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Abstract

Addressing the growing volume of end-of-life lithium-ion battery (LIB) waste is one
of the global challenges in tackling the electronic waste problem. In this study, the regeneration
of LiNio3C003Mno 302 (NMCi111) and LiNigsC0o.2Mng202 (NMCs22) cathode active materials
from end-of-life LIBs was accomplished through an environmentally friendly bioleaching
process. In the bioleaching process mediated by Acidithiobacillus ferrooxidans, 85.5% of Ni,
91.8% of Mn, 90.4% of Co, and 89.9% of Li were leached out from NMC-based spent LIBs in
6 h at a pulp density of 100 g/L. One of the challenges in bioleaching-based metal recovery is
the presence of impurities, including Cu, Al and Fe (excess Fe** and Fe?* from bacterial

nutrients). The impurity removal was performed by air oxidation and pH adjustment without
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substantial losses of other metallic ions. Thereafter, ammonium oxalate coprecipitation
effectively recovered the transition metal ions as metal oxalates from the bioleaching liquor.
NMCi11 and NMCe22 were regenerated from the coprecipitated product. The electrochemical
stability of the regenerated NMCi11 and NMCez2 was comparable to commercial NMC (~85%
of capacity retention after 50 cycles at 100 mA g). This regeneration approach appears
promising in LIBs recycling for long-term industrial development.

Keywords: Lithium-ion batteries, Bioleaching, Acidithiobacillus ferrooxidans, Impurities
removal, Cathode regeneration

Introduction

The development of sustainable energy sources and storage solutions has been pushed
by ever-increasing global energy requirements as well as environmental destruction. Lithium-
ion batteries (LIBs) have been widely used as secondary energy storage in consumer
electronics, electric vehicles, and power grid systems due to high energy density, high power
density, long lifespan, and compact size. LIBs have a global market capitalization of USD 40
billion and are expected to grow to USD 139.36 billion by 2026 ®. The rising demand for
electric vehicles (EVs) needs a massive number of LIB packs, which is expected to reach 1
million by 2030 2. As a result, the output of discarded LIBs is estimated to rise from 10,700
tons in 2012 to 464,000 tons in 2025, representing a 59% growth rate every year®. Because of
the massive use of LIBs in electronic devices, electric vehicles (EVs), and energy storage, metal
recovery from spent LIBs has a higher resource benefit, reduces the usage of pure metals in
energy storage, and offers environmental protection 2%, In the long-term, recovery of valuable
material from spent LIBs is efficacious in alleviating the shortage of purified minerals and
reducing the manufacturing price. 82, In addition, LIB recycling also contributes to reducing
metal contamination into the water stream and soil, cutting CO2 emissions, and supporting a

more sustainable circular economy 5 °.



Currently, pyrometallurgy and acid-based hydrometallurgy are the most popular
approaches used to recover valuable metals from spent LIBs > 1% 11 12 Cobalt, nickel, and
copper are generally recovered as slag in pyrometallurgy by melting spent LIBs at high
temperatures (5001000 °C); however, lithium vanished as gas cannot be recovered . The
pyrometallurgical process consumes much energy, has a high capital cost, and generates many
noxious gases. On the other hand, in the conventional hydrometallurgical process, metals are
typically leached out by mineral acids as leaching agents, such as H2SOs, HNO3, HCI, aided
with oxidant (e.g. H20.), which involves additional disposal investment 4 5, As metals are
soluble in acid solutions, the hydrometallurgical process has a better recovery efficiency than
the pyrometallurgical process. However, the hydrometallurgical process has some drawbacks,
including complex operating steps, production of a significant amount of acid wastes, and the
emission of toxic gases such as Clz, SO3, and NOx, The acid wastes and toxic gases emission
are harmful to human health and the environment. The treatment of acid wastes and gases
emission incurs additional costs. New approaches, such as Ferro-chemistry based recycling ¢,
gradient and facile extraction 7, based on the leaching kinetics of cathode material *® and
sequential extraction of metals using organic and mineral acids °, has been explored in the
hydrometallurgical process. Toward green chemistry regulations, organic acids such as oxalic
acid, malic acid, acetic acid, tartaric acid, and citrus fruit juices which are high in organic acids,
have been explored as substitutes for inorganic acids to eliminate secondary acid waste and

minimize toxic emission. 2024

Biohydrometallurgy promises a cost-effective and environmentally benign alternative
to traditional metal extraction procedures from spent LIBs 2>28, Bioleaching technology has
been widely used for many years to extract valuable metals such as cobalt, nickel, manganese,
and copper from ores and other secondary sources. Microorganisms such as bacteria (e.g.,

Acidithiobacillus ferrooxidans, Acidithioacillus thiooxidans, and Leptospirillum ferrooxidans)



and fungi ( e.g., Aspergillus and Penicillium species) can mediate the bioleaching processes for
the recovery of metals from metal-rich secondary resources such as ores, LIBs, and PCBs 2% %
3134 Acidophilic bacteria such as A. ferrooxidans generate acids like H2SO4, while; fungus
A.niger produces organic acids that can solubilize metals from waste materials. The microbe-
assisted bioleaching system involves the bio-oxidation process to dissolve insoluble metal
components into water-soluble metals. The microorganism generates its energy by breaking
ores or wastes into its metal components. Metal extraction by bioleaching process from LIBs
used in coin cells, mobile phones, laptops, and secondary batteries has been reported using
above mentioned microorganisms %8, At low pulp densities (5 g/L - 40 g/L), these bioleaching
processes were carried out for 10-15 days to achieve 80-95 % leaching efficiency. Among all
viable options, Acidithiobacillus ferrooxidans appears to be a good candidate for bio-metal
extraction in LIBs and other e-wastes due to their ease of growth, safe handling, and endurance
at high acidic environments 3% 4041 42.43 The bioleaching of LIBs at high pulp density is still a
challenging process due to microbial inhibition at high metal concentrations and substrate
(iron) constraints at high viscosities. We had studied the bioleaching of LiCoO, and NMC-
based LIBs with high leaching efficiency of valuable metals such as Co, Ni, Mn, and Li at a
high pulp density of (100 g/L) using Acidithiobacillus ferrooxidans ** 4. However, the
experiment duration was still 24 h per cycle. In order to optimize our process further, we
continued using Acidithiobacillus ferrooxidans for bio-leaching experiments with the objective
of reducing reaction time as well as regenerating the battery materials from the bioleaching
process.

The recovery of metals to regenerate the cathode material is a critical step to close the
loop of recycling. Due to the variable solubility of metals at different pHs, chemical
precipitants such as sodium hydroxide (NaOH), sodium oxalate (Na.C204), sodium carbonate

(Na2CO0s3), sodium phosphate (Na2HPO4), and other ammonium counterparts are commonly



employed to separate metals from complex leach solutions “-*, Formal cathode regeneration
approaches could be hydrothermal treatment, solid-state reaction (calcination), co-precipitation
of metals, and sol-gel reaction after precipitating metals at a specific pH %, In current LIBs
technology, besides olivine-structure material (LiFePO4), lithium metal oxides (e.g. LiCoOs,
LiNiOz, LiNixMnyCo,0>) have broad application as cathode materials, appraised as the most
valuable battery component 48 495152 The battery cathode materials market was valued at
USD 15.27 billion in 2017 and is expected to grow at a CAGR (Compound Annual Growth
Rate) of 6.2% to USD 22.17 billion by 2023 ¢ 53, The regeneration of cathode materials from
bioleaching liquor is an innovative and environmental-friendly approach with substantial
economic benefits in the reusability of valuable metals such as Ni, Mn, Co, and Li from spent
LIBs. The profit from recycling a ton of spent LIBs via hydrometallurgy followed by
regenerating electrode materials is approximately $10,440 5% 4,

Most prior reports on the regeneration of LIB cathode materials used acid leachings
such as H2SO4/H20., oxalic acid, phosphoric acid, and others, and the batteries were obtained
from various sources such as coin cells, mobile phones, laptops, and electric cars 50545557,
While the regeneration of cathode materials from hydrometallurgical leachate has been widely
reported, cathode recovery from bioleaching liquor containing a high amount of Fe has not yet
been examined in most bioleaching reports. Unlike other studies where the experimental
battery waste had minimal impurities and was homogenous due to manual sorting and pre-
treatment step, we collected NMC-based LIBs from various sources with different
manufacturers. Following the in-house developed sorting procedure, the batteries were then
discharged, shredded together, and finely pulverized before use. The resulting black mass was
more inhomogeneous that illustrating the resemblance of commercial battery recycling ®. Our
study aims to extract valuable metals from NMC-based LIBs at a high pulp density with high

leaching efficiency in a shorter period by the bioleaching process using Acidithiobacillus



ferrooxidans and recovering the cathode material to close the loop of the technology. The metal
concentration in the leached liquor was determined using ICP-OES. One limitation of the bio-
leaching approach is the high amount of impurities, which pose a detrimental effect on the
cathode regeneration process. We established a novel cleaning process combined with air
oxidation and pH adjustment to effectively remove the high content of Fe from bacterial culture
as well as Al and Cu, which are common impurities in leaching liquor. The extracted metals in
the leaching liquor were then regenerated as NMC cathode materials via oxalate precipitation
followed by high-temperature calcination. XRD and SEM-EDX were used to characterize the
regenerated NMC cathode materials. Finally, the regenerated cathode materials are used to
fabricate new batteries, followed by testing their electrochemical performances in a coin cell.
Experimental
Black mass preparation from spent NMC-based LIBs

The spent LIBs were collected from Nanyang Technological University in Singapore
and classified according to cathode material types using an internally established XRF-based
sorting technique before being mechanically processed. All sorted spent LIBs were first
completely discharged with 20 % NaCl for 24 hours and then dried before being shredded by
a mechanical shredder. The steel casings and plastic coverings were manually separated. The
shredded battery materials were finely crushed and sieved through 100 m (160 mesh) using a

table-top blender, then dried at 60 °C overnight °.
Bacterial Growth and bioleaching experiments

DSMZ Germany supplied the native A.ferrooxidans strain (DSMZ 1927), which was
isolated from mine water in Austria. The bacteria were grown on “Modified 9K” media ** %°
containing (NH)2S04 (0.5 g/L), KCI (0.05 g/L), KaHPO4* 3H,0 (0.2 g/L), MgSO4* 7H,0 (0.5
g/L), Ca(NOz3)2 (0.01 g/L), and FeSO4* 7H.0 (135.0 g/L). To enhance the H.SO4 and ferric

ions levels in the bacterial culture, the FeSO4 dose was increased from 44.2 g/L to 135 g/L of



the original medium (3 fold). The pH of the "Modified 9K" media was adjusted to 2.0 with 2
M H2SO4 before sterilizing with a filtration device. In a 500 ml Erlenmeyer flask, 30 ml
bacterial inoculum (10 % (v/v) (to promote bacterial growth in a short period) was added to
270 ml Modified 9K medium. Bacterial growth was induced by shaking at 170 rpm at 30 °C in
an incubator. After 7 days of cultivation, the bacteria reached the logarithmic growth phase
(ORP & Fe** concentration are constant); also, the concentration of H.SO4 reached 0.5 M. The
Fe3* formation and biogenic sulphuric acid production before the bioleaching process was
estimated by the reported protocol using 5-sulfosalicylic acid (SSA) and acid-base titration

method 4+ %,

Bioleaching experiments were carried out by adding 10 g NMC black mass in 100 ml
bacterial culture (7 days culture) in 250 ml flasks (S/L 100 g/L) and shaking at 170 rpm at 30
°C. The bioleaching residue was separated from the leaching liquid every 2 h by filtration, and
the system was replenished with a fresh bacterial culture. The bioleaching studies were
performed again for the coming 2 h. Three cycles were completed all together. The leaching
efficiency of the main elements nickel, manganese, cobalt, and lithium, as well as low
abundance elements like iron, copper, and aluminium was determined for each cycle and added
to achieve the overall recovery for 3 cycles. The metals' leaching efficiency following the
bioleaching process was determined by comparing the aqua regia leaching values of NMC

black mass.

A
Metal leaching efficiency (%) = 3 X100 (1)

A = metal concentration in bioleaching, B = metal concentration in aqua regia leaching

Separation of Fe, Al, and Cu from the bioleaching solution

Common contaminants in the black mass of NMC-based LIBs include iron, aluminium,
and copper from metal casing and electrode coating foils “¢. The presence of the contaminant

has a detrimental impact on the quality of recovery material. The leaching liquor from the three



bioleaching cycles was accumulated, and 100 ml of the leaching liquor was used for
progressive pH adjustment to 5.0. 5.5, 5.8, and 6.4 by 2N NaOH. In each step, the solution was
stirred for 2 h and settled for 1 h to maximize air oxidation of ion Fe?*. The precipitate was
removed by centrifugation at 9000 rpm for 5 minutes. ICP-OES analyzed the supernatant to

determine the primary metal contents and the presence of impurities.
Oxalate precipitation of Ni, Mn, and Co and synthesis of cathode material

50 ml of bioleachate (source) was neutralized to pH 6.0 prior to the metal recovery step,
along with overnight air purging for air oxidation before the metal recovery step. Based on
ICP-OES results, 50 ml of leaching supernatant was mixed with a sufficient amount of 0.3 M
ammonium oxalate solution in a 250 ml round-bottom flask. The stirring speed was set at 1000
rpm for 1 h. Afterwards, the precipitate was collected by filtration using a PES membrane filter,
0.45 pum. The supernatant was collected for further Li-ion recovery. ICP-OES analysis was
conducted to determine the content of Ni, Mn, and Co in obtained precipitate before synthesis.
After precipitation, the metal ion ratio between Ni:Mn:Co in oxalate precipitation was adjusted
to 1:1:1 or 6:2:2 by mixing with MnNO3-6H.0 and CoNOs -7H20 in ethanol. The mixture was
finally added with LiOH before calcination at 450 °C for 5 h. The product was ground to a fine
powder after cooling to room temperature to ensure no agglomerates and sintered at 750 °C for
5 h and 900 °C and 850 °C for 10 h respectively for NMC 111 and NMC 622. The product
phase was characterized by XRD (Bruker AXSD8 Advance), and the morphologies of the
samples were determined using SEM-EDX analysis (Joel SU8010); the material composition

was calculated from SEM-EDX.
Electrochemical Testing of regenerated NMC cathode materials

The electrochemical performance of NMC cathode powder was studied on Li-half coin

cell configuration. To prepare electrode composite, NMC cathodic powder, conductive carbon



(acetylene black), and Polyvinylidene fluoride (PVDF) were dissolved in N-Methyl-2-
pyrrolidone (NMP) by w/t 8:1:1 and uniformly mixed to get the slurry. The slurry was coated
on aluminium foil and dried at 70 °C overnight before round punching with a 16mm diameter.
The cut foil was dried in a vacuum oven for 8 h at 110 °C and transferred to the glovebox for
assembly. Lithium metal was used as a counter electrode, while NMC or graphite acted as a
working electrode. The electrolyte was EC:DEC (1:1). Galvanostatic charge-discharge was

carried out between 2.5 and 4.5 V at ambient conditions using a Neware battery tester.

Analytical Instruments

The pH and redox potential were measured at 25 °C using pH and redox electrodes on
a Mettler Toledo pH meter (Seven Compact S220). ICP-OES was used to determine the metal
concentration in the leaching liquid and cathode materials (Perkin Elmer optima 8000).
Scanning Electron Microscopy (SEM-EDX) (JSM-7600F Joel, Japan) was used to determine
the surface morphology and composition of cathode materials, as well as the mapping of metals
in native NMC black mass and bioleaching residues. The crystal structure of the cathodic
material present in the LIBs before and after bioleaching was characterized by X-ray diffraction
analysis using a Bruker powder diffractometer (AXS D8 advance) with Cu K radiation

(WL=1.54060) and a voltage of 40 kV and 40 mA current.

Results and Discussion
NMC black mass characterization and bioleaching experiments

The phase composition and morphology of black mass were characterized by XRD and
SEM analysis. Metal and element compositions were determined by ICP-OES and EDX. The
results are indicated in Figure 1. ICP-OES analysis is more accurate as EDX analysis is semi-
guantitative. Hence, quantification results from ICP-OES were used to report leaching

efficiency and metal concentrations.
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A B
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Figure 1. (A) XRD pattern of NMC black mass, (inset) metal composition calculated

from ICP-OES and EDX ; (B) SEM of NMC black mass

The efficiency of A. ferroxidan in the bioleaching of NMC-based LIBs high pulp
densities was reported in our previous report * %, In this study, bioleaching was performed
using slightly modified media in a shorter time. 100 ml of the bacterial culture was placed into
250 ml Erlenmeyer flasks after 7 days of cultivation, which had entered the stationary phase
(ORP & Fe*' constant), and the biogenic H2SO4 concentration had reached 0.5 M. The flask
was then loaded with 10 g of NMC black mass and kept in a shaking incubator at 30 °C at 160
rpm. After 2 h, the leaching liquor was collected and filtered from the residue. Again the
bioleaching residue was replenished with 100 ml bacterial culture, and the experiments were
continued for another 2 h, and a total of 3 cycles of bioleaching was performed. Previously,
replenishing studies had been performed every 24 h, but after conducting the kinetic studies, it
was found that 2 h is sufficient for each bioleaching cycle (data not shown).

Metals are dissolved during the bioleaching process by converting insoluble Ni**, Mn**,
and Co®' to soluble Ni?*, Mn?*, and Co*? through a series of biological processes and
subsequent acid dissolution **°°. The reaction was initiated by the Fe* ion, which was further

accompanied by the dissolution of insoluble metal ions by biogenic H2SOa. To break the battery
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particles and discharge all metals from the interior region, a more significant concentration of
H2S04 and Fe** (bio-lixiviants) is required ** “°. This process used a considerable amount of
biogenic H2SO4, which caused the pH to rise; however, the system's biogenic H.SO4 generation
was sufficient, so the pH only slightly increased. Direct acid dissolution by biogenic H2SO4
released lithium from NMC powder. The sulfur metabolism of A. ferrooxidans, on the other
hand, triggers the production of intermediate sulfates of Co, Ni, Mn, and Li, which aid the
dissolution of metals in the leaching solution. The metal leaching mechanism reported by Xin
et al. shows Fe?*/Fe3* redox reaction involving the acid dissolution of metals for the NMC-

based LIB (Eqns 2-6) 3%,

AFe?* + O + 4H* ——  4Fe®* + 2H,0 (2)
Li,O + 2H* ——> 2Li* + H20 ?)
M*/M3* (M=Mn, Co, Ni) + Fe?* — M2* (MO) + Fe¥* (4)
MO + 2H*—>  M?* + H,0 (5)

BLINiysMn1sCo1302 + 12H2S04 + 6FeSOs  ——>  3Fex(SO4)s + 2MNnSO4 + 2NiSOs
+2C0S04 + 3Li2S04 + 12H,0 (6)

After three replenishing cycles with fresh bacterial culture, the leaching efficiency
increased to 85.50% Ni, 91.83% Mn, 90.37 % Co, and 89.89 % Li in 6 h (Table 1). The best
performing inorganic acid leaching of spent commercial LIBs with high leaching efficiency
was reported at 200 g/L black mass using 1.75 M HCI at 50 °C for 2 h. The leaching efficiency
was reported as 99.2% for Li, 99.0% for Mn and 98.0% for Co °. When the extraction was
performed at the pulp density of 50 g/L with various organic acids such as citric acid, L-tartaric
acid, oxalic acid, malic acid etc., a leaching efficiency of >90 % was achieved for the above
metals 2. Although the pulp density used in this bioleaching process (100 g/L) was higher than
the organic acids reported for metal extraction, we could still achieve reasonably high
efficiency between 85% to 97% of the above metals. As the bacterial culture has a significant

amount of Fe3* ijons, the unused ferric ions go into the leaching solution and increase their
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content compared to the other metal contents. The bioleaching process should really be cost-
efficient with excellent metal recovery because the growth nutrient” cost (for bio-lixiviants
production such as Fe** and H,SO4) production and other utilities are minimized when
performing the process at high pulp densities.

Table 1. Leaching efficiency of metals after 3 cycles of 2h bioleaching process at

a pulp density of 100g/L

Pulp 1" cycle 2 eycle 3" cycle Total Metal
density Bacteria/ Metals 2h 2h 2h 6 h recovery
of LIB Media leaching leaching leaching Leaching 0/Kg black
powder % % % % mass
100g/L | Acidithiobacillus Ni 28.59+0.14 | 39.16+0.87 | 17.76+0.10 85.50 132.70

ferrooxidans Mn 30.79+0.47 | 42.20+0.24 | 18.84+0.22 91.83 80.81
Co 27.24+0.21 | 36.47+0.41 | 26.66+0.32 90.37 62.42
Li 33.74+0.43 | 38.86+0.08 | 17.29+0.20 89.89 33.44
Cu 1.68+0.01 | 60.64+0.05 | 18.67+0.03 80.99 16.12
Al 6.40+0.03 | 19.26+0.02 8.58+0.02 34.24 291
Fe >100 >100 >100 >100 276.02

Removal of Cu, Al, Fe from the bioleaching liquor

After 3 cycles of bioleaching experiments, the leaching liquor from all cycles was
accumulated for further processing. Besides Cu?* and AI®*, the bioleaching liquor contains a
significant amount of Fe, which can exist in Fe?* and Fe®" oxidation states. Hence, it is
necessary to remove metal impurities before regenerating cathode materials. Conceptually,
these metal ions could be selectively removed by pH adjusting, also known as hydroxide
precipitation, which is a chemical precipitation technique in which metal hydroxides are
formed when sodium hydroxide is used as the precipitating agent 60, According to literature,
Fe3* can selectively precipitate at pH 3; meanwhile, Cu?* and AI** can remove as hydroxide
precipitate at pH above 4 and 4.5, respectively 1. The precipitation condition is also dependent

on the concentration of metal ions; for example, Cu will precipitate as Cu(OH). above pH 6.0
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at extremely low concentrations. The reaction of Fe, Cu, and Al precipitation by NaOH is

described below (Eqns 6-8).

CuSO4 + 2NaOH — NaSO4+ Cu(OH)2 | @)
Fex(S04)3 + 6NaOH — 3Na»SO4 +2Fe(OH)s | (8)
Al>(SO4)3 + 6NaOH — 3NaxSO4 +2AI(OH)s | 9)

Preliminary findings (Table S1) revealed that adjusting the pH of leachate to 4.8 could
selectively remove Cu?*, AI** and Fe®** while minimizing the precipitation of Ni. Mn, and Co.
The presence of Fe*" (FeSO..7H.0 nutrient unutilized by bacteria) remains a persistent
problem for selective metal recovery. Fe?* would only be removed at neutral conditions (pH 7
— 8). The proportion of oxidized Fe?* over Fe®* could vary from batch to batch, depending on
the bacterial nutrient utilization. The fraction of Fe?* in total Fe could be estimated by the
proportion of Fe in the solution at pH 5 (without air oxidation) and total Fe in the solution
initially (pH 2.5). At pH 4.5 — 5 without air oxidation (or immediate precipitation), Fe3* will
precipitate, and Fe?* will be stable in the solution. The results suggest that it is possible to
increase the pulp density further. Increases in leachate pH could cause coprecipitation of Ni*
and Co?*, which begin to precipitate at pHs greater than 5. To resolve the problem related to
Fe?*, Fe?* ions must be completely oxidized to Fe3* before precipitation (Egn 9). One
possibility is to expose leachate to air for oxidation. Long-time agitation was employed to
maximize air dissolution in water and thus, facilitate Fe?* oxidation.

FeZ* + 02+ 4H* > Fe?* + 2H,0 (10)
To optimize the impurity cleaning condition, the pH of Fe-rich bio-leaching liquor was adjusted
progressively from 2.5 to 5.0. 5.5, 5.8, and 6.4, along with 3 hours of agitation. Long-time
agitation was employed to maximize air dissolution in water, facilitating Fe?* oxidation to Fe®*
(Table 2). At pH 5.05, the amount of Cu?* was reduced by half, at ~200 ppm, while only 20%

of AI** was removed by precipitation. A substantial amount of Fe remained in the liquor
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(~4300 ppm), then further pH adjustment is required. At pH 6.37, most of the Fe had been
precipitated out of the supernatant. The amount of Fe, Cu, and Al remaining was accounted for
less than 5% of all metal ions in the solution, suitable for the next recovery step. The decrease
in the concentration of targeting elements (Li, Ni, Mn, Co) was obtained due to the dilution
during pH adjustment and partially precipitation of metals hydroxide. According to a previous
report, Ni?*, Co?* and Mn?* tend to precipitate under conditions with a pH of 5.8 above.
However, the solubility of [Ni?*] and [Co?'] is relatively higher than [Cu?'] in neutral pH
conditions. For example, at pH 6.5, the solubility of Cu?* and Ni?* is 3 mg/L and 32000 mg/L,
respectively 0. In brief, pH 6.0 adjustment along with Fe?* air oxidation was chosen as the
previous step before oxalate precipitation to regenerate cathode materials. Using O to oxidize
Fe?* to Fe3* might consume time, but it appears a cost-effective, effortless, and environmentally
friendly solution to resolve the retaining Fe?*. Alternatively, by the same concept, the rate of
Fe2* oxidation might be improved by using other oxidizing agents, such as KMnOs, which
requires careful control of elemental concentrations. We will explore this approach in the near
future. Up to now, air oxidation still appears as a cost-effective and environmentally friendly
method. In addition, the presence of Fe?* could be utilized for further leaching reaction; hence,

the pulp density could be increased further.
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Table 2. Metal concentration (ppm) and percentage of metal retention in the

bioleaching liquor after progressive pH adjustment

Metals | Source 1" PPtion 2™ PPtion BrZEPStign 4t:)|I:P5t ig : 5t;|2p6t i;)n
pH 2.5 pH 5.0 pH 5.5 ' - :
(ppm) | (ppm) | (%0) | (PPmM) | (%0) | (PPM) | (%0) | (PPm) [ (%) | (PPM) | (%)
Ni | 3977.8 | 3728.1 | 93.7 | 3420.6 | 86.0 | 3365.6 | 84.6 | 3312.6 | 83.3 | 3031.2 | 76.2
Mn | 2249.8 | 21616 | 96.1 | 2121.2 | 94.3 | 2114.3 | 94.0 | 1961.3 | 87.2 | 1814.9 | 80.7
Co | 1947.9 | 18242 | 93.7 | 1797.3 | 92.3 | 1761.3 | 90.4 | 1590.7 | 81.7 | 1490.0 | 76,5
Li 919.9 | 8822|959 | 902.7 | 98.1 | 866.2| 942 | 856.6 | 93.1 | 827.3 | 89.9
Cu | 4613 | 2155 | 46.7 | 147.0 | 31.9 | 1381|299 | 1056 | 229 | 430 | 9.3
Al 105.1 849 [ 808 | 767 |730| 680|647 | 668 |635| 480 |457
Fe | 74755 | 4360.8 | 58.3 | 2758.9 | 36.9 | 1821.4 | 244 | 591.7 | 79| 1205| 1.6

Oxalate precipitation

The accumulated bioleachate source was neutralized to pH 6.0 before the metal
recovery step, along with air purging for air oxidation. The Co/Mn/Ni concentration was
slightly reduced due to precipitation and dilution, as shown in table 3. Meanwhile, the leachate
was completely depleted of Cu and Fe. There was still 1.6 % Al left in the liquor. However,
the amount of Al is negligible when compared to the amounts of Li, Ni, Mn, and Co ions,
which might not affect the purity of precipitation. In fact, the presence of trace amounts of Al
as dopant could stabilize the lattice structure, then enhance the capacity retention as well as
rate performance of cathode material 82 ®3. Currently, oxalate and carbonate are the reagents
commonly used to precipitate Ni, Co and Mn in LIBs recycling studies. Oxalate precipitation
for Mn, Co and Ni occur at a wide range of pH conditions. In contrast, the solution needs to be
adjusted to alkaline (pH > 9). when using carbonate as the precipitating reagent. Therefore,
oxalate was chosen in this study not to complicate the process by including another pH

adjustment step.
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Table 3. Metal concentration (ppm) of accumulated NMC leaching solution (source),
solution after air purging and pH precipitation, and supernatant after oxalate
precipitation, the last column is the % of metal ion obtained from precipitation based on

ICP-OES calculation. The total amount of precipitation is 2488 mg.

adjust 1h
> Source >> pH=6.0 >> +NH40xaIate>> stirring

Source Air purging Supernatant Precipitate *
pH=6.0
Metal

(ppm) (ppm) (%) (ppm) (Wt %)
Li 1899.0 1960.0 ~100.0 1091.0 0.33
Co 3169.0 2707.4 85.4 N.D 5.94
Mn 4288.0 3961.9 924 73.1 8.06
Ni 7712.0 5932.7 76.9 88.3 12.27
Cu 1046.0 N.D Nil N.D 0.22
Fe 1174.0 N.D Nil N.D N.D
Al 3010.0 48.2 1.6 N.D 0.13

“The remaining wt % of precipitate are non-metallic elements ( e.g., C, O, H)

The leaching supernatant was mixed with a 0.3 M ammonium oxalate (NH4)2C204
solution and vigorously stirred at 1000 rpm for 1 hour for recovery purposes. The oxalate ion
was chosen as a precipitating agent because of its capacity to coordinate with metal ions, such
as Ni?*, Co%*, or Mn?*, to form a five-membered ring structure oxalate complex. These
compounds frequently precipitate as solids due to their limited solubility, whereas lithium
usually dissolves in oxalic solution. The oxalate product was characterized by ICP-OES after
the precipitation and drying to determine the metal composition. The calculated amount of

metal ions in the precipitate (in mg) is illustrated in Table 3. Co?*, Mn?*, and Ni?* ions were
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successfully recovered as oxalate-precipitate from leaching liquor, as can be observed. The
trivial trace amount of Cu and Al in the product could act as doping elements and enhance
electrochemical cycling behaviour. The supernatant has a negligible amount of Mn and Ni,
indicating the proposed process’s high selectivity and efficacy. In addition, the supernatant
now contains solely Li-ions, which can be recovered directly as LioCOs or LizPO4 at pH above
11 . The recovery of Li-ion has been extensively developed and reported; therefore, it was
not be covered in this study.

The presence of oxalate in wastewater might require additional treatment steps before
releasing to the environment. The risk could be reduced significantly by either controlling the
amount of oxalate in the precipitation process or reusing the wastewater as the oxalate source
for subsequent batches of precipitation. In addition, based on the precipitation tendency of
oxalate ions, there is a prospect of utilizing concentrated-oxalate wastewater from other

industrial sources in the LIB recycling process.

Cathode material regeneration

NMCi111 and NMCe2. are the two most common types of NMC composition widely
reported. NMC111 material typically offers good cycling stability, and NMCe2 is known as
high-voltage cathode material. Hence, we chose to synthesise NMC111 and NMCe22 material
from oxalate precipitate. Since Ni:Mn:Co ratio in the precipitate was not optimal to our desired
ratio, the metal ratio needed to adjust before the annealing process. The corresponding nitrate
salts were chosen to mix with the oxalate compound before the heat-treatment step to maintain
the valence state of Ni, Mn, and Co ions. The sintering temperature of NMC111 was 900 °C,
while the optimal temperature of NMCe2 was 850 °C. The regenerated material was
characterized using XRD, ICP-OES, SEM, and EDX after being obtained as the final product.

ICP-OES and EDX analytical results showed that the chemical composition of regenerated
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NMC cathodes is well aligned with the expected formula LiNio3Mno3Co0030. and
LiNiosMno2C00.20; (Table 4).
Table 4. The elemental molar ratio of regenerated NMC111 and NMCe22 analysed from

ICP-OES and EDX

Elements Li Ni Mn Co Al (0]

NMC,,,-900 °c | EDX | NA 0.333 0.289 0.302 0.016 2.013

ICP | 1.058  0.338 0.345 0.366 0.00222 NA

NMCm-sso"c EDX | NA 0.578 0.211 0.201 0.008 2278

ICP | 0.996  0.647 0.239 0.225 0.00255 NA

Figure 2 shows the XRD patterns of regenerated NMC111 and NMCse2, cathode material
in the 10-80° range. The regenerated NMC materials have layered structure and pure phase,
which is well indexed to the reference PDF#00-062-0431, a library of LiNi0.3Mn0.3C00.302
and conformity to commercial NMC. Two dominating peaks are corresponding to the (003)
and (104) planes, as well as significant splitting of the (006)/(102) and (108)/(110) peaks

implying a well-ordered hexagonal structure 5765,
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Figure 2. XRD pattern of regenerated NMCi11, NMCe22 compared with the database of
LiNio.3Mno.3C00.302 (PDF #00-062-0431)

In relative to NMC111, NMCs22 had a lattice contraction along the c-axis and a lattice
expansion along the a-axis based on the refinement parameter. XRD revealed a lattice
parameter ratio (c/a) greater than 4.9, indicating good layer characteristics. The 1(003)/1(104)
ratios (intensity ratios of (003) and (104) peaks) were 1.4086 and 1.255, respectively, meeting
the empirical criteria for low cation mixing (Table 5). Notably, while NMC111 was sintered at
900 °C, however, the sintering temperature of NMCes2 was only 850 °C. At higher
temperatures, the resulting NMCe22 has a lower 1(003)/1(104) ratio at 1.102, indicating a high
degree of cation mixing (Figure S4). The phenomenon is described by partial disordering
caused by Ni?* migration from the transition-metal layer to the lithium layer caused by similar
ionic radii of Li-ion (0.76A) and Ni ion (0.69A). 5655, The sintering temperature optimization

was explicitly reported by Yao et al. for NMC-based LIBs °.
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Table 5. Refined lattice parameter, lattice parameter ratio, and peak intensity ratio of

(003) and (104)

Cathode Material a( A) ¢ ( A) c/a 1(003)/1(104)
NMC,;, -900 °C 2.864 14.244 4.972 1.408
NMC,,,-850 °C 2.873 14.234 4.953 1.225

The morphologies of NMCi11 and NMCsez2 cathode materials was investigated from
SEM images (Figure 3). Generally, high magnification images of regenerated NMC materials
showed primary particles with faceted surfaces in the size range of ~500 nm to ~ 1 um similar
particle shapes, relative to commercial NMC (ENAX) (Figure S3). There was an agglomeration
of primary particles; however, unlike commercial material, the shape of the secondary cluster
is ambiguous. Particle sizes of NMCe22 were slightly larger than NMCi11. While a smoother
morphology surface was observed for NMCu1, defections and uneven shapes were inevitably
formed after calcination in NMCs22. It was explained by lower sintering temperature, which
slows the grain growth of solid-state reaction °’. Several shattered particles were attached to
their surfaces, attributed to inhomogeneous reaction. In EDX mapping, a homogenous
distribution of Co, Mn, and Ni was observed in both NMC11; and NMCe2. cathode material

(Figure S5 & S6).
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Figure 3. SEM images of NMCi11 (sintering at 900 °C ) (A, B), NMCe22 (sintering at
850 °C) (D, E); EDX pattern NMC111-900 °C (C), NMCs22 -850 °C (F)

Electrochemical performance of regenerated cathode material

We tested the electrochemical performance of the regenerated materials in half coin-
cell configuration using commercial NMC as a reference after successfully regenerating NMC
cathode materials from the bioleaching process with expected composition, phase, and
morphology. The counter and reference electrodes were made of lithium. As shown from
Figure 4, where batteries were tested at 100 mA g, regenerated NMC materials resembled
commercial material’s long-term cycling performance. In the first 25 cycles, commercial NMC
had a slightly higher specific capacity than NMCi1: and NMCe2. In particular, the initial
discharge capacity of NMCi11 and NMCeg22 were 112 and 109 mAh g, respectively, while
commercial NMC was 118 mAh g. The capacity retention of regenerated NMCi11, NMCez,
and commercial NMC, after 50 cycles, were 89%, 84%, and 85% of the initial capacity.

However, after 75 cycles, the discharge capacity of investigated material decreased to a similar
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value in the range from 88 to 93 mAh g*. The good cyclability of NMC111 could be explained
by a low level of cation mixing, as evidenced by XRD

Furthermore, compared to commercial NMC and other reported methods, the rate
capability of NMCi11 and NMCez2 samples are within the acceptable range, which might be
explained by showing similar morphology with commercial NMC material (Figure S3 ).
NMCi11 and NMCe2. had a discharge capacity of 73 mAh g™ at a high current rate of 400 mA
gL, while the commercial NMC had a value of 69 mAh g*. The discharge capacity of NMCs22
was more significant than the others after reverting to a low current rate of 50 mA g-1, which

might be explained by the cracking defects on the morphological surface, which facilitated Li

conversion.
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Figure 4. (A) Specific discharge capacity vs cycle of recycled NMCi11, NMCs22, and NMC
commercial at the current density of 100 mA g* (B) Specific discharge capacity of
recycled NMCi11, NMCs22, and NMC commercial at various current rates of 20, 50, 100,
200 and 400 mA g* (C) Cyclic voltammetry of regenerated NMCi111, NMCs22 in the
potential range from 2.5V to 4.2 V vs Li/Li*, the sweeping rate at 0.1 mV/s

Further electrochemical studies were carried out for NMC111 and NMCe22 half-cell, and
the batteries were subjected to cyclic voltammetry study at a constant potential sweep of 0.1
mV/s in the voltage range from 2.5 V to 4.2 V vs Li/Li*. The Cyclic voltammetric curves of

NMC111 and NMCs2. are quite similar, shown in Figure 4C. NMCi111 has redox potential peaks
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of 3.85 V and 3.68 V, slightly higher than NMCs2., with peaks of 3.81 V and 3.67 V,
respectively. The current density of NMCi11, on the other hand, declined considerably after
reaching its maximum during the charging process. In the meantime, NMCe2 has shown only
a gradual drop. At voltages greater than 4.0 V, the current density of NMCse22 was greater than
NMCi11. According to the findings, if the voltage window was increased to 4.5 V, regenerated
NMCs22 would have a better capacity than its regenerated NMCi11 counterpart ( Figure S7 &
S8).

It was observed that the regenerated NMCi11 and NMCe22 materials seem to have
inferior cycling performance compared with the commercial products. As the black mass
derived from the source of mixed battery waste, the mass ratio between Mn, Ni and Co in the
leachate and the co-precipitate differed from 1:1:1 and 6:2:2, respectively. Hence, MnNO3z and
CoNOs were added to the precipitate to adjust the element ratio. This might have resulted in
compositional and functional heterogeneity of the product; in addition, the concentration of
valuable metal ions (Mn, Ni and Co) in the lixiviant was practically high, which might affect
the coprecipitation quality. To overcome the issue, further studies on optimization of the
precipitation process and adjustment of elemental ratio should be conducted so that the
formation rate and morphology of the product will be controllable. The flow chart of the whole

recycling process is given in Figure 5.
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Conclusions

Our study has successfully demonstrated a closed-loop recycling process from end-of-
life LIBs to cathode material regeneration using bioleaching approach. At a pulp density of
100g/L, Acidithiobacillus ferrooxidans-mediated bioleaching yielded 85.50 % Ni, 91.83 %
Mn, 90.37 % Co, and 89.89 % L.i in 3 cycles of the process for a total of 6 h, the least amount
of time compared to other reports. By a comprehensive study on impurity removal conditions,
we proved that the combination pH adjustment (pH of 6) and air-purging is efficient to remove
significantly high content of Fe (from bacteria nutrient) and Al, Cu (from black mass). After
obtaining impurity-free leachate, NMCi11 and NMCe22 were synthesized via oxalic co-
precipitation and a series of heating treatment processes. The regenerated NMC111 and NMCeg2
cathode materials had a well-ordered structure and a low amount of cation mixing, and
comparable electrochemical properties with commercial NMC cathode. NMC111 and NMCeg2
had initial discharge capacities of 112 and 109 mAh g, respectively, whereas commercial
NMC had an initial discharge capacity of 118 mAh g*. After 50 cycles at 100 mAh, the
retention capacity of the regenerated NMCi11 and NMCe22 and commercial NMC was up to

89%, 84%, and 85%, respectively.
Supporting Information

Table S1. The metal concentration of leachate after progressive precipitation without aeration
Figure S1. XRD refinement of NMC111 (900 °C)

Figure S2. XRD refinement of NMCe2 (850 °C)

Figure S3. (A and B) SEM images, and (C) EDX of commercial NMC (ENAX)

Figure S4. (A) XRD pattern (B) SEM images (C) Refined lattice parameter, lattice parameter
ratio, and peak intensity ratio of (003) and (104) of NMCse22 annealing at 900 °C

Figure S5 (A) EDX mapping of recycled NMCi11, (B) elemental composition from EDX

spectra
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Figure S6 (A) EDX mapping of recycled NMCs22, (B) Elemental composition from EDX
spectra

Figure S7. (A-E) Galvanostatic charge-discharge curves comparison between recycled
NMCi11, NMCs22, and NMC commercial at 20 mA g* (A), 50 mA g (B), 100 mA g1 (C), 200

mA g (D) and 400 mA g (E) in the voltage range from 2.5 to 4.2 V vs Li/Li*

Figure S8. Galvanostatic charge-discharge curves of recycled NMCi11 (A, D), NMCe22 (B, E),
and NMC commercial (C, F); half cell at different current rates (A, B, C) and in different cycle

numbers (D, E, F) in the voltage range from 2.5t0 4.2 V vs Li/Li"
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Table S1. The metal concentration of leachate after progressive precipitation without

aeration
Metals NMC 1" Pption 2" Pption 3" Pption 4" Pption
Source soln
pH 2.5 pH 3.0 pH 4.0 pH 4.8 pH 5.0
ppm ppm ppm ppm ppm
Ni 4364.75 4294.65 4016.86 3907.19 4021.92
Mn 2670.33 2625.49 2502.87 2634.62 2578.89
Co 2111.08 2066.01 1945.02 1893.41 1853.65
Li 1116.09 1131.72 1130.62 1092.18 1178.22
Cu 531.63 546.45 309.84 76.30 NA
Al 75.82 89.39 79.83 63.69 52.27
Fe 11869.26 11152.67 9044.12 8347.54 8477.03
16,0001 12NMC-1-111.xy Lithium Nickel Manganese Cobalt Qxide 100.00 %
15,000
14,000
13,000
12,000
11,000 h
10,000
@ 9,00 ‘
S 800
S 700 P ‘
6,000 | \ ) | M
SO0 o i " st Y} — it St bl inanete o
4,000 ’ B
3,000
2,000,
1,000
(T —— o A Pt o i PR NP RARY TPPTIPRPR WP BT
w5 @ 25 30 % @ 5 50 S w e n 5w
2Th Degrees
Rexp 1.46 Rwp : 1.70 Rp : 1.34 GOF : 1.17
Rexp™: 8.82 Rwp : 10.31 Rp® : 10.59 DW : 1.49

Figure S1. XRD refinement of NMCa111 (900 °C)
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Figure S2. XRD refinement of NMCse22 (850 °C)
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Figure S3. (A and B) SEM images and (C) EDX of commercial NMC (ENAX)
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Figure S4. (A) XRD pattern (B) SEM images (C) Refined lattice parameter, lattice
parameter ratio, and peak intensity ratio of (003) and (104) of NMCs22 annealing at

900 °C

B

% %
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Figure S5 (A) EDX mapping of recycled NMCiaii, (B) Elemental composition from EDX
spectra
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Figure S6 (A) EDX mapping of recycled NMCs22, (B) Elemental composition from EDX

spectra
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Figure S7. (A-E) Galvanostatic charge-discharge curves comparison between recycled
NMCi11, NMCs22, and NMC commercial at 20 mA g (A), 50 mA g* (B), 100 mA g (C),
200 mA g* (D) and 400 mA g (E) in the voltage range from 2.5t0 4.2 V vs Li/Li*
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Figure S8. Galvanostatic charge-discharge curves of recycled NMCi11 (A, D), NMCs22 (B,
E), and NMC commercial (C, F); half cell at different current rates (A, B, C) and in
different cycle numbers (D, E, F) in the voltage range from 2.5 to 4.2 V vs Li/Li*



