamically stability. It means, that metallic elements should be re-oxidized. Contrary, the oxygen potential is low in nitrogen atmosphere, therefore the carbonaceous materials from electrodes promotes the carbothermal reduction (MeO+C → Me+CO), which shifting the equilibrium toward elemental metals and stabilizing them. Metals on catalysts promoted the further scission of C-C, C-H and C-O bonds, enhancing the cracking reactions or even Boudouard reaction (CO → CO2+C), which generate carbon deposition on catalyst surface. Furthermore, metals can also dissolve carbon, enabling filamentous carbon. Contrary, metal-oxides have lower cracking activity and provide structural oxygen that oxidizes the deposited carbon on the catalyst surface to produce CO and CO2, reducing the coke accumulation on catalysts.
Regarding the waste based catalysts, it is also clear, that higher temperature of pyrometallurgy process results more coke deposition on catalyst surface, because metal oxides have slightly less thermodynamically stability at higher temperature. It also means, that the reduction of metals to metallic Ni, Co, Li or Fe, etc. is more complete at 1000°C, than that of at 900°C in the presence of residual carbon using nitrogen. On the other hand, the reaction rate also increase at higher temperature, accelerating the cathode decomposition, oxide reduction, carbon gasification and diffusion process during the pyrometallurgy treating. Finally, the higher temperature also promotes the particle sintering, metallic coalescence and improve the metal-slag separation leading to larger metallic domains and more advanced phase transformation, than those of at 900°C.
Gases
The composition of gases are shown in Figure 1, while Figure 2 summarizes the hydrogen/CO and CO/CO2 ratios. Gases consist of hydrogen, CO, CO2, methane and C2-C5 compounds. Catalysts synthetized in nitrogen results more hydrogen in gases (41-128% increasing), than those of formed in air atmosphere. On the other hand, the hydrogen content of gases was also higher using catalysts produced at 900°C, than that of at 1000°C (14-56% increasing). 900°C/Air or 1000°C/Air marked catalysts contained metals rather in oxidized form, than that of 900°C/N2 or 1000°C/N2 marked. The metal-oxides initially act as oxygen donor for pyrolysis vapours and char-like intermediates. Therefore the 900°C/N2 or 1000°C/N2 marked catalysts can push the carbon toward CO2, which supports the dry reforming of hydrocarbons to hydrogen.
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	Pyrolysis at 500°C
	Pyrolysis at 600°C


Figure 1: The composition of gases

The reforming activity of catalysts was limited until they become reduced form. This is the reason for more methane and C2-C5 hydrocarbon in gases obtained by the using of 900°C/N2 or 1000°C/N2 marked catalysts. When metals are reduced to their metallic form, they act as strong reforming and C-C scission catalyst, enhancing steam reforming and tar cracking, which increase the hydrogen and CO concentration, while decrease the concentration of methane and heavier hydrocarbons.
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	Pyrolysis at 500°C
	Pyrolysis at 600°C


Figure 2: The ratios of Hydrogen/CO and CO/CO2

Regarding the CO and CO2 concentration, it is clear, that transition metals in reduced form can catalyse the steam and dry reforming reaction, therefore, the yield of CO was higher (10-83% increasing) and the CO2 concentration was lower (38-88% decreasing) in case of catalysts produced at 900°C and 1000°C in nitrogen, than that of in air. The oxidized form of transition metals are oxygen active, and they can catalyse the CO oxidation to CO2 via redox mechanism, which led to less CO and more CO2 in gases. It is important to mention, that less difference was found in CO2 concentrations using catalysis containing metals in reduced and oxidized form in case of 600°C pyrolysis temperature. That phenomena can be explained by the following. The water-gas shift reaction can convert the CO to CO2 and hydrogen. The catalyst activity in gasification and water gas-shift reaction was more significant, because hydrocarbons obtained at 600°C pyrolysis temperature has shorter average chain length. Non-oxidized catalysts results more hydrogen using at 500°C pyrolysis temperature, however, the hydrogen/CO ratio was higher (111-495% increasing) using metal-oxides in catalysts at 600°C pyrolysis temperature, which was explained by the lower CO concentration occurred by water-gas shift reaction.
Cost balance of spent Li-ion battery recycling
Table 3 summarize the cost balance calculation of spent Li-ion battery recycling to obtain hydrogen by gasification of separator foil according to the scheme on Figure 3.
[image: ]
Figure 3: The scheme of analysis

The Li-ion battery separators made from polyolefins has heating values of 40-46MJ/kg (Zhang 2007). Contrary the incineration, hydrogen rich gas fraction should be also produced by gasification. Electrodes from spent Li-ion batteries contained different elements, which have catalytic activity in case of waste gasification for hydrogen production. Spent Li-ion battery contains 6-8% separators. According to previously demonstrated results, depending on the reaction parameters, the yield of gas fraction is up to 90%, while the average hydrogen content of gas product is 30-50% in case of gasification. It means, that 6-9 kg H2 should be obtained from 1 tonne separator foil (Zhan et al. 2018). 
Table 3: The main costs of techno-economic analysis, in EUR (Wilke et al. 2023, Afzal et al. 2023, Curcio, 2025, Das et al. 2025)
	
	Value
	Unit
	Cost, EUR

	Spent Li-ion battery capacity
	
	
	10 000t/y
	50 000t/y
	100 000t/y

	Dismantling & separation
	17
	EUR/t
	170 000
	850 000
	1 700 000

	Pyrometallurgy
	900
	EUR/t
	9 000 000
	45 000 000
	90 000 000

	Gasification
	300
	EUR/t
	240 000
	1 200 000
	2 400 000

	Hydrogen (grey)
	2000
	EUR/t
	320 000
	1 600 000
	3 200 000

	Hydrogen (green)
	6000
	EUR/t
	960 000
	4 800 000
	9 600 000

	Metals
	4500
	EUR/t
	22 500 000
	112 500 000
	225 000 000

	Balance (hydrogen (grey))
	
	EUR
	-90 000
	-450 000
	-900 000

	Balance (hydrogen (green))
	
	EUR
	550 000
	2 750 000
	5 500 000



Three different capacities of spent Li-ion battery recycling plant was calculated (10,000, 50,000 and 100,000t/y). The cost of dismantling and separation is ~600EUR/t in case of manual and ~17EUR/t in case of automated operation. The amount of electrodes containing difference metals is 30-60% of the battery, therefore, the cost of pyrometallurgy process is ~900EUR/t battery. Regarding the gasification, 8% of separator content of battery, while 20% of hydrogen yield was used for the calculation. Based on the data in the table, excluding the cost of the pyrometallurgical method and the income from the metals produced by its application, in this case, only the selling price of hydrogen was calculated, and the balance was positive in the case of green hydrogen price. The price of grey hydrogen is almost a third of the price of green hydrogen, but in this case additional costs must be paid due to CO2 quotas. In case of hydrogen obtained from spent Li-ion batteries, there are much more favourable quota regulations because it uses waste as a raw material.
Conclusions
In this work, the possibility of catalysts production from waste Li-ion batteries and their application in gasification reactions were investigated. Electrodes and separator foil obtained from spent Li-ion batteries were used as raw materials. This solution opens up the possibility of value-added recycling of spent Li-ion batteries, which can also be used to produce hydrogen. It was found, that the used separator foil could be converted into gases with yields of 88.2-94.2%. The gas product contained significant amounts of hydrogen (7.8-39.5%) and CO (10.6-27.2%). More hydrogen (23.2-39.5%) was found at 600°C pyrolysis temperature, than that of at 500°C (7.8-21.7%). The catalytic effect was significantly influenced by the parameters of catalyst production. In case of non-oxidizing atmosphere, catalysts obtained by the pyrometallurgical method, resulted gases with higher hydrogen content (41-128% increasing). In order to investigate the feasibility of the process, the cost balance was calculated, based on which it was concluded that the presented waste management solution has favourable economic characteristics, which can provide new solutions for the value-added recycling of spent Li-ion batteries. 
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