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Abstract 

Owing to its specific properties, cobalt is a critical material for catalysis, stainless steel, and of 

course for Li-Ion batteries. Due to the intensive development of Li-ion batteries for transport 

applications (All-Electric and Plug-in Hybrid Electric Vehicles), the need for cobalt will 

dramatically increase. Unfortunately, resource is scarce and more than half of the cobalt 

production is presently concentrated in only one country (Democratic Republic of the Congo). 

Recycling and reusing cobalt from used batteries in a closed-loop process in order to limit cobalt 

imports becomes mandatory. In this paper, we propose a disruptive and very efficient route to 

selectively precipitate cobalt from a spent batteries solution, which consists in using imidazole 

linkers.The resulting hybrid material can be directly used as a precursor to produce a new 

cobalt-cathode based material.  

 

1. Introduction 

Cobalt is currently used in industrial sectors such as aerospace (superalloys), defense 

(permanent magnets, specialty steels), energy (catalyst, land-based turbines) and other fields 

(e.g cemented carbides). 60% of the world’s cobalt relatively poor crustal abundance resource is 

located in only one country (Democratic Republic of Congo). Cobalt is usually produced as a 

side product of copper and nickel mining, and is classified as a critical material since 2011 by the 

European Commission.[1] Cobalt is also used as a key material in the manufacturing of lithium-
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ion batteries, and the expected rapid take-off of the electromobility market will lead to a huge 

increase of cobalt needs.  Studies forecast that the number of electric vehicles will be multiplied 

by 15 - 33 before 2030.[2] Recycling high value battery materials at their end of life becomes 

thus mandatory.[3] In lithium-ion batteries, cobalt is used in large quantities to manufacture 

cathode materials such as LiCoO2, LiNixCoyAlzO2 or LiNixMnyCozO2 (with x+y+z=1) oxides. 

Current recycling routes are based on hydrometallurgical or pyrometallurgical processes.[4–6] 

They allow to separate various elements of a battery (Li, Al, Mn, Ni, Fe, Mn, Cu, Co), but their 

multistep nature makes these solutions expensive. Many researchers are currently working on 

discovering alternative pathways, especially to selectively remove cobalt from a mixed metals 

solution.[7-10] The possibility to synthesize metal-mixed Metal-Organic Frameworks (MOFs) 

was shown by Wang et al..[11] In this publication, authors synthesize the well-known MOF-74 

compound with a mix of divalent metals (Ni, Co, Mn…). This pathway was exploited in 2016, by 

Perez et al. who studied how carboxylic acid (1,4-benzenedicarboxylic acid and 1,3,5-

benzenetricarboxylic acid) and phosphonate organic linkers (1,4-benzenediphosphonic acid and 

1,3,5-benzenetriphosphonic acid) could produce MOFs from a simulated battery waste 

solution.[12,13] In 2020, the same group managed to synthesize aluminium or copper-based 

MOFs from Li-ion battery waste solutions.[14–16]  

 In the literature, Zeolitic Imidazolate Frameworks (ZIFs) structures are mainly reported using 

zinc or cobalt as cations.[17–22] However, there is no zinc component in Li-Ion batteries and the 

largest share of impurities such as iron, aluminium and copper (due to casing and electrodes) 

can be removed in a first recycling step.  

Based on a thorough study which allowed us to assess the reactivity of various imidazole linkers 

in a mixed solution of cobalt, nickel and manganese, we propose here an original pathway to 

selectively precipitate cobalt in an hybrid compound by smartly selecting the organic ligand. [23]  

 

2. Materials and methods 

Selectivity experiments in methanol:  

14.9 mmol of CoSO4.7H2O, 14.9 mmol of NiSO4.6H2O and 14.9 mmol MnSO4.H2O are dissolved 

in 600 mL of methanol. The resulting solution is submitted to magnetic stirring at room 

temperature. 356.7 mmol of an organic linker (Im, 2-MeIm, 4-MeIm or bIm) are added to the 

solution. The solution is aged for 24h and the reaction product is then recovered by filtration. The 

resulting material is washed thoroughly with methanol and water.   

Selectivity experiment in spent batteries solution: 



The spent batteries solution is obtained by leaching a NMC cathode-based black mass from 

SNAM with a solution of sulfuric acid (1M) and 10% of hydrogen peroxide. To perform the 

experiment, 60 g of 4-MeIm are added to 100 ml of the spent batteries solution. The solution is 

aged for 24h and the reaction product is then recovered by filtration. The resulting material is 

washed thoroughly with methanol and water.   

LiCoO2 synthesis: 

300 mg of ZIF-67 are intimately mixed with 52.6 mg of lithium carbonate (Li2CO3) and the 

mixture is calcinated at 850 °C during 24 h. 

Characterisation:  

Purities of all products are controlled by X-ray diffraction using a Brüker AXS D8 diffractometer, 

equipped with a Cu anticathode. 

Morphology of the products is determined by scanning electron microscopy using a LEO 1530 

FE-SEM microscope equipped with a field electron gun. 

The chemical analysis is performed by using ICP-OES (Agilent Technologies 700 Series ICP-

OES).  

The electrochemical characterizations are achieved using CR2032 coin-cells type that consist of 

a cathode and a lithium foil anode separated by a Celgard® 2400 porous polypropylene film and 

a Viledon® separator. Cathodes are fabricated by coating a slurry of 80 wt% active materials, 10 

wt% carbon and 10 wt% PVDF in N-methyl-2-pyrrolidone on aluminium foil. The electrolyte is 1 

mol/L LiPF6 in EC/PC/DMC in a volume ratio of 1/1/3. Coin cells are assembled in an argon-filled 

glove box and are cycled on an Arbin® tester in galvanostatic mode. Charge and discharge tests 

are performed at the current discharge of 14 mA/g (C/10) in the voltage range of 3.0 V - 4.3 V at 

room temperature. All the potentials in this study are given versus Li+/Li.  

 

3. Results and discussion 

Several imidazole linkers are screened by mixing them with reference equimolar solutions of 

cobalt, manganese and nickel nitrates in methanol. Benzimidazole (bIm), Imidazole (Im), 2-

MethylImidazole (2-MeIm) and 4-Methylimidazole (4-MeIm) are tested (Fig. 1).  

 

Fig. 1. Imidazole linkers used in the study 



 

In a conventional test, the organic linker, in its solid form, is directly mixed with the metal-based 

solution while stirring at room temperature. A purple-based precipitate instantly appears (Fig. 2).  

 

Fig. 2. Experiment and corresponding reaction with 2-MeIm linkers 

 

After one day, the purple precipitate is recovered by filtration and is finely characterized by XRD, 

SEM and ICP-AES (Fig. 3). XRD reveals that bIm and 2-MeIm respectively precipitate in the 

well-known ZIF-9-III and ZIF-67 structures.[17,24] The compound obtained with Im and 4-MeIm 

could not be identified and is still being characterised. SEM reveals that small particles between 

50-200 nm are obtained, certainly due to the use of a low synthesis temperature. ICP-AES 

results confirm our assumption: synthesized materials are made of more than 90% of cobalt 

(molar based on metal elements). A purity of 99% in Co is obtained by using imidazole as a 

ligand (detailed results of ICP-AES are summarized in Table.S1.). It is now clear that Imidazole 

linker’s family can selectively react with cobalt and lead to high cobalt content ZIFs. This last 

result confirms that imidazole linkers are promising materials for cobalt extraction or recycling.  

 



 

Fig. 3. Results obtained in XRD, SEM and ICP-AES (molar ratios) with (a) 2-MeIm, (b) Im, (c) 

bIm and (d) 4-MeIm linkers  

 

We believe that this reaction may find many applications in several industrial fields like cobalt 

extraction, purification, depollution or recycling. As an example, we investigated this selective 

mechanism for cobalt recycling from a real spent battery leaching solution. As ever, there is a 

strong difference between model and reality, namely between a model solution using nitrate 

salts and methanol only, and a real spent batteries solution directly obtained from recycling 

processes. In such a solution several species are mixed, which come from the active material 

but also from the current collectors and from the batteries casing. The use of various acids and 



oxidative solutions to dissolve batteries parts usually raise also some other issues such as an 

acidic pH. The spent batteries solution used in this example is obtained by leaching a NMC 

(lithium layered oxide materials) cathode-based black mass from the SNAM company with a 

solution of sulfuric acid (1M) and 10% of hydrogen peroxide. The solution is treated with the 4-

MeIm ligand at room temperature. After one day of precipitation, the purple precipitate is 

recovered by filtration (results are shown in Fig. 4). We focus on the 4-MeIm ligand because this 

imidazole molecule is already used at large industrial scale as a chemical intermediate for 

several applications (pharmaceutics, photography, agriculture, dyes, rubber…).[25–28]   

 

Fig. 4. Analysis of a spent batteries solution: ICP-AES analysis (molar ratios) of left/ the solution 

before treatment and right/ the material recovered after treatment with 4-MeIm 

 

By using 4-MeIm linkers, it is possible to extract more than 80% of the cobalt contained in the 

solution and the recovered material contains more than 94.4% of cobalt (detailed results of ICP-

AES are summarized in Table.S2.). However, one may notice that the material concentrates 

aluminum species. It may reveal useful to remove aluminum before the reaction with imidazole 

linkers. After drying one night under vacuum, the recovered compound is characterised by XRD 

and SEM (Fig. S1). By contrast with the results achieved with methanol, the XRD pattern of the 

material obtained from a spent battery solution shows an amorphous structure. Several MOFs 

materials are not stable in water-based solutions, and it is difficult to conclude whether an 

amorphous hybrid compound directly precipitates, or whether a ZIF precipitates, that presents a 

water sensitive structure.[29,30] In any case, the resulting material is highly pure in cobalt. 

Surprisingly, SEM reveals slab with beautiful spiral dislocations. The growing mode of such 

crystals was explained by Burton, Cabrera and Frank in 1951 (BCF mechanism).[31] Several 

scientists observe and work on this complex phenomenon.[32,33] 

Another important aspect of a recycling process is the financial value of the recovered materials. 

Of course, ZIFs are well known to be good catalysts or adsorbents and materials could be 

directly used as made, but the carbon framework of this material family also allows using ZIFs as 



precursors for material synthesis (glass, stainless steel or supercapacitor…).[23,34–49] In the 

present paper, we focus on using ZIFs  as precursors for the synthesis of a cathode material, 

thus allowing the design of a full, closed loop process. We use our cobalt-based ZIFs as a 

starting material to produce the well-known LiCoO2 material (LCO).[50] This uncommon phase 

reaction is illustrated in Fig.5.(a,b). Materials obtained with 2-MeIm/Co (ZIF-67) and 4-MeIm/Co 

are calcinated with lithium carbonate at 850°C. XRD patterns of the final calcinated powders 

reveal that the expected layered structure is obtained, able to be directly used as a cathode 

active material in a lithium-ion battery Fig.5.(c,d).  

 

Fig. 5. (a) calcination reaction, (b) structure evolution and (c) XRD change of ZIF-67 with Li2CO3 

at 850 °C 

To confirm our proof of concept, the LiCoO2 materials are used as cathode material in coin cells, 

which are tested in galvanostatic mode in the voltage windows of 4.3 V – 2.7 V in order to 

assess the electrochemical performances. Despite a non-optimized synthesis, the 

electrochemical results show a classic dq/dV signature of a half-cell assembled with LiCoO2 

(Fig.6.(c)).[51-53] In terms of performances, 120 mAh/g are recovered with the LCO synthesized 



using ZIF-67 as precursor and 154 mAh/g with the material synthesized using the 4-MeIm/Co 

material (Fig.6.(a) and Fig.6.(c)).  

 

Fig. 6. (a) Galvanostatic curve (first cycle), (b) dq/dV plot of a charge/discharge curve and (c) 

cycle life at 1C obtained with LiCoO2 synthesized using ZIF-67 and using Co-4-MeIm 

 

4. Conclusions 

We demonstrate in this study that cobalt reacts selectively with imidazole to produce hybrid 

materials such as ZIFs and that the recovered materials contain more than 99 % of cobalt 

(based on metal element ratio). Our group is currently prolonging this work to identify the 

selectivity mechanism of this system. To our belief, this discovery paves the way for a very 

efficient, easy, and affordable route to recycle spent batteries and to recover critical materials. It 

also opens new perspectives to recover cobalt from waste/mine with an easy and efficient 

process. Moreover, the resulting product (ZIF) is a high value product that can be directly used 

as a precursor or an adsorbent. In a more specific application, imidazole linkers allow removing 

cobalt from a spent battery solution and the resulting product can be directly re-used in a closed-

loop process to produce a fresh cathode material. This article only focuses on one application of 

this selective reaction (recovery of cobalt from spent battery solution) but we assume that 

applications of this discovery could reveal numerous (e.g. cobalt extraction, cobalt 

decontamination…). As an example, the resulting Co-ZIFs materials can be also used as a 

precursor for stainless steels, glasses, catalysts, adsorbents… 
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