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Abstract: This paper is a product purity study of recycled Li-ion batteries with a focus on hydromet-
allurgical recycling processes. Firstly, a brief description of the current recycling status was presented
based on the research data. Moreover, this work presented the influence of impurities such as Cu, Fe
and Mg on recovered cathode materials performance. The impact of the impurities was described
depending on their form (metallic or ionic) and concentration. This work also reviewed hydromet-
allurgical recycling processes depending on the recovered material, obtained purity and recovery
methods. This purity data were obtained from both research and battery industry actors. Finally,
the purity study was completed by collecting data regarding commercial battery-grade chemical
compounds and active lithium cathode materials, including required purity levels and allowed
impurity limitations.

Keywords: LiB (lithium-ion battery); hydrometallurgy; purity; recovery; impurity effect; cathode
performance

1. Introduction

The urgency of the ongoing climate change forces transition from fossil fuels to
sustainable energy solutions, including bioenergy as well as advanced battery technologies
with Li-ion batteries (LiBs) in focus [1]. Thus, the popularity of LiBs has grown significantly
in the automobile sector as it is used in both hybrid and electric vehicles but even in modern-
life portable equipment, i.e., mobile phones, tablets, cameras, etc. [2]. The transition from
fossil fuels and growing energy demand together with lithium’s high energy density, low
atomic weight, good electrochemical performance, a broad range of operating temperature
and low rates of self-discharge have contributed to the continuous expansion of the LiBs
market [1,3]. The growing battery demand creates opportunities but as well concerns
related to the product’s lifetime as significant amounts of solid LiBs waste are being
generated yearly. In 2019 it was approximately 100,000 tons of spent LiBs, but it is expected
to increase up to 700,000 tons in 2025 [3,4]. This, combined with irresponsible discarding,
results in environmental contaminations and health issues due to high concentrations of
heavy metals and the presence of toxic electrolytes; in the deposited batteries, lithium
generated during the discharge cycles is likely to react with water, which is risky due to the
violent reaction [2-5]. However, within the European Union, landfilling is forbidden, and
recycling of spent batteries is compulsory [6]. The battery industry is the largest end-use
market for lithium, and it is predicted that the need for lithium carbonate will almost
double between 2015 and 2025 from 265,000 tons to 498,000 tons, which puts pressure
on the raw resource supplies; thus, it is approximated that the commodity market will
come across lithium shortages already by 2023, and so, the spent LiBs can be considered as
lithium reserve [5]. As a result, recycling has gained more attention in the past years. The
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development of recycling processes creates opportunity not only from the environmental
perspective but also from the economical point of view as it helps to recover and reuse
valuable metals of limited supplies [3,4]. Waste management within the battery sector,
in general, has been a known problem, and therefore, there are actions taken on both
national and international levels. Extended Producer Responsibility (EPR) policy has been
introduced in European Union, United States of America and Canada in order to raise
customer awareness and develop battery-based waste collection infrastructure. Moreover,
European Union has introduced the 2006 Battery Directive regulation that gives minimum
target rates of collection and recycling for each member country [7].

The impurities are problematic for the recycling processes of LiBs as they challenge
different technologies in different ways. Impurities influence production processes, product
quality and performance, and what is most important, safety [8]. In the case of LiBs, safety
is of great concern as they have a high energy density comparing to the other rechargeable
materials. This can cause a temperature increase resulting in the ignition of the flammable
organic solvents and an even further temperature increase [8]. Most of the LiB product
faults have their origin in the internal faults that get triggered by the impurity presence.
This, together with the production process and safety aspects, puts pressure on the material
purity with a focus on trace elements characteristics and their content. According to Ardia
et al. [9], the total impurity can be defined as a sum of impurities (metals in the ionic form)
and contaminants (elements in a metallic form) [8,9]. In the hydrometallurgical recovery
process, the final recovered product contains impurities mostly in ionic forms [9].

This work mainly focuses on reviewing current hydrometallurgical recycling processes
with a focus on the process steps that are directly related to the final purity levels. Moreover,
the influence of the impurities in the spent LiB cells are studied.

2. Recycling

The most interesting battery part from the financial perspective is the cathode material,
and it is worth mentioning that as the technology development progresses, the changes in
the cathode materials occur to achieve a high energy density for lower price. This makes the
cathode material account for around 90% of a battery’s total value [3]. The first-generation
cathode material used in LiBs is LiCoO,, and therefore, the active materials of this cathode
are studied the most. The newer generation cathodes are becoming more common and
materials, such asLiMn,Oy, LiNiXMnyCo(l_x_y)Oz and LiFePOy, have gained popularity,
which creates new demands on the recycling procedures [3]. The majority of the current
recycling approaches focus on the recovery of highly valuable metals—Co. In the majority
of the current hydrometallurgical processes, Co recovery is prioritized in leaching and
precipitation, meanwhile Li tends to remain in the leaching solution together with the
impurities. When it comes to the trending pyrometallurgy processes, the main focus is
put into Co and Ni recovery, meanwhile Li is lost in the slag [5]. Trending recycling
technologies, the processes that are used to recover metals of high value from the spent
LiBs, involve electrochemical methods and hydrometallurgy [3]. As pyrometallurgy and
hydrometallurgy are being developed, the processes have been applied in the industrial
scale within the battery industry. Umicore, SONY, OnTo, Accurec, Inmetco and Xstrata are
example companies that have applied pyrometallurgy. In order to recover valuable metals,
pyrometallurgy (the method of applying high temperature processes, such as smelting)
is often combined with hydrometallurgy (aqueous chemistry, including steps, such as
leaching, precipitation, solvent extraction and ion exchange). Such a combined process
for recycling LiBs is applied by Umicore [10-12]. Example of the companies that, instead
of combined process, only use hydrometallurgy to recover metals from spent LiBs are
Fortum [13] and Northvolt [14]. According to the review commissioned by The Swedish
Energy Agency [15], by 2019, there were approximately 50 companies worldwide that
implemented a recycling process on spent LiBs. The recycle scale was everything from
laboratory to industrial scales. The majority of the companies exist in China, and the
second biggest market is located in South Korea, followed by EU, Japan, Canada and the
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United Stated of America. It is expected that the number of LiBs that reach the end of
life globally is expected to be around 700,000 tons by 2025; at the same time, worldwide
recycling is expected to take care of around 400,000 tons of spent LiBs [15]. By 2019,
the LiBs recycling market in China was corresponding to around 30 companies. The
companies achieved a different recovery degree, but almost all of the companies applied
hydrometallurgy. The main recovery products in this market are chemical products, such
as Ni and CoSOy or LipCOs. Another type of products are complete blends for precursor
production—NCM and NCA cathodes [15]. According to the same data from 2019 [15],
European LiBs recycling companies do not obtain as high recovery efficiency as China.
The main reason behind it is lower spent batteries volumes in Europe, which makes it
unprofitable to extract all the substances from the waste. In the European market, the most
common recovery methods are hydrometallurgy and a combination of hydrometallurgy
and pyrometallurgy [15].

3. Battery Composition and Structure

With time, the batteries have become larger and assembled rather than portable. The
portable old type of batteries was challenging for the recycling processes from the sorting
perspective. Industrial batteries or batteries in electric vehicles are, on the other hand,
assembled in bigger modules; these modules are assembled in battery packs. This creates
new challenges for recycling processes as preparation prior to recycling is more advanced.
Moreover, LiBs are mostly built into the devices so that the user is not meant to disassemble
the battery from electric vehicles, but this is also more and more common in devices, such
as PCs and smart phones. This means that spent LiBs do not directly go to the battery
recyclers but to the electric vehicle recycler, where the battery can be disassembled [15].
The first batteries that were used in computers and mobile phones were only LCO battery
types (LiCoOy), consisting of 17%—20% of Co, which was the most valuable material. Later
on, along the development of various electric equipment, such as electric bikes and busses,
the LEP batteries (LiFePO,) gained popularity. These types of batteries do not contain
Co, and this makes them not profitable to recycle. Another common battery type that is
commonly used in, for example, electric scooters is LMO (LiMn,Oy). The most common
batteries in the western world are NMC (Li(NiMnCo0)O,) and NCA (Li(NiCoAl)O,) as
they are most commonly used in electric vehicles. NMC batteries contains 2%-6.5% Co
and NCA batteries contain less than 3% Co [15]. The outer shell is, most often, made of
plastic or stainless steel, and the materials that are usually used in separators are polymeric
materials. The anode consists of graphite powder and polymer binder, both coated by a
foil manufactured from Cu [16].

4. Hydrometallurgical Approach in Li-ion Batteries Recycling

The hydrometallurgical recycling process has been found as the more popular metal
recycling method than pyrometallurgical processes since they allow achieving very high
purities of recycled metal compounds and have a lower impact on health and environment.
Moreover, hydrometallurgy is a popular recovery method used for LiB recycling as it results
in high yield recovery, low energy demand, no air emissions and complete recycle of pricy
metals with high purity levels [3]. The hydrometallurgical process is usually conducted
with a pretreatment step that is followed by leaching, separation and recovery of valuable
metals from the leachate [12]. The complex composition of LiBs makes the pretreatment
step a helpful part of the recovery process. Pretreatment makes it easier to separate different
battery components in order to get active materials from the cathode, which is further used
in the leaching step. The pretreatment process usually consists of discharging, dismantling,
mechanical separation and active materials (black mass) recovery [12].

Spent LiB discharging is conducted to increase security in the further steps of the
recycling process as it decreases the hazard of short-circuiting and self-ignition. Separating
and dismantling are conducted after the spent battery is discharged. The battery parts
that are separated and dismantled are, most often, anodes, cathodes, steel or plastic cases
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and organic separators [12]. This step can be conducted manually on a small scale or
mechanically on a large industrial scale. Afterwards, in the final pretreatment step, the
active materials found in cathodes are separated from the cathode current collectors by
using solvents or thermal treatments [12,17].

After pretreatments, leaching is applied as the next step in the hydrometallurgy
process. This step is considered to be the most significant one when it comes to valuable
metals recovery as its purpose is to convert the metals present in the cathode material
procured in the pretreatment process into ionic solutions [12]. The leaching media is,
most often, mineral acids (H;SO,, HCI and HNO3), alkali and organic acids. The ions
are furtherly recovered in series of chemical treatments: precipitation, solvent extraction,
and electrolytic deposition. Studies show that inorganic acids are highly effective for
the recovery of Co and Li (99%) in the leaching procedure when applied in optimal
conditions [1,12,18].

As the leaching solution has complicated composition, the separation step is necessary
to accomplish recovery of the valuable metals (Li, Co, Ni, Mn, Cu, Al, Fe). This can be
done by adding a selective leaching step prior to the separation to make the separation
process simple. Another approach is proceeding with separation directly after the leaching
procedure. The most common separation methods are solvent extraction, chemical precipi-
tation, electrochemical deposition. Due to the leaching solution’s complex composition,
it is complicated to recover all the valuable components from the leachate by applying
only one separation method. The separation procedure is usually a combination of two
or more of the mentioned methods [12]. Figure 1 shows a flowchart of the generalized
hydrometallurgical process.

Spent LiB

Discharging

.

Separation and ) Steel, Plastic,
Dismantling Al, Cu

i

Solvents/ Thermal
Treatment/ Vaccum |——PPlastic, Electrolyte
Pyrolysis

Leaching Media ——jp Leaching

l Valuable metal salts (Co, Ni, Mn)

Separation:
Precipitation/ Solvent
Extraction/
Electrolytic Deposition

L Impurities: Cu, Mg,
Fe, Al etc.

Valuable
Metals

Figure 1. The general hydrometallurgical process [12].
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5. Cu, Al and Fe as the Impurities in the Hydrometallurgical Process

When it comes to recovered LiBs, the impurities influence the electrochemical perfor-
mance, lifetime and stability of the recovered material. Thus, understanding the impact
that impurities have on recycling technologies is of great importance in order to develop
the LiBs recycling technologies [8]. Cu, Al, Fe and Mg are common impurities that can
be found in the leach liquor after acidic leaching. These impurities can be found in the
leachate together with Li, Ni, Co, Mn that are obtained from the active cathode material of
LiBs [19].

In the hydrometallurgical recovery process, metallic impurities can be, most often,
removed based on their distinct solubility by applying chemical precipitation. In such a
case, when chemical precipitation is combined with adjusted pH, metallic Al and Fe are
considered easy to remove. However, Cu ions are more difficult to remove as their distinct
solubility constant has values similar to Co, Ni and Mn ions [8].

On the other hand, the result of the study by Peng et al. [7] showed that increased levels
of metallic Cu, Al and Fe result in increased leaching efficiency of Li and Co. Moreover,
the overflow of battery waste that is rich in Cu and Al supports the dissolution of Co and
Li from the underflow fractions, which is a very useful result for the recycling processes.
In the paper [7], the overflow fraction of the battery waste is the fractions > 2 mm, mostly
containing Al/Cu foils, as well as active materials. The underflow fractions are of a smaller
size < 2 mm and comprise of high concentrations of Co-and Li-based active materials. This
basically means that the fractions of current collectors should preferably not be deeply
separated from the smaller fractions that are rich in Co. When it comes to Fe, it has been
found that its presence in the solution is necessary in acid leaching as it catalyzes the
reductive behavior of Al and Cu, which gives the leaching efficiency of Co and Li close to
100% [7].

Melin et al. [15] identified 80 studies that present recycling processes of LiBs where
more than 90% of Li was recovered, and 86 studies with a Co recovery degree larger than
90%. Melin et al. [15] has also found 20 studies that bring up NCM cathode recycling and
recovered more than 90% of the cathode material. It is reported that the majority of these
research studies were conducted on a laboratory scale with optimal process conditions and
proper control. Most of the mentioned studies report high purity levels. Even though there
are plenty of industrial actors [15] dealing with hydrometallurgy of spent LiBs, there is not
much data available about the exact purity degree provided by the recycling companies.
Northvolt, for example, expresses the purity of the recovered material as high purity [14].
Fortum has recently reported [20] that they have developed a new LiBs recycling technology.
The company patented a technology that is said to recover Li from electric vehicle batteries
on an industrial scale. The quality (purity) of the recovered material is expressed as battery
grade by Fortum. Due to a lack of information about the purity degrees of materials
recovered from spent LiBs on the industrial scale, this study mainly focuses on reviewing
research-based purity data rather than purity levels obtained on an industrial scale.

6. Obtained Purity Degrees—Research

Atia et al. [21] presented an enhanced hydrometallurgical process of black mass from
heterogenous LiB waste. The work presented valuable products recovered with their purity
degrees. The products were: Co30; (83% purity), CoCpO4 (96% purity), NiO (89% purity)
and Li,COj3 (99.8% purity), which had the highest purity degree among the recovered
products. NiO and Co304 did not reach market grade purity, while CoC,0O4 and Li,CO3
did. However, Co30y4 obtained could still be used as mixed transition metal-oxide for
cathode materials, such as NCM and NCA. When it comes to the efficiency of the recovery
process, the recovery rates were reported as follows: between 80%—-85% for graphite, 90%
for Li and 90% for Ni. The process proposed included physical pre-treatment that was
conducted to get electrode material in the form of powder. The obtained black mass was
of heterogenous composition, containing C, Fe, P and F. Afterwards, the black mass was
leached with a mixture of HyO, and H»SO4, and this step resulted in metal extractions of a
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high degree. Leach liquor was purified by iron-precipitation, liquid-liquid extraction and Li-
Na separation. Moreover, the presented process is expected to handle various compositions
of LiBs. It can be applied on spent cathodes made of layered oxides (LiNiO,, LiCoO5),
spinels (LiMn;O4) and Li-mixed transition metal oxides (LiINiMnCoO,, LiNiCoAlO,) [21].
The study by Liu et al. [22] presented a recovery process based on hydrogen reduction.
The obtained product from spent LiBs was battery-grade LiOH-H,O with 99.92% purity.
The recovery method of the process included reductive hydrogen roasting, water leaching
and crystallization of LiOH-H,O as a final step. The recovered product was used for
cathode material LiNipgCop1Mng 0O, production, and its electrochemical performance
was compared with LiNipgCop1Mng 10, produced with commercial LiOH as Li-source
The overall electrochemical performance of the cathode material where the recovered
material was just has been judged as good. This statement has been made based on
the tests that measured the electrochemical performance of both cathode materials. The
test results indicated that the initial coulomb efficiencies are almost identical—with a
value equal to 90.7% for the cathode material made of the recovered Li-source and 90.5%
for the commercially produced cathode material. A comparison of the electrochemical
performance of NMC made from the recycled material is shown in Table 1.

Table 1. A comparison of the electrochemical performance of LiNipgCog1Mng 10, synthesized with commercial and
recovered Li-source, according to Liu et al. [22].

Charging and Initial Substantial Capacit CSEe;:gltc B:ISC:;:g
Cathode Material Discharging Coulomb Polarization of pactly pacity pactty
Capacity Efficiencies the Electrode through Cycle Retention Recovery at
P at10C 01C
LiNiO,8C00.1 Mn().loz
synthesized with Higher 90.5% - Worse 75% . .Cllose to
s initial value
commercial Li source
LiNi()BCOOJ Mn()_lOz Better due to Close to
synthesized with Lower 90.7% Occurs stabilizing Al-O 63%

recovered Li source

bonds initial value

Research by Peng et al. [23] focused on MnO, recovery from an acid leaching solution.
The purity of MnO; was over 99.5%. The recovery process is mainly based on solvent
extraction conducted in a couple of steps. Firstly, obtained leaching liquor underwent
solvent extraction, then scrubbing followed by selective stripping and, finally, oxidative
precipitation. D2EHPA was used in the solvent extraction step, and solubilized MnSO4 was
used to conduct scrubbing. Jo et al. [24] have also studied the recycling process of LiBs. In
the described process, the final recovery product was Li;CO3 with a purity degree of 99.48%.
The recovery method used in the process was based on taking advantage of different
material solubilities depending on solvent and temperature. The paper by Chen et al. [2]
is a study that presented a recovery process of CoC,04-H,O, Li;CO3, MnSO4 and Ni
from leaching liquor obtained through H»SO; acid leaching. The purity degree of Ni was
reported to reach 98%; for Li;CO3 and CoCy04-H,O, the reported purity levels were 99%
and 98%, respectively. The obtained purity of MnSO, was expressed as relatively high. The
valuable metals were recovered from the leaching liquor by applying precipitation in the
presence of organic compound CH3C(NOH)C(NOH)CHj; (diemtylglyoxime) to recover Ni.
Afterwards, MnSO,4 and CoCyO4-H,O were recovered in the solvent extraction procedure
in presence of D2EHPA. NH,OH was used in the precipitation procedure to recover
CoC04-Hy0O, while Nap,CO3 was used for Li;COs3 recovery. Another research article that
focused on the recovery of valuable compounds from spent LiBs is Granata et al. [25]. The
study investigated two different recovery routes of Li;CO3 and CoCOs. The purity of the
recovered Li;COj3 reached above 98% in both of the recovery routes, while purity grades
for CoCO3 were different for the two processes. The simpler recovery process included
leaching, precipitation, followed by carbonatation and crystallization. In the leaching
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process, the powder is leached with H,SO4. Afterwards, hydroxides of Al, Cu and Fe were
removed from the obtained leaching liquor in the precipitation step by applying pH 5.5.
CoCO3 was extracted in the next step—carbonatation—followed by Li;COj3 recovery in
the final crystallization step. In this process, the route purity of CoCO3; was reported as
36%-37%. The more advanced route of the recovery process included additional solvent
extraction steps prior to carbonatation. CoCOj3 purity obtained in this route was higher and
reported as 47%. The research article by Peng et al. [26] has presented a recovery process
where Co in its metallic was the final recovery product with a purity of 98.8%. The recycled
material from spent NMC-LiNij 33Mn 33C00 3302 went through basic pre-treatment in
the presence of NaOH to get rid of Al. The next step of the process was leaching in
presence of HySO4 with the addition of HyO,. Leaching liquor was then treated with
one selective extraction in the presence of P-204 to recover Mn?*, followed by one more
selective extraction in the presence of P-507 to recover Li", Ni2* and Co?*. Afterwards,
Co?* obtained in second selective extraction went through electrowinning step where to
obtain metallic Co.

The final purity data that were found in the research are recent data as the majority
of cases are not older than 2019. The most common recovery product is Li;COs, just like
in the case of industrial data that have been reported, but there are also other recovery
products listed. The recovery methods are various, but precipitation and solvent extraction
are the most common ones, although the chemicals used in these steps are very different.
To understand if the obtained purity degrees are good enough to be directly used in
battery production, the above literature sources have been used, but there are still some
question marks left due to lacking information regarding acceptable levels for battery-grade
materials. A summary of some research data is shown in Table 2.

Table 2. An overview of summarized research data.

Study Reference Product Purity Grade Battery Grade Recovery Method Year
ggéoé 220;0 : 1. Fe-precipitation
(Atia et al., 2019) Ni 02 4 899 /0 B 2. liquor-liquor extraction 2019
Li,CO; 99.8% + 3. Li-Na precipitation
1. Reductive hydrogen roasting
(Liu et al., 2021) LiOH-H,O 99.9% + 2. Water leaching 2021
3. Crystallization
1. Solvent extraction (D2EHPA)
(Peng et al., 2019) MnO, >99.5% ? 2. Serubbing (MnSOy) 2019
3. Stripping

4. Oxidative precipitation (KMnO,4 and MnO;)
. o Based on different material solubilities
(o and Myung, 2019) - Li;COs 99-5% ) depending on solvent and temperature 2019

1. Ni—precipitation

CoC04-H,O  97.9% ?
L CZO 47 99,29, i (CH;C(NOH)C(NOH)CH35)
(Chen et al., 2015) MilSOs rel. ure _ 2. Mn, Co—solvent extraction (D2EHPA) 2015
Ni+ 4 97 gz, y » 3. Co-precipitation (NH4OH) and
e ’ Li-precipitation (Nap,CO3)
(Wang et al., 2019) MetallicCo  98.8% ? 1. Extraction with (I)P204 (I)P507 2019
v ' ) 2. Electrowinning
Li,COs3 >98% — 1. Precipitation in pH 5.5
(Granata et al., 2012) CoCO3 36-37% — 2. Carbonatation 2012
. o _ 1. Precipitation in pH 5,5
(Granata et al., 2012) 1613583 Z?S & _ 2. Solvent extraction 2012
3 ? 3. Carbonatation

7. Obtained Purity Degrees—Hydrometallurgical Industrial Actors

Fortum (Finland) is a company that applies hydrometallurgy as the recycling process
of spent LiBs. In their process, the spent battery goes through a mechanical treatment where
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plastics, Al and Cu are separated. Then the remaining chemical and mineral components
that are present in the black mass (Li, Mg, Co, Ni) are recovered by applying chemical
precipitation. The recovery rate for Fortum’s process is 80% [13]. Northvolt (Sweden) is
another example of a company that applies hydrometallurgy to recover valuable metals (Li,
Ni, Mn, Co) from spent LiBs [14]. The batteries first undergo a discharging step, followed
by dismantling where steel cases, Al current collectors and Cu wiring are removed. The
next step is crushing the cells and modules, as well as the evaporation of the electrolyte
solvent. The remaining material is then sorted, and the obtained black mass undergoes
hydrometallurgy. In this step, metals are dissolved in sulfuric acid in optimized conditions.
Impurities (Cu, Fe, Al) are removed from the solution by applying precipitation, solvent
extraction and ionic exchange. Metals (Mn, Co, Ni) are recovered from the purified solution
by applying solvent extraction. Li is extracted from the NCM solution at the very end,
after the concentration levels and rations of the solutions are adjusted to the production
requirements. The final step in Northvolt’s process is battery-grade metal compounds [14].
Another company Li-Cycle (Canada) claims a 95% recovery rate after hydrometallurgical
processing of LiBs. The company recovers cobalt and nickel in a form of sulfates. Lithium
and manganese are recovered as carbonates [27].

Recupyl [28] and OnTo [29] are examples of companies that also use or used a hy-
drometallurgy in their recycling processes.

The Recupyl process had an annual LiB recycling capacity of 110 tons (Figure 2). The
main Li products recovered from this process were Li,CO3 and Li3PO4. The recovery
method used by Recupyl was a precipitation with CO;. There is no efficiency or purity
data for this process, but it is known that their recovery products were meant to be used
for cathode production [29].

Plastics @—— E:_: ::-pr ;1(;'::: ——P Fe, Cu, Al
-t atr

H0 —Pp Hydrol Li:CO

LIOH ydrolysis _’ iz 3
H:50, C
Fe — Leaching — Cu
HiPOs LizPO.
MNaClO Co (OH):

Electrolysis

Figure 2. A simplified flowchart of Recupyl’s process.
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In the OnTo process (Figure 3), the anode and cathode purifications occur in two
parallel hydrometallurgical processes. The anode is purified first at a low pH to remove the
remaining cathode particles, then at a high pH so that Al and Cu are extracted. Cathode
purification occurs in a basic solution to conduct anode particle extraction [29]. The purity
of the recovered product Li;COj is 99%. Meanwhile, according to Linneen et al. [30],
industrial-grade Li;COj3 for LiB applications require at least 99.5% purity. Thus, for the
final recovered product to be used in battery production, the purity needs to be increased
by, for example, blending with virgin materials [29].

Spent LiB

Discharging Contaminants

— >

Dismantling Mixed Waste

-

Pre-treatments |—— Al, Fe, Cu, Plastics

Cathode A Anode
2 ¥

Basic Leaching Acid Leaching Al-Cu

Al-Cu —> i
’_‘— Purification Purification Cathode Material
Anode Material
Li:CO:/LIOH Li-Adjustment Furnance —> ¢
Polymer Binder

.

Dissolution and
Filtration

Cathode Anode
Material Material

Figure 3. A simplified flowchart of OnTo’s process.

PUnreacted Li

Table 3 summarizes the few examples from the industry that were found. Recupyl
recovers mainly LiyCO3 and LisPO, through precipitation with CO,. Previously, it has
been mentioned that battery grade purity for Li;COj is above 99.5%. OnTo also recovers
Li»COg3, and the obtained purity is 99%, which is below the battery-grade requirement.

Table 3. Summary of industrial data.

Company Process Type Product Method Purity Degree  Product Application
Northvolt  hydrometallurgy Precipitation, SX Battery grade
Fortum hydrometallurgy Precipitaiton
CoSO0y,
. NiSOy, o
Li-Cycle hydrometallurgy Li,COs Precipitation, SX Battery grade
MnC03
Recupyl hydrometallurgy Iﬂllzggs precipitation with CO, no data cathode production
314

OnTo hydrometallurgy Li,COs3

anode purification: low and high pH

L . . 999 thod ducti
cathode purification: basic solution o cathode production
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8. The Effect of the Impurities on the Cathode Performance
8.1. Cu as the Impurity in Recycled Cathode Material

Research studying Cu-ion [31,32] impurity influence on the NCM-based cathode
materials has found that this impurity in certain amounts might be beneficial. The impurity
can improve electrochemical performance. Zhang et al. [8] presented more comprehensive
research that studied Cu impurity in both metallic and ionic form and their influence
on electrochemical and physical properties of recovered NCM622 cathode material. The
presented results indicated that Cu in its metallic form has an undesired effect on the
electrochemical performance of the NCM622 material, as it causes short circuits issues and
therefore leads to Cu metal-based electrode failures. Fear et al. [33] and Zhao et al. [34]
have also reported negative impacts of metallic Cu impurity as it has the ability to dissolve
in organic electrolytes, which enables the metallic impurity to deposit on the surface of Li
metal anode. This happens due to the migration of Cu dissolved in organic agents from the
cathode, through the separator, to the surface of the Li anode. When the impurity deposits
on the surface of Li anode, it causes Li dendrite growth which ultimately leads to internal
short circuits and so cathodes failure [8].

Zhang et al. [8] showed that Cu impurity in its ionic form has a more complex effect
on NCM622 cathode material than the metallic form of the impurity as it strongly depends
on the concentration. The same impurity in the same form but different concentrations
have different effects on recovered cathode material NCM622. The right amounts of the
Cu-ions (0.2-1.0 at%) behave as dopants and can have a positive impact on the material
as they can facilitate the nucleation that contributes to the increase in primary particles.
Another positive impact is the reduction of cation mixing. Small amounts of Cu-ions enable
cycling stability as well as rate capability, which directly improves the electrochemical
performance of the recovered cathode. The optimum concentration presented in the study
was 1.0 at% of Cu ions. Cu in this concentration works as a dopant rather than an impurity.

On the other hand, excess of the same ions (0.5 at%) has shown undesired effects
on the NCM622 cathode. The undesired effect is increased cation mixing degree in the
cathode material, which has a negative impact on the recovered cathode’s electrochemical
performance. The large cation mixing degree prohibits Li-ions from transferring to the
Li layer. Thus, decreased transport of Li-ions puts bad impacts on the specific capacity,
cycling stability and rate performance of the recovered NCM622 cathode material [8].

8.2. Fe as the Impurity in Recycled Cathode Material

Cathode active material LiCoO, (LCO) has been in the center of attention in research
and development within LiBs recycling [19]. A study by Contestabile et al. [35] and another
one by Nan et al. [36] have shown that this cathode material can be resynthesized with
a high efficiency degree by using acid leaching and chemical precipitation. The material
obtained by applying acid leaching and chemical participation was not only recovered
with high efficiency but also met performance demands. LiCoO, (LCO) cathode material
has been replaced lately with NCM LiNixCoyMnj.,.yO, material in the electrical vehicles
industry due to NCM’s better thermal stability, greater reversible capacity and lower price.
Thus, the research focus has shifted towards NCM cathode material [19]. To understand the
impacts of Fe, Park el al. [19] simulated the resynthesis of NCM (Li[Ni; /3Co1,/3Mn; /3]O»)
and NCMEF (Li[Nij ;3Co1 /3Mn; /3]FexO;,) active cathode materials with different amounts of
Fe from the spent LiBs in the leaching liquor. It was reported that Fe impurity in recycling
processes of LiBs can have a favorable impact on the resynthesized NCM cathode material.
Fe, in small amounts, can contribute to higher power and cycling stability. The study
has also reported that the crystal structure in NCMF becomes more and more disturbed
with increasing concentrations of Fe due to the fact that the presence of Fe contributes
to unwanted cation mixing on Li* sites. In NCMF, Fe concentrations at levels 0.05% and
0.25% start reducing overpotential leading, while Fe levels equal to 1% of Fe in NCMF
result in the poorest overpotential leading ability. Another drawback of Fe impurity is that
the ratio of Mn3* ions is lowered with increasing Fe concentrations. However, the study
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has reported that the increasing concentration of Fe in NCMF improves capacity retention
and thus cycling stability.

8.3. Mg as the Impurity in Recycled Cathode Material

Mg is an additive that can be used in LiBs modifications to improve the cathode
material. However, the drawback of using Mg from the perspective of hydrometallurgi-
cal recovery processes is removing it from the leaching solution. The impurity removal
is usually related to the largest part of the expenses of the whole recovery process [37].
As previous research works have stated that Mg in small amounts behaves like dop-
ing and has the ability to improve the electrochemical performance of the cathode ma-
terial, Weng et al. [37] has investigated Mg impurity in a recovered cathode material
Li[(Ni; /3Co1,/3Mny /3)1 xMgx]O; and the leachate itself. Through a series of pretreatments,
the leaching procedure, purification and crystallization-solid state synthesis, the active cath-
ode material of Li(Ni; ;3Co1,3Mn; /3)O, was recovered from the leaching liquor, which, in
its turn, was obtained from the spent LiBs. The recovered material Li(Ni; /3C01/3Mn; /3)O2
showed good electrochemical performance and that it can be used as a cathode mate-
rial for rechargeable LiBs. Moreover, it has shown desirable properties, such as a lay-
ered structure and uniform spherical morphology [37]. The electrochemical analysis has
shown that with increasing concentrations up to 5% of Mg?*ions, the cell capacity of the
Li[(Niy ;3Co01,3Mny /3)1 xMgx]O, decreases. However, low metallic Mg concentrations (up
to 1%) turned out to have a positive impact on the cycling performance, while the higher
content of metallic magnesium (with concentrations larger than 2.5%) cause a loss of the
capacity and declined cyclability as at these levels; the Mg?* ions cannot be homogenously
distributed anymore. Mg levels up to 360mg/L in the leachate are acceptable. This level is
higher than what is usually required in the impurity removal process. This result can be
useful for recycling companies and can contribute to lowering the purification cost and
saving time in the purification procedure.

Besides the research, the industry sector also shows interest in a deeper understanding
of the impurities. Volvo Cars and Northvolt have just started a new research project called
NyBat [38]. This project will examine the performance and quality of Northvolt’s lithium-
ion NMC battery cells, made of materials obtained from spent batteries used in Volvo
Cars. This project will focus on studying the impact of non-metallic contaminants and their
influence on battery performance, which has not been published before.

9. Producer Purity/Impurity Data of Battery Grade Chemical Compounds

In this study, the purity research has been partly conducted by gathering information
about single impurities and their influence on the recovered battery material. However,
the industrial data regarding the purity subject has turned out to be hard to obtain. Thus,
to get more understanding of the chemical compounds that are found in LiBs, producer
data of battery-grade chemical compounds and active lithium cathode materials have been
summarized below. Presented data has been brought from product specification sheets
and material safety data sheets. The data is not consistent, as the impurities and purity
levels are presented in different forms depending on producer and compound. In many
cases, there is no direct information regarding the overall purity level of each compound,
and instead, the impurities and their maximum concentrations are listed. The impurity
limits in some commercial precursors are summarized in Table 4 and a content limits of
commercial cathode materials is shown in Table 5.



Batteries 2021, 7, 60

12 of 15
Table 4. Impurity limits in commercial precursors (if not stated differently the purities below are given in ppm).
Precursor I;‘:,‘:ly HO Na Ca SO, Fe Al Cu Ni Mg Co Zn CI Mn Pb Cr Cd Si K LOH CO, HF  LiPF4 Insolubles
. >99.5 0.5 0.05 0.04 0.1 0.01 0.02
Li2COs [39] wt% wit% wt% wt%  wt% 5 105 6 > wt% wt%
. ) 0.01 0.002 >56.5  <0.35 0.01
LiOH-H,O [40] 20 15 Wi 5 10 5 10 10 W% 10 5 30 10 Wi W% Wi
NiSOq [41] 15 4 3 5 1 wzt%/ 10 100 3 10 2 5 5 1 10 10 50
CoSOy4 [42] 12 12 5 12 3 100 10 V%’(Z"/l 12 5 5 5 5 12 5 50
MnSO,-H,0 [43] 50 50 10 10 50 10 >32% 10 10
LiPFg Solution in EMC [44] 15 1 1 2 1 1 1 1 50 0.95-1.10M
LiPFg solution in
PC [45] 15 1 1 2 2 1 1 1 50 0.95-1.10M
LiPFg solution
in DMC [46] 15 1 1 2 1 1 1 1 50  095-1.10M
Table 5. Content limits of commercial cathode materials.
Cathode Li+Mn+Co Li Co Mn Fe Cu 7n Ca Na S Moisture Li,CO
Material [47-51] (wt%) (wt%) (wt%) (Wt%) (%) (wt%) (wt%) (wt%) (wt%) 23
NMC 622 58.0 7.0~8.0 0.01 0.005 0.03 0.05 wt% 0.2 wt%
NMC 532 57.0~62.0 7.0~7.6 500+1.0 200+£10 300+£1.0 <0.005 <0.002 <0.01 <0.03
NMC 811 58.0-60.5 7.1-7.6 <0.005 <0.002 <0.02 wt% <0.01 <0.03
NMC 111 760+£1.0 200+15 200+15 160+15 <100ppm  <20ppm <20ppm <300 ppm <100 ppm <4000 ppm <1500 ppm
NMC Ni83 58.5~60.5 7.0~7.6 83.0+£07 11.0+05 6.0£05 <0.005 <0.002 <0.01 <0.005
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10. Conclusions

This work is a literature study that analyzes the purity in recycled LiBs and reviews
hydrometallurgical recycling technologies. This study has given a brief overview of
the ongoing electrification development of the battery industry and related challenges.
Impurities have been presented as one of the curtail challenges of recycling processes. The
common impurities (Cu. Fe. Mg) in LiBs were reported together with their influence on
the hydrometallurgical process and the recycled cathode active material depending on
their form (metallic or ionic) and concentrations. It has turned out that impurities have a
complex influence on cathode materials and, in some cases, can contribute to an increase
in the electrochemical performance meanwhile in others ruin the cell. When it comes to
recycling technologies, there is plenty of processes presented by the research. They are
mainly conducted on a lab scale, but many of the studies report that the processes should
be easy to scale up for industrial production. The purity degree of products recovered from
spent LiBs is usually reported to be high; however, it does not often reach battery grade.
Thus, the recovered products need to be furtherly treated by, for example, mixing with
virgin material before being reintroduced to battery production.

Moreover, the purity data of recovered materials from active cathode materials have
been gathered from both research and battery industries. The research data have been
reported with purity degree, recovery product and recovery method. The purity data
obtained from battery industries are not as informative as research data due to low accessi-
bility to information or intellectual properties. This work also presents purity requirements
for commercial products. The data has been gathered from diverse product specification
sheets and material safety data sheets from producers within the battery industry. Collected
information specifies purity levels for both precursors and cathode materials as well as
commercial limitations of common impurities.

Based on this paper, it can be concluded that impurities are a complex subject. There
are plenty of different cathode active materials, and each impurity can influence a cathode
material in a very different way depending on its form and concertation. It has also been
found that the tolerance margin for impurities is not large as a small change in impurity
concentration easily makes doping properties turn into the cell destructive properties. This
creates challenges for the battery industry, both recycling and manufacturing processes.

Impurities, their limitations and their influence on materials recovered by hydrometal-
lurgical methods from LiBs is still a relatively new subject. Majority of the studies that this
paper refers to have been published in the past couple of years. As the battery sector and
the recycling processes are continuously being developed, the main subject of this paper
is still a relatively new field that is at the beginning of its development. In order to get a
deeper understanding of- impurities, more research data should be published.

Author Contributions: Conceptualization, methodology, resources, data curation, writing, draft
preparation, visualization O.A.N. Supervision, project administration, funding acquisition and
revision M.P. All authors have read and agreed to the published version of the manuscript.

Funding: This work was financed through BASE (Batteries Sweden) by Vinnova (Grant No. 2019-00064).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank to Area of Advance Production at Chalmers
University of Technology for supporting master student involved in the work via Research Asso-
ciate program.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.



Batteries 2021, 7, 60 14 of 15

References

1.  Joulié, M.; Laucournet, R.; Billy, E. Hydrometallurgical process for the recovery of high value metals from spent lithium nickel
cobalt aluminum oxide based lithium-ion batteries. |. Power Sources 2014, 247, 551-555. [CrossRef]

2. Chen, X;; Yongbin, C; Zhou, T.; Liu, D.; Hu, H; Fan, S. Hydrometallurgical recovery of metal values from sulfuric acid leaching
liquor of spent lithium-ion batteries. Waste Manag. 2015, 38, 349-356. [CrossRef]

3. Peng, F; Mu, D,; Li, R; Liu, Y; Ji, Y;; Dai, C.; Ding, F. Impurity removal with highly selective and efficient methods and the
recycling of transition metals from spent lithium-ion batteries. RSC Adv. 2019, 35, 21922-21930. [CrossRef]

4. Chagnes, A.; Pospiech, B. A brief review on hydrometallurgical technologies for recycling spent lithium-ion batteries. J. Chem.
Technol. Biotechnol. 2013, 88, 1191-1199. [CrossRef]

5. Liu, C,; Lin, J.; Cao, H.; Zhang, Y.; Sun, Z. Recycling of spent lithium-ion batteries in view of lithium recovery: A critical review.
J. Clean. Prod. 2019, 228, 801-813. [CrossRef]

6.  European Commission. Batteries and Accumulators. Available online: https://ec.europa.eu/environment/topics/waste-and-
recycling /batteries-and-accumulators_en (accessed on 2 June 2021).

7.  Peng, C; Liu, F; Aji, A.T.; Wilson, B.P.; Lundstrom, M. Extraction of Li and Co from industrially produced Li-ion battery
waste—Using the reductive power of waste itself. Waste Manag. 2019, 95, 604—-611. [CrossRef]

8.  Zhang, R; Meng, Z.; Ma, X.; Chen, M.; Chen, B.; Zheng, Y.; Yao, Z.; Vanaphuti, P.; Bong, S.; Yang, Z.; et al. Understanding
fundamental effects of Cu impurity in different forms for recovered LiNig Cop2Mng 2O, cathode materials. Nano Energy 2020, 78,
105214. [CrossRef]

9. Ardia, P; Stallone, S.; Cericola, D. A quantification method for Fe based particle contaminants in high purity materials for
lithium-ion batteries. Talanta 2021, 224, 121827. [CrossRef] [PubMed]

10. Barik, S.P; Prabaharan, G.; Kumar, B. An innovative approach to recover metal values from spent lithium-ion batteries. Waste
Manag. 2016, 51, 222-226. [CrossRef]

11. Meshram, P; Pandey, B.D.; Mankhand, T.R. Recovery of valuable metals from cathodic active material of spent lithium ion
batteries: Leaching and kinetic aspects. Waste Manag. 2015, 45, 306-313. [CrossRef] [PubMed]

12. Yao, Y.; Zhu, M.; Zhao, Z.; Tong, B.; Fan, Y.; Hua, Z. Hydrometallurgical Processes for Recycling Spent Lithium-Ion Batteries: A
Critical Review. ASC Sustain. Chem. Eng. 2018, 6, 13611-13627. [CrossRef]

13.  Fortum. Lithium-ion Battery Recycling Solution. Available online: https://www.fortum.com/products-and-services/fortum-
battery-solutions/recycling/lithium-ion-battery-recycling-solution?gclid=CjwKCAjw-e2EBhAhEiwAJI5jg3MY0vAhwc]dS3
WIBH03GgrPqqerzcZFiY0sfjP8VXUaY75HdOJVKxoCAT8QAvD_BwE (accessed on 13 May 2021).

14. Northvolt. Northvolt: The Technologies Paving the Way for Li-ion Battery Recycling. Available online: https://northvolt.com/
stories /RevoltTechnologies (accessed on 13 May 2020).

15.  Circular Energy Storage. State-of-the-Art in Reuse and Recycling of Lithium-Ion Batteries—A Research Review; The Swedish Energy
Agency: Eskilstuna, Sweden, 2019.

16. Po, D.H.; Kang, M.; Chen, O.; Ogunseitan, A. Potential environmental and human health impacts of rechargeable lithium batteries
in electronic waste. Environ. Sci. Technol. 2013, 47, 5495-5503.

17.  Sun, L.; Qiu, K. Organic oxalate as leachant and precipitant for the recovery of valuable metals from spent lithium-ion batteries.
Waste Manag. 2012, 32, 1575-1582. [CrossRef] [PubMed]

18. Zhang, P; Yokoyama, T.; Itabashi, O.; Wakui, Y.; Suzuki, T.M.; Inoue, K. Hydrometallurgical process for recovery of metal values
from spent nickel-metal hydride secondary batteries. Hydrometallurgy 1998, 50, 61-75. [CrossRef]

19. Park, S.; Kim, D.; Ku, H;; Jo, M.; Kim, S.; Song, J.; Yu, J.; Kwon, K. The effect of Fe as an impurity element for sustainable
resynthesis of Li[Nil/3Co1/3Mn1/3]O2 cathode material from spent lithium-ion batteries. Electrochim. Acta. 2019, 296, 814-822.
[CrossRef]

20. Fortum. Sustainability and Demand for Electric Cars to Improve with Fortum’s New Recycling Technology for Lithium Recovery.
Available online: https://www.fortum.com/media/2020/11/sustainability-and-demand-electric-cars-improve-fortums-new-
recycling-technology-lithium-recovery (accessed on 17 May 2021).

21. Atia, T.A; Elia, G.; Hahn, R.; Altimari, P.; Pagnanelli, F. Closed-loop hydrometallurgical treatment of end-of-life lithium ion
batteries: Towards zero-waste process and metal recycling in advanced batteries. J. Energy Chem. 2019, 35, 220-227. [CrossRef]

22. Liu, E; Peng, C.; Ma, Q.; Wang, J.; Zhou, S.; Chen, Z.; Wilson, B.P.; Lundstréom, M. Selective lithium recovery and integrated
preparation of high-purity lithium hydroxide products from spent lithium-ion batteries. Sep. Purif. Technol. 2021, 259, 118181.
[CrossRef]

23. Peng, C; Chang, C.; Wang, Z.; Wilson, B.P; Liu, F; Lundstrom, M. Recovery of high-purity MnO; from the acid leaching solution
of spent li-ion batteries. . Miner. 2019, 72, 790-799.

24. Jo, C.-H.; Myung, S.-T. Efficient recycling of valuable resources from discarded lithium-ion batteries. ]. Power Sources 2019, 426,
259-265. [CrossRef]

25. Granata, G.; Moscardini, E.; Pagnanelli, F.; Trabucco, F.; Toro, L. Product recovery from Li-ion battery wastes coming from an
industrial pre-treatment plant: Lab scale tests and process simulations. J. Power Sources 2012, 206, 393-401. [CrossRef]

26. Wang, W.Y,; Yen, C.H,; Lin, J.L.; Xu, R.B. Recovery of high-purity metallic cobalt from lithium nickel manganese cobalt oxide

(NMC)-type Li-ion battery. J. Mater. Cycles Waste Manag. 2019, 21, 300-307. [CrossRef]


http://doi.org/10.1016/j.jpowsour.2013.08.128
http://doi.org/10.1016/j.wasman.2014.12.023
http://doi.org/10.1039/C9RA02331C
http://doi.org/10.1002/jctb.4053
http://doi.org/10.1016/j.jclepro.2019.04.304
https://ec.europa.eu/environment/topics/waste-and-recycling/batteries-and-accumulators_en
https://ec.europa.eu/environment/topics/waste-and-recycling/batteries-and-accumulators_en
http://doi.org/10.1016/j.wasman.2019.06.048
http://doi.org/10.1016/j.nanoen.2020.105214
http://doi.org/10.1016/j.talanta.2020.121827
http://www.ncbi.nlm.nih.gov/pubmed/33379045
http://doi.org/10.1016/j.wasman.2015.11.004
http://doi.org/10.1016/j.wasman.2015.05.027
http://www.ncbi.nlm.nih.gov/pubmed/26087645
http://doi.org/10.1021/acssuschemeng.8b03545
https://www.fortum.com/products-and-services/fortum-battery-solutions/recycling/lithium-ion-battery-recycling-solution?gclid=CjwKCAjw-e2EBhAhEiwAJI5jg3MY0vAhwcJdS3WfBH03GgrPqqerzcZFiY0sfjP8VXUaY75HdOJVKxoCAT8QAvD_BwE
https://www.fortum.com/products-and-services/fortum-battery-solutions/recycling/lithium-ion-battery-recycling-solution?gclid=CjwKCAjw-e2EBhAhEiwAJI5jg3MY0vAhwcJdS3WfBH03GgrPqqerzcZFiY0sfjP8VXUaY75HdOJVKxoCAT8QAvD_BwE
https://www.fortum.com/products-and-services/fortum-battery-solutions/recycling/lithium-ion-battery-recycling-solution?gclid=CjwKCAjw-e2EBhAhEiwAJI5jg3MY0vAhwcJdS3WfBH03GgrPqqerzcZFiY0sfjP8VXUaY75HdOJVKxoCAT8QAvD_BwE
https://northvolt.com/stories/RevoltTechnologies
https://northvolt.com/stories/RevoltTechnologies
http://doi.org/10.1016/j.wasman.2012.03.027
http://www.ncbi.nlm.nih.gov/pubmed/22534072
http://doi.org/10.1016/S0304-386X(98)00046-2
http://doi.org/10.1016/j.electacta.2018.11.001
https://www.fortum.com/media/2020/11/sustainability-and-demand-electric-cars-improve-fortums-new-recycling-technology-lithium-recovery
https://www.fortum.com/media/2020/11/sustainability-and-demand-electric-cars-improve-fortums-new-recycling-technology-lithium-recovery
http://doi.org/10.1016/j.jechem.2019.03.022
http://doi.org/10.1016/j.seppur.2020.118181
http://doi.org/10.1016/j.jpowsour.2019.04.048
http://doi.org/10.1016/j.jpowsour.2012.01.115
http://doi.org/10.1007/s10163-018-0790-x

Batteries 2021, 7, 60 15 of 15

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

AzoCleanTech, Pilkington, B.; Li-Cycle: Hydrometallurgical Recycling of Lithium-Ion Batteries. Available online: https://www.
azocleantech.com/article.aspx?ArticleID=1261 (accessed on 1 September 2021).

Heelan, J.; Gratz, E.; Zheng, Z.; Wang, Q.; Chen, M.; Apelian, D.; Wang, Y. Current and prospective li-ion battery recycling and
recovery processes. J. Miner. 2016, 68, 2632-2638. [CrossRef]

Velazquez-Martinez, O.; Valio, J.; Santasalo-Aarnio, A.; Reuter, M.; Serna-Guerrero, R. A critical review of lithium-ion battery
recycling processes from a circular economy perspective. Batteries 2019, 5, 68. [CrossRef]

Linneen, N.; Bhave, R.; Woerner, D. Purification of industrial grade lithium chloride for the recovery of high purity battery grade
lithium carbonate. Sep. Purif. Technol. 2019, 214, 168-173. [CrossRef]

Wu, Z.].; Wang, D.; Gao, Z.F; Yue, H.E; Liu, WM. Effect of Cu substitution on structures and electrochemical properties of
Li[NiCol—xCuxMn]1/302 as cathode materials for lithium ion batteries. Dalton Trans. 2015, 42, 18624-18631. [CrossRef]

Yang, L.; Ren, E; Feng, Q.; Xu, G.; Li, X,; Li, Y.;; Zhao, E.; Ma, J.; Fan, S. Effect of Cu doping on the structural and electrochemical
performance of LiNil/3Co01/3Mn1/302 cathode materials. J. Electron. Mater. 2018, 47, 3996—4002. [CrossRef]

Fear, C.; Juarez-Robles, D.; Jeevarajan, ].A.; Mukherjee, P.P. Elucidating copper dissolution phenomenon in Li-Ion cells under
overdischarge extremes. J. Electrochem. Soc. 2018, 165, A1639—-A1647. [CrossRef]

Zhao, M.; Dewald, H.; Doch, R.; Staniewicz, J. Quantitation of the dissolution of battery-grade copper foils in lithium-ion battery
electrolytes by flame atomic absorption spectroscopy. Electrochim. Acta. 2004, 49, 683—689. [CrossRef]

Contestabile, M.; Panero, S.; Scrosati, B. A laboratory-scale lithium-ion battery recycling process. J. Power Sources. 2001, 92, 65-69.
[CrossRef]

Nan, J.; Han, D.; Zuo, X. Recovery of metal values from spent lithium-ion batteries with chemical deposition and solvent
extraction. J. Power Sources. 2005, 152, 278-284. [CrossRef]

Weng, Y.; Xu, S.; Huang, G.; Jiang, C. Synthesis and performance of Li[(Nil/3Co1/3Mn1/3)1-xMgx]O2 prepared from spent
lithium ion batteries. J. Hazard. Mater. 2013, 1, 2246-2247. [CrossRef] [PubMed]

Via, T.T. Northvolt och Volvo i Nytt Batteriprojekt. Available online: https:/ /via.tt.se/pressmeddelande/northvolt-och-volvo-i-
nytt-batteriprojekt?publisherld=3235770&releaseld=3297508 (accessed on 17 May 2021).

Livent. Lithium Carbonate. Battery Grade. Available online: https:/ /livent.com/product/lithium-carbonate-battery-grade/
(accessed on 7 June 2021).

Livent. Lithium Hydroxide Monohydrate. High Purity. Available online: https:/ /livent.com/product/lithium-hydroxide-
monohydrate-high-purity/ (accessed on 7 June 2021).

CoreMax. Battery Materials. Available online: https://www.coremaxcorp.com/uploads/product/Battery_Materials/Cobalt_
Sulfate_V4.pdf (accessed on 7 June 2021).

CoreMax. Battery Materials. Available online: https://www.coremaxcorp.com/uploads/product/Battery_Materials /Nickel
Sulfate_Battery_V1.pdf (accessed on 7 June 2021).

iSkyChem. Battery Grade Manganese Sulfate Monohydrate. Available online: http://www.iskychem.com/wap_product_detail _
en/id/17.html (accessed on 7 June 2021).

Sigma-Aldrich. 746762 Lithium Hexafluorophosphate Solution in Ethyl Methyl Carbonate. 1.0 M LiPF6 in EMC. Battery Grade.
Available online: https://www.sigmaaldrich.com/SE/en/product/aldrich /746762 (accessed on 7 June 2021).

Sigma-Aldrich. 746789 Lithium Hexafluorophosphate Solution in Propylene Carbonate. 1.0 M LiPF6 in PC. Battery Grade.
Available online: https://www.sigmaaldrich.com/SE/en/product/aldrich /746789 (accessed on 7 June 2021).

Sigma-Aldrich. 746754 Lithium Hexafluorophosphate Solution in Dimethyl Carbonate. 1.0 M LiPF6 in DMC. Battery Grade.
Available online: https://www.sigmaaldrich.com/SE/en/product/aldrich /746754 (accessed on 7 June 2021).

MSE Supplies. Lithium Nickel Manganese Cobalt Oxide NMC 622 Cathode Powder 500g. LiNi0.6Mn0.2C00.202. Available
online: https:/ /www.msesupplies.com/products/lithium-nickel-manganese-cobalt-oxide-nmc622-cathode-powder?variant=
7141237060 (accessed on 7 June 2021).

MSE Supplies. Single Crystal NMC 532 Cathode Powder 500g. Lithium Nickel Manganese Cobalt Oxide. LiNi0.5Mn0.3C00.202.
Available online: https://www.msesupplies.com/products/single-crystal-nmc532-cathode-powder-lithium-nickel-manganese-
cobalt-oxide-1ini0-5mn0-3co0-202?ref=isp_rel_prd&isp_ref pos=1&variant=31800717082682 (accessed on 6 June 2021).

MSE Supplies. Lithium Nickel Manganese Cobalt Oxide. LiNi0.8C00.1Mn0.102 NMC 811 Cathode Powder 500 g. Avail-
able online: https:/ /www.msesupplies.com/collections/cathode-materials /products/nmc-811-cathode-powder-500g-per-bag-
lithium-nickel-manganese-cobalt-oxide-powder?variant=16116292714554 (accessed on 7 June 2021).

MSE Supplies. Lithium Nickel Manganese Cobalt Oxide NMC 111 Cathode Powder 500g. Lil1.05Ni0.33Mn0.33C00.3302.
Available online: https://www.msesupplies.com/collections/cathode-materials/products/lithium-nickel-manganese-cobalt-
oxide-cathode-powder-nmc111-500g?variant=7141062212 (accessed on 7 June 2021).

MSE Supplies. Single Crystal High Nickle NMC Ni83 Cathode Powder 500 g Lithium Nickel Manganese Cobalt Oxide.
LiNi0.83Mn0.06C00.1102. Available online: https://www.msesupplies.com/collections/cathode-materials/products/single-
crystal-high-nickle-nmc-cathode-powder-lithium-nickel-manganese-cobalt-oxide-lini-sub-0-83-sub-mn-sub-0-06-sub-co-
sub-0-11-sub-o0-sub-2-sub?variant=31800758403130 (accessed on 7 June 2021).


https://www.azocleantech.com/article.aspx?ArticleID=1261
https://www.azocleantech.com/article.aspx?ArticleID=1261
http://doi.org/10.1007/s11837-016-1994-y
http://doi.org/10.3390/batteries5040068
http://doi.org/10.1016/j.seppur.2018.05.020
http://doi.org/10.1039/C5DT02552D
http://doi.org/10.1007/s11664-018-6284-8
http://doi.org/10.1149/2.0671809jes
http://doi.org/10.1016/j.electacta.2003.09.022
http://doi.org/10.1016/S0378-7753(00)00523-1
http://doi.org/10.1016/j.jpowsour.2005.03.134
http://doi.org/10.1016/j.jhazmat.2012.12.028
http://www.ncbi.nlm.nih.gov/pubmed/23298741
https://via.tt.se/pressmeddelande/northvolt-och-volvo-i-nytt-batteriprojekt?publisherId=3235770&releaseId=3297508
https://via.tt.se/pressmeddelande/northvolt-och-volvo-i-nytt-batteriprojekt?publisherId=3235770&releaseId=3297508
https://livent.com/product/lithium-carbonate-battery-grade/
https://livent.com/product/lithium-hydroxide-monohydrate-high-purity/
https://livent.com/product/lithium-hydroxide-monohydrate-high-purity/
https://www.coremaxcorp.com/uploads/product/Battery_Materials/Cobalt_Sulfate_V4.pdf
https://www.coremaxcorp.com/uploads/product/Battery_Materials/Cobalt_Sulfate_V4.pdf
https://www.coremaxcorp.com/uploads/product/Battery_Materials/Nickel_Sulfate_Battery_V1.pdf
https://www.coremaxcorp.com/uploads/product/Battery_Materials/Nickel_Sulfate_Battery_V1.pdf
http://www.iskychem.com/wap_product_detail_en/id/17.html
http://www.iskychem.com/wap_product_detail_en/id/17.html
https://www.sigmaaldrich.com/SE/en/product/aldrich/746762
https://www.sigmaaldrich.com/SE/en/product/aldrich/746789
https://www.sigmaaldrich.com/SE/en/product/aldrich/746754
https://www.msesupplies.com/products/lithium-nickel-manganese-cobalt-oxide-nmc622-cathode-powder?variant=7141237060
https://www.msesupplies.com/products/lithium-nickel-manganese-cobalt-oxide-nmc622-cathode-powder?variant=7141237060
https://www.msesupplies.com/products/single-crystal-nmc532-cathode-powder-lithium-nickel-manganese-cobalt-oxide-lini0-5mn0-3co0-2o2?ref=isp_rel_prd&isp_ref_pos=1&variant=31800717082682
https://www.msesupplies.com/products/single-crystal-nmc532-cathode-powder-lithium-nickel-manganese-cobalt-oxide-lini0-5mn0-3co0-2o2?ref=isp_rel_prd&isp_ref_pos=1&variant=31800717082682
https://www.msesupplies.com/collections/cathode-materials/products/nmc-811-cathode-powder-500g-per-bag-lithium-nickel-manganese-cobalt-oxide-powder?variant=16116292714554
https://www.msesupplies.com/collections/cathode-materials/products/nmc-811-cathode-powder-500g-per-bag-lithium-nickel-manganese-cobalt-oxide-powder?variant=16116292714554
https://www.msesupplies.com/collections/cathode-materials/products/lithium-nickel-manganese-cobalt-oxide-cathode-powder-nmc111-500g?variant=7141062212
https://www.msesupplies.com/collections/cathode-materials/products/lithium-nickel-manganese-cobalt-oxide-cathode-powder-nmc111-500g?variant=7141062212
https://www.msesupplies.com/collections/cathode-materials/products/single-crystal-high-nickle-nmc-cathode-powder-lithium-nickel-manganese-cobalt-oxide-lini-sub-0-83-sub-mn-sub-0-06-sub-co-sub-0-11-sub-o-sub-2-sub?variant=31800758403130
https://www.msesupplies.com/collections/cathode-materials/products/single-crystal-high-nickle-nmc-cathode-powder-lithium-nickel-manganese-cobalt-oxide-lini-sub-0-83-sub-mn-sub-0-06-sub-co-sub-0-11-sub-o-sub-2-sub?variant=31800758403130
https://www.msesupplies.com/collections/cathode-materials/products/single-crystal-high-nickle-nmc-cathode-powder-lithium-nickel-manganese-cobalt-oxide-lini-sub-0-83-sub-mn-sub-0-06-sub-co-sub-0-11-sub-o-sub-2-sub?variant=31800758403130

	Introduction 
	Recycling 
	Battery Composition and Structure 
	Hydrometallurgical Approach in Li-ion Batteries Recycling 
	Cu, Al and Fe as the Impurities in the Hydrometallurgical Process 
	Obtained Purity Degrees—Research 
	Obtained Purity Degrees—Hydrometallurgical Industrial Actors 
	The Effect of the Impurities on the Cathode Performance 
	Cu as the Impurity in Recycled Cathode Material 
	Fe as the Impurity in Recycled Cathode Material 
	Mg as the Impurity in Recycled Cathode Material 

	Producer Purity/Impurity Data of Battery Grade Chemical Compounds 
	Conclusions 
	References

