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Abstract

The use of secondary Li-ion batteries has grown significantly in recent years because
of their high energy density and are currently used in a wide range of applications
such as electronic appliances, energy storage applications, and electric vehicles. Due
to the limited resources and environmental problems after end-of-use, the recycling
of valuable metals from spent batteries is substantially essential. In this work,
sulfuric acid (HySOy) leaching with the help of a reducing agent (hydrogen peroxide)
of four different cathode materials was studied. The cathode materials that were
investigated are LCO, NMC111, NMC622, and NMC811. The aim was to determine
the optimal leaching conditions including leaching temperature, acid concentration,
solid-to-liquid ratio, amount (%v/v), and addition strategy of the reducing agent.
The optimal leaching temperature and acid concentration, without the addition of
hydrogen peroxide and current collectors, were 50°C and 2 M H5SOy, respectively.
A solid-to-liquid ratio of 1:20 g/mL was selected for further leaching experiments
carried out when hydrogen peroxide was added as a reducing agent. In addition,
a better mixing was found to promote the leaching performance. Both metals’
leaching efficiencies for cobalt, lithium, nickel, and manganese and the hydrogen
peroxide consumption were determined in order to determine the optimal hydrogen
peroxide concentration in the leaching solution and the best way to add hydrogen
peroxide. Different amounts of hydrogen peroxide were needed to efficiently leach the
four different cathode materials studied. Addition of hydrogen peroxide once at the
beginning of leaching yielded 100% leaching efficiency faster than adding hydrogen
peroxide at several occasions (same total hydrogen peroxide charge). Moreover, an
addition of copper and aluminum foils, which represent the current collectors that
also can act as reducing agents, can improve all metal leaching efficiencies except
for lithium because lithium doesn’t need to change oxidation state. It was thus
shown that the proposed leaching conditions can effectively leach valuable metals
out from pure cathode materials. Crushed spent cathode material ("black mass")
with the composition of Lij gg7Nig.30sMng.300C00.392002 was then leached with the
optimum conditions for pure cathode material (NMC111). The outcome was a
leaching efficiency of almost 100% for cobalt, nickel, and manganese and with low
amounts of residual hydrogen peroxide in the leachate.

Keywords: Sulfuric acid leaching, hydrometallurgical recycling, Li-ion batteries,
LCO, NMC, hydrogen peroxide, leaching efficiency.
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1

Introduction

Nowadays, transportation around the world predominantly relies on fossil-based
fuel which is the main source of CO5 emissions in the recent decades. The more
environmentally friendly technologies are emerging from concern of environmental
issues from the emission of conventional vehicles. The lithium-ion secondary bat-
teries are crucial for many electrical devices including electric vehicles (EVs) due
to their compactness and lightweight. Lithium ions have a small size that can pro-
mote the ability to intercalate in both electrodes. So, lithium-ion batteries have
higher energy density compared to other types of a battery such as Nickel Cad-
mium (Ni-Cd) and Nickel-metal hydride (Ni-MH) [1]. An increase in demand for
Li-ion batteries (LiBs) is reflected as a Compound Annual Growth Rate (CAGR).
The battery’s market is expected to grow approximately at a CAGR of 12.31%
during 2019-2024 [2]. The mechanism and structure of a lithium-ion battery are
fairly simple. There are electrochemical cells connected in series or parallel and
each cell has a negative and a positive electrode which are divided by an electrolytic
solution and a porous separator [3]. In the battery compartment, the electrical en-
ergy will be generated by the conversion of chemical energy via redox reactions at
the cathode and anode. The working principle has two modes which are charging
and discharging. There are many possible metal composition types of cathode ma-
terials for lithium ion batteries: Lithium Cobalt Oxide (LiCoOq, LCO), Lithium
Manganese Oxide (LiMnyO,)/LioMnO3/LiMnOs/LisMnO,, LMO), Lithium Iron
Phosphate (LiFePO,, LFP), Lithium Nickel Cobalt Aluminum Oxide (LiNiCoAlOs,,
NCA), and Lithium Nickel Manganese Cobalt Oxide (LiNiMnCoOy, NMC) [4]. The
strategic metal lithium is becoming an essential material for greener technology in
the future. Due to the high demand of lithium for the lithium-ion batteries man-
ufacturing, the worldwide mining production of lithium increased 13% in 2017 [5].
Although lithium is a strategic metal, the valuable metals contained in the cathode
are cobalt, nickel, and to some extent manganese. In addition to lithium, cobalt is
one of the main components in spent LiBs (5-20 wt.%) and as high as 25% of the
cobalt produced globally is found in LiBs [6]. The EU has identified that cobalt is
a critical raw material due to limited reserve and many strategic and irreplaceable
industrial uses [7]. Cobalt is the most expensive metal among others as the price is
30,000 USD/MT [8]. Therefore, recovering of cobalt can definitely return benefits in
terms of material depletion and economics. There are some issues with lithium-ion
batteries. Since the average life cycle of the battery is relatively short, only around
10 years, several hundred thousand tons of batteries are disposed annually within
EU [9, 10]. In 2017, only 46% of the batteries sold in the EU were collected for
recycling and the rest undergoes inadequate disposal that can lead to environmen-

1
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1. Introduction

tal problems [11]. The rapid growth of battery demand also affects future battery
production since lithium can be considered as a scarce natural resource and it is
expected to be totally mined out by 2050. Therefore, in the near future valuable/s-
carce materials such as lithium, cobalt, nickel and manganese should be recycled in
order to reduce the impact of raw material depletion [9].
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2.1 Main components in batteries

The battery is an electrochemical cell that can be connected in parallel or series.
Each cell contains four main components which are electrode, electrolyte, separa-
tor, and current collector. The positive and negative electrode are separated by
an electrolyte that allows the transfer of positive ions from one electrode to an-
other. According to Figure 2.1, there are two working modes that are charging
and discharging. During the charging process, lithium ions will be released from the
cathode to the anode via the electrolyte, free electrons will form and flow through an
external circuit to a negative collector at the anode. During the discharging process,
the flow of lithium ions will occur in the opposite direction. The performance of the
battery depends on the battery chemistry and material of each component in the
compartment. According to European Portable Battery Association (EPBA), spent
LiBs (LCO chemistry) are composed of Aluminium —15-25%, Carbon, amorphous,
powder —0.1-1%, Copper foil —5-15%, Diethyl Carbonate (DEC) —1-10%, Ethy-
lene Carbonate (EC) —1-10%, Methyl Ethyl Carbonate (MEC) —1-10%, Lithium
Hexafluorophosphate (LiPFg) —1-5%, Graphite, powder —10-30%, Lithium Cobalt
Oxide (LCO) —25-45%, Poly (vinylidene fluoride) (PVDF) —0.5-2%, steel, nickel
and inert polymer [3, 12-14].
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- Charge O Discharge e
I

Anode Electrolyte Cathode

Figure 2.1: Schematic illustration of a lithium ion battery showing charge/dis-
charge processes [15].

2.1.1 Anode

The anode is a negative electrode that tends to lose electrons and forms positive
ions. The generated electrons will flow through an external circuit. There are many
types of anodes that are used commercially and the anode can be composed either
of carbon/graphite or non-carbon materials such as transition metal oxides [16-18].
The anode has a significant impact on improving the energy density of a lithium-ion
cell, therefore the anode should fulfill the following requirements [16].

e Long cycle life.

o High rate capability and low potential against cathode material.

o High reversible gravimetric and volumetric capacity.

e The material must be low cost and environmentally friendly.
Commonly used anode materials are carbon-based graphite which has high order and
micro-structure texture. Moreover, the carbonaceous material has low cost and low
operational voltage which are very important factors for batteries. Those properties
allow lithium to form the intercalated compound as shown in Equation 2.1 [19].

xM(s) + Lit + ¢ = LiM(s) (2.1)

The graphite structure can store up to one Li* for every six carbon atoms between
each graphene layer. The theoretical specific capacity of graphite is 372 mAhg
[20]. The ability of graphite to intercalate anions promotes the use of graphite
for rechargeable batteries and graphite has excellent properties compared to other
anodes.
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2.1.2 Cathode

The cathode is a positive electrode comprised of active materials with different
natures and is usually composed of lithium-containing materials. There are many
lithium-based cathode materials that are commercialized as shown in Table 2.1, each
cathode material has a different specific energy. NMC, NCA, and LFP cathode
chemistries are produced in higher amounts compared to LCO, but LCO is the
most common type of battery that is used in various applications, however it also
has drawbacks such as a high environmental risk. The effective way to improve the
performance of the battery is to make the cathode fulfill the following requirements.

o The material must contain a readily reducible/oxidizable ion.

o The material must react with lithium very rapidly on both lithium insertion

and removal to give high power.
e The material must be low cost and environmentally friendly.
o The material should be a good electronic conductor.

Table 2.1: Specific energy (energy density) of commercialized cathode materials
[21-23].

Cathode Specific Energy (Wh/kg)
Li(NiCoAl)O, (NCA) 230
Li(CoxNi,Mn,)O, (NMC) 200
LiCoO, (LCO) 180
LiMn,0, (LMO) 120
LiFePO, (LFP) 110
Li, TiO3 (LTO) 65

The two cathode materials that this study focused on are LCO (typically used in
portable electronics) and NMC (used in electrical vehicles).

2.1.2.1 Lithium Cobalt Oxide (LiCo00Q,)(LCO)

LCO was the first cathode that was introduced since 1980 by Oxford University and
Tokyo University’s Koichi Mizushima and commercialized by Sony Corporation in
1991 [24]. There are two types of LCO which are low temperature (LT-LCO) rep-
resenting in cubic form and high temperature (HT-LCO) representing in hexagonal
form as shown in Figure 2.2. The structure can also be described as transition metal
oxide layers separated by layers of Li™ ions, represented by green dots in Figure 2.2.
The crystallinity of structure is the important feature in achieving high-performance
rechargeable batteries, that is as high specific capacity, low self-discharge, and ex-
cellent cycle life as possible [25-27]. The important role of cobalt is to stabilize the
cathode structure but it is costly and less available compared to other transition
metals like nickel and manganese. Therefore, the further development of the cath-
ode will focus on cheaper material such as using nickel and manganese instead of
cobalt in order to reduce the cost and also environmental impact.
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08
layered LiCoO2 spinel LiMn204 olivine LiFePO4
2D 3D 1D
N '

"
Dimensionality of the Li*-ions transport

Figure 2.2: Crystal structure of the three lithium-insertion compounds in which
the Li* ions are mobile through the 2-D (layered), 3-D (spinel) and 1-D (olivine)
frameworks [28].

2.1.2.2 Lithium Nickel Manganese Cobalt Oxides
(Li(CoxNiyMn,)0,)(NMC)

NMC is the nickel rich cathode where x+y+z is equal to 1. There are many possi-
ble ratios of cobalt, nickel and manganese such as LiNi; ;3Mn; 3Co;/30, (NMC111),
LiNip 6Mng 2Cog 209 (NMC622), and LiNiggMng1Cop 102 (NMC811). According to
Table 2.2, the capacity has been improved by the increase of nickel content. The ca-
pacity of NMC811 is increased by almost 31% compared to NMC111. The mixtures
of cobalt, nickel, and manganese are designed to combine the specialty properties of
each material together with minimizing the drawbacks. A nickel rich composition
can improve the energy density of lithium-ion batteries significantly [29]. Moreover,
as stated in Ozhuku et al. [30], manganese can improve thermal stability, also the
addition of some aluminum such as in the NCA cathode material is expected to
exhibit more thermal stability and longer cycling life.

Table 2.2: Material energy density (mAh/g) of LCO and different NMC cathode
materials [31].

Cathode material Capacity (mAh/g)

LCO 199.3
NMC111 154.8
NMC622 175.8
NMC811 203.4

2.1.3 Current collector and separator

The current collectors allow electrons to transport to (or from) the electrodes and
they are located on the external surface of the electrodes. During the discharge
process, it will collect charges that are generated during charging and the current
collectors will permit the connection to an external circuit source [32]. The impor-
tant role of current collectors is to enhance electron transfer. The current collectors
are usually made from inexpensive metals and mostly in the form of a thin foil to
improve the adhesive property. Materials used for positive and negative current
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collector will be different due to corrosive property. For that reason, copper foil is
used for the anode and aluminum foil for the cathode.

The separator is one of the important components of a LiB cell that is not
involved in the electrochemical reactions (i.e., it is an isolator with no electrical
conductivity). The main function is to physically separate positive and negative
electrodes from each other while still allow the transport of ions [33]. Moreover, the
separator prevents electrical short circuit in the cell [34]. In theory, the separator
should have zero ionic resistance, but in practical, low ionic resistance is acceptable
[35]. Separator can be classified into three types; porous membrane, composite sepa-
rator, and non-woven mat. Nowadays, the most common separator for non-aqueous

electrolytes is a porous membrane made of polyethylene (PE) and/or polypropylene
(PP) [36].

2.1.4 Electrolyte

The electrolyte is one important key that determines the function of a battery. The
electrolyte is a medium that allows the transport of ions in order to convert chemical
energy to electrical energy, that is a high ionic conductivity is important [37]. The
electrolyte is usually a lithium containing material in order to facilitate the transfer
of lithium ions. The typical non-aqueous electrolyte for commercial batteries is a
solution of LiPFg salt in ethylene carbonate solvent together with additives with no
more than 5% of the composition [38-40]. The electrolyte additives can improve
the performance by providing higher conductivity. Moreover, the electrolyte can
influence the recycling process since it spreads throughout the pores of electrodes
and separators. Therefore, the types of electrolyte is crucial since the electrolyte is
very sensitive to other components such as electrodes. During the battery operation,
a solid electrolyte interphase (SEI) will be formed on the graphite surface that
compete with the reversible lithium intercalation and this determines the long-term
performance of LiBs such as safety, power capability, shelf life, and cycle life [41,
42]. SEI is formed due to electrolyte decomposition after the first cycle [43]. The
formation of SEI consumes electrolytes and also reduces the battery capacity. The
formed SEI should prevent electrolyte decomposition and should act as a good ionic
conductor to help facilitate the transport of lithium ions. Therefore, the electrolyte
must be designed to contain at least one material that reacts with lithium under the
formation of an insoluble electrolyte interphase.

2.2 Processes for recycling Li-ion batteries

Generally, there are four methods to recycle spent Li-ion batteries (LiBs): mechani-
cal treatment, hydrometallurgical treatment, a combination of thermal pretreatment
and hydrometallurgical treatment, or pyrometallurgical treatment. In the pyromet-
allurgical process, a high temperatures (above 900°C) is used and organic compounds
and graphite are burned, but the process can handle a large volume of waste with-
out any requirement of mechanical pretreatment. However, the disadvantage is that
the metals cannot be fully recovered, some of them are usually left in the slag.
To recover these metals, an additional hydrometallurgical process is needed. On
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the other hand, hydrometallurgical processes are able to recover valuable metals at
high purity and high recycle rate and the hydrometallurgical process is more en-
vironmentally friendly than the pyrometallurgical processes due to applying lower
temperatures, low energy demand, and less emission of hazardous gases. Due to
its great performances, hydrometallurgical processes are therefore of interest when
developing recycling schemes for spent LiBs and this study will focus on dissolution
of LCO and NMC cathode materials in the presence of the reducing agent hydrogen
peroxide.

2.2.1 Hydrometallurgical process

Hydrometallurgical processes are used to recover valuable metals, such as cobalt and
lithium, from spent LiBs. There are some pretreatment methods before a hydromet-
allurgical separation processes can be applied and these are mechanical and thermal
pretreatments. Thermal pretreatment is also implemented in order to remove or-
ganic compounds such as binders which can cause problems in further separation
steps. The process that combines both thermal pretreatment and hydrometallurgi-
cal processing is known as the combined process. It starts with discharging the spent
batteries, followed by dismantling, mechanical pretreatment, thermal pretreatment,
and separation stages followed by the hydrometallurgical process. Hydrometallurgi-
cal separation processes are for example leaching, solvent extraction, precipitation,
ion exchange, etc. A general flowsheet of the combined process is shown in Figure
2.3. However, difference recycling schemes can be seen at different companies.

_— <

Figure 2.3: A general flowsheet for the combined recycling process [44].
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2.2.1.1 Pretreatment steps

As mentioned above, the composition of LiBs is very complex and LiBs cannot
be recycled directly. Therefore, several pretreatments are necessary to separate all
particular components and proper management for each component can possibly
be applied. The pretreatments consist of discharging, dismantling, mechanical, and
thermal treatments.

Discharging
The aim of discharge is to discard the remaining capacity (remove the stored energy)
in spent LiBs in order to prevent short-circuits and self-ignition. There are different
discharging methods. The most common is to immerse spent LiBs in a 5 wt% NaCl
solution to let them completely discharged [45, 46].

Dismantling and mechanical pretreatment
These processes are essential for large batteries such as car batteries. Dismantling
is performed after discharging by removing battery cells and other components.
Other components, which are cables, printed circuit boards, and casing, will be sent
to recycling facilities for reprocessing in a proper way. Manual dismantling can
be applied to large battery size and required several tools such as pincers, knives,
and saws. Manual dismantling is not feasible for small LiBs where a mechanical
pretreatment could be applied instead [47]. Methods of mechanical pretreatment
involve crushing, sieving, magnetic separation, and classification which is to obtain
a fraction enriched in the cathode active material (black mass). After crushing and
sieving, the separator, aluminum foils, copper foils, and plastics are mainly in the
coarse particles while the electrode materials, for instance LCO, and graphite, end
up in fine fraction [48]. Magnetic separation is used to separate steel out based on
their different magnetic properties.

At the same time, the black mass will be sent to battery recycling facili-
ties in order to separate cathode materials from current collectors (Cu/Al foils)
by dissolving the organic binders which are between them. The organic binders
are made of polyvinylidene difluoride (PVDF) and organic solvents such as N,N-
dimethylformamide (DMF), N,N-dimethylacetamide (DMAC), N-methylpyrrolidone
(NMP), and dimethylsulfoxide (DMSO) that are used to dissolve PVDF [44] because
they are all polar and can easily dissolve together. However, the dissolution process
by organic solvents cannot remove all impurities. The process is also costly because
of expensive solvents and not suitable for large scale. A calcination process which
is a thermal process may be needed to remove (decompose) residues.

Thermal pretreatment
Additionally, thermal pretreatment is another method that could also be performed
to remove organic compounds (e.g., PVDF). It is done by burning organic com-
pounds at high temperature (typically in the range of 500-1150°C) in a furnace [49].
This process is simple and suitable for a high loaded sample but it emits toxic gases
and smoke during the process which are needed to be controlled.

2.2.1.2 Leaching

After the black mass is obtained from the previous pretreatment steps, hydrometal-
lurgical processes can be applied. The leaching process is the first step in hydromet-
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allurgical processing. It is a process that extracts a certain soluble material from a
solid by using solvent [50], in this case, the valuable metals presented in the black
mass will be recovered as metal ions in the leachate. There are different types of
leaching processes proposed for battery recycling, for example, leaching with inor-
ganic acids, organic acids, bioleaching, and so on. In this work, the leaching using
inorganic acids will be explored. The most common inorganic acids used are sulfuric
acid (H2SOy4), hydrochloric acid (HCI) and nitric acid (HNO3). HCI gives higher
leaching efficiency over the others [51, 52|. Nevertheless, once HCI is used, Cly gas
will be produced as can be seen in Equation 2.2 (example LCO).

2LiCo0, + 8HCI = 2C0Cly + Cly + 2LiCl + 4H,0 (2.2)

Chlorine gas poses an environmental problem and requires high corrosion re-
sistance equipment which leads to higher recycling costs. The use of HySO,4 as an
inorganic acid will be studied in this work. In addition, the leaching efficiency has
also been shown to increase with the use of a reducing agent like hydrogen peroxide
(H205). The main purpose with addition of a reducing agent is to change the valence
state of the metals used in the cathode active material into a more soluble state (e.g.
Co3* to Co?") and by that increases the leaching efficiency. Oxygen is generated
as a consequence of the reaction between hydrogen peroxide and the black mass.
In the presence of HyOy in HySO,4 leaching, the cobalt leaching efficiency can be
increased by 13% [53]. Incorporation of HySO,4 and HoOq yields leaching efficiency
of valuable metals as high as when using HCI [54, 55]. Table 2.3 summarizes the
related literature about leaching processes, optimum leaching conditions, and metal
recovery yields.

Table 2.3: Summary of related literature about leaching process.

Leaching S:L.  Temper- Leaching Co leaching  Li leaching Ref-

media (g/L) ature time (hr) efficiency efficiency er-
(°C) (%) (%) ence

OM M,S0;, 50 80 1 99 99 [54]

5V01% H202

AM HCI 20 80 1 99.5 99.9 [55]

IM H,S0, 50 95 4 66.2 93.4 (53]

1M HySO4, 50 95 4 79.2 94 [53]

5V01% H2 02

The proposed sulfuric acid leaching reactions for the different cathode materials
studied, without any reducing agent present, are shown as Equations 2.3, 2.4, 2.5,
and 2.6 which represent LCO, NMC111, NMC622 and NMC811, respectively.

10
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12L7;NZ'0.33M710.33000,3302(S) + 18HQSO4(CLQ) - 4N’LSO4(CLQ) + 400504(@(])

2OLZ‘NZ:0'6M710,2000,202(8) + 3OHQSO4(GQ) -

QOLl’NZ'O.gMTZOJCOOJOQ(S) + 3OHQSO4(CL(]> —

+4MnSO4 + 6LisSO4(aq)
(2.4)

12NiS04(aq) + 4C0S04(aq)
+4MnSO, + 10LisSO4(aq)
(2.5)

16N1SO4(aq) + 2C0S04(aq)
+2MnSO4 + 10Li3SO4(aq)
(2.6)

Moreover, the corresponding leaching reactions using sulfuric acid as leaching
ses  agent and the addition of HyO5 as reducing agent are shown below.

2LZCOOQ -+ 3H2804 + H202 — 200504 + LZQSO4 + 4HQO + 02 (27)

6LZ'NZ'0.33M710.33CO(].3302(S) + 9HQSO4<CL(]) -

+H50,

10L’iNio_6Mng,QCOD,QOQ(S) + 15HQSO4(CLQ) —

+H50,

4OL7:N7:0.8M77,0.1000.102<S) + 60H2804(6Lq> —
+2H50,

2NiSO4(aq) + 2C0S04(aq)
+2MnSO4 + 3Li2SO4(aq)
(2.8)

6NiSO4(aq) +2C0S04(aq)
+2MnSO4 + 5LisSO4(aq)
(2.9)

32NiSO04(aq) + 4C0SO4(aq)
+4MnSO4 + 20Li3SO4(aq)
+62H,0(1) + 1104(g)

(2.10)

As mentioned before, hydrogen peroxide can be an effective reducing agent to
leach valuable metals from spent batteries. Table 2.4 summarizes some literature
that describes the effect of hydrogen peroxide on the leaching with hydrogen perox-

ide.
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Table 2.4: Summary of related literature about sulfuric acid leaching process co-
operated with hydrogen peroxide.

Ma-  Leaching Optimal H50, Co leaching Li leaching Ref-
te- condition amount of  adding efficiency efficiency er-
rial H,0, pattern (%) (%) ence
Spent 4 M HSOy, 10 vol% Initial 95 96 [56]
LiBs S:L=1:10, adding

T=85°C
Spent 2 M HySOy, 10 vol% Initial 80 99 [57]
LiBs S:L=1:20, adding

T=75°C
Spent 2 M HySO4, 5 vol% Initial 70 99.1 [58]
LiBs S:L=1:10, adding

T=75°C

As a whole, most of the literature describes the sulfuric acid leaching with
addition of HyO, as a reducing agent where the proposed amount of H,O5 was added
at the beginning of the leaching process. However, no one has studied the remaining
amount of hydrogen peroxide that might be still left after leaching and different
hydrogen peroxide adding strategies. The novelty of this study is to investigate the
residual amount of hydrogen peroxide as well as assess different hydrogen peroxide
addition strategies.

2.2.1.3 Solvent extraction and precipitation

After the metals such as Li, Co, Ni, Mn, Cu, Al, Fe are leached from the cathode
active material, they still need to be recovered from the leachate. Other hydromet-
allurgical methods, such as solvent extraction, precipitation, and electrochemical
deposition, are needed in order to separate and recover these metals. Compared to
precipitation, solvent extraction has a better separation effect due to its selectivity
of extractants. Since the leaching solution is complex, more than one technique
could be used to separate pure metals effectively [59].

Solvent extraction
Basically, the process consists of two immiscible liquid phases: organic and aqueous
phases. It involves two operations: Extraction and stripping. Extraction refers to
when the metals in the aqueous phase are transferred to the organic phase where
the metals are more soluble into. Extraction is followed by stripping where the
extracted metals are recovered from the organic phase to another strip solution [50].

There are several extractants that could be used depending on the selectiv-
ity of the desired metal and operating pH. Examples of extractants are di-(2-
ethylhexyl) phosphoric acid (D2EHPA), diethylhexyl phosphoric acid (DEHPA),
bis-(2,4,4-tri-methyl-pentyl) phosphinic acid (Cyanex 272), trioctylamine (TOA),
and 2-ethylhexyl phosphonic acid mono-2-ethylhexyl ester (PC-88A) [47]. Figure
2.4 summarizes suitable extractants and the operating pH to extract a specific metal
ion. Some of the extractants can recover more than one metal ion by using several

12



596

597

598

599

600

601

605

606

607

608

609

610

611

612

613

614

615

616

617

618

2. Theory

stages in a series with different extractants. According to [60], D2EHPA was good
at extracting copper and manganese ions at a pH range of 2.6-2.7 and PC-88A was
then used to recover cobalt and nickel ions at pH 4.5.

-——-
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Figure 2.4: Suitable extractants for extracting nickel, cobalt, and copper at differ-
ent pHs [60-65].

Precipitation
Precipitation is an alternative to recover metals. Precipitants containing anions such
as OH~, C,0,4%~ and CO3%~ are added into a leaching solution and then anions will
attract to metal cations and form insoluble precipitates which can easily be extracted
out. Sometimes, one metal ion is hard to be precipitated when other metal also has
the same valence state, such as Co*" and Ni?*, and the coprecipitation of both
metals can occur. As a result, [51] showed that Co®" in the leaching liquor was
oxidized to Co*" by adding sodium hypochlorite (NaClO) to recover Co,O3- 3H,0
by selective precipitation and nickel hydroxide is further precipitated by addition of
a base. Moreover, precipitation could usually be used before solvent extraction in
order to remove impurities, such as aluminum, copper, and iron, that will hinder
the separation of cobalt in the solvent extraction process [44].

According to all mentioned recycling processes, the final recovered metals can
possibly be reused in batteries or in other applications to move toward the circular
economy promoted by restrictive environmental regulations and limited natural re-
sources. In 2018, the recycling of spent NMC523 and LFP can be profitable based
on China’s background with the profits of 2256 Euro/ton and 436 Euro/ton, respec-
tively [66]. However, today’s recycling methods need to be improved to save energy,
chemicals and time required as much as possible in order to be more cost-effective
and more accessible.
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2.3 Aim and objective

Due to a rapid increase in the demand of Li-ion batteries, stockpiles of spent bat-
teries have been produced globally. The hydrometallurgical process is an interesting
recycling method that is environmentally-friendly and effectively recovers valuable
metals but it is not cost-effective. In order to make it economically feasible, the
process parameters should be optimized. The aim and objective of this study is to:

o Determine the effect of adding a reducing agent, which is hydrogen peroxide,
on different types of battery active materials (LCO, NMC111, NMC622, and
NMCS811).

o Optimize the operating parameters in the leaching process namely leaching
temperature, acid concentration, solid-to-liquid ratio, and addition strategy
and amount of hydrogen peroxide.

o Examine whether hydrogen peroxide can be used efficiently to recover valu-
able metals from industrially mechanically pre-treated spent Li-ion batteries.
A deeper understanding on how H5O5 influence on leaching process with differ-
ent surrounding conditions were examined in order to maximize the leaching
efficiency along with the reduction of time, solvent and energy used.

2.4 Scope of work

Four different types of cathode material were studied: LCO, NMC111, NMC622,
and NMC811. Lithium ion batteries of LCO type is common in portable electronics
and NMC-type batteries in electrical vehicles. These cathode materials are now
being used nowadays. This work will study the leaching process, which is a part
of the hydrometallurgical process to recycle spent batteries, using sulfuric acid as a
leaching agent with the help of hydrogen peroxide as a reducing agent.
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Methods

3.1 Materials and reagents

The cathode materials used in this study are LCO and mixed NMC including
NMC111, NMC622, and NMC811. LCO used was a pure metal oxides from Sigma-
Aldrich which is in black powder form. Whereas the mixed NMCs were provided
by Uppsala university and are also in pure form. The sulfuric acid is an essential
leaching agent in the leaching process of active cathode materials of LiBs. The dif-
ferent concentrations of sulfuric acid were prepared from concentrated (95% - 97%)
solution that was supplied by Sigma-Aldrich. The Hydrogen peroxide that was used
as a reducing agent was kindly supported from Nouryon Functional Chemicals AB,
the solution has 59-59.5 wt.% (EKA HP C59). Moreover, the aluminum foil and
copper metal powder were used as current collectors that can present in spent Li-ion
batteries. The real NMC cathode waste material was provided by Volvo Cars and
mechanically treated at Akkuser in Finland. The material was dissolved in aqua
regia for 5 hours at 80°C and then analyzed by ICP-OES.

3.2 Leaching

The leaching processes were done by using sulphuric acid as leaching reagent. The
desired concentration of sulphuric acid was prepared by diluting high concentrated
sulphuric acid with Milli-Q water. The process was carried out in either 100 mL
plastic beaker or 20 mL glass bottle depending on the desired amount of liquid and
it was immersed in the glass water bath for temperature control. The container was
covered with the lid to reduce the loss of water from evaporation. It was agitated by
a magnetic stirrer at 300 rpm in order to improve mixing efficiency, and regulated to
the desired temperature before introducing cathode material powder. The leaching
time was started recording after the black mass powder was added. All experiments
were done in triplicates. The sampling times were at 1, 5, 10, 15, 30, and 60-
minute when only sulfuric acid was added. When hydrogen peroxide was added, the
sampling times were changed to 1, 2, 3, 15, 30, and 60-minute. Each sampling time,
more than 200 pL of leaching sample was withdrawn from the beaker to get enough
volume for the analysis and immediately filtered by a syringe filter with pore size
of 0.45 pym and 25mm in diameter. Only 100 uL of leaching sample was actually
taken out and the rest of the solution and 100 pL of sulfuric acid will be returned to
the leaching solution to minimize the change of solid-to-liquid ratio. The obtained
100 pL samples were first diluted by addition of 9.9 mL of 0.5 M nitric acid. The
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3. Methods

second dilution is necessary before the ICP-OES analysis. The sample was diluted
as a factor of 1000. Each 1 mL of diluted sample was diluted again with 9 mL of
0.5 M nitric acid.

3.3 Determination of metal concentration in leach-
ing solution

Metal concentrations in each leaching solution were determined by using ICP-OES.
The calibration curve was prepared by using the metal solution with the concentra-
tion of 0 ppm, 5 ppm, 10 ppm and 20 ppm. The new set of standard solutions was
prepared every time when using ICP-OES measurement since the variation of con-
centration can be occurred due to temperature change. Firstly, standard solution of
20 ppm was prepared by using 1000 ppm metal concentration that is provided by
SPEX CertiPrep (SPEX CertiPrep Group, Metuchen, US). In this case, there are
4 main metals that are focused on so each 1 mL of lithium, cobalt, manganese and
nickel is diluted with 0.5 M nitric acid until the volume reaches 50 mL in order to
make 20 ppm. Then 10 ppm and 5 ppm standard solution were prepared by dilution
from 20 ppm.

The suitable wavelength was selected for each metals that needed to analyze.
The multiple wavelength can be selected however it should exhibit suitable inten-
sities and also free from spectral interferences. In this experiment the following
wavelengths that show in Table 3.1 were used for the analysis:

Table 3.1: Selected wavelengths in ICP-OES analysis

Metal element Selected Wavelength (nm)

Li 670.784
Co 228.616
Ni 221.648
Mn 257.61

Al 396.153
Cu 327.393

To calculate leaching efficiency, the equation 3.1 and 3.2 are used.

(C/1000) - V

Mmetal

Leaching efficiency [%] = [ ] -100 (3.1)

C is specific metal concentration obtained from ICP-OES analysis [ppm].

V is the volume of leaching solution [mL].

Myetal 1S the amount of certain metal in the cathode material used [g] which is
calculated from Equation 3.2.

MW etar - Molar ratio
MWcathode

MW petar is the molecular weight of specific metal [g/mol].

Mumetal = ( ) * Meathode (32)
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3. Methods

Molar ratio is the molar ratio of specific metal in cathode material chemical for-
mula, for example, the molar ratio of Co is 0.33 in LiNij 33Mng 33C0¢ 3302 (NMC111)
.

MW aihode is the molecular weight of specific cathode material [g/mol].

Meathode 18 the weight of cathode material [g].

3.4 Determination of hydrogen peroxide in leach-
ing solution

The hydrogen peroxide that was used in all experiments was provided by Nouryon
under brand name Eka HP C59 which has H,Os content around 59 - 59.5 wt.%.
The residual concentration in solution was determined using iodometric method.
All chemicals used in this method are listed as followings:

o 2 M Sulfuric acid (HsSOy)

« 1 M Potassium lodide solution (KI)

e Ammonium molybdate ((NHy)sMo7;094-4H;0) 15% solution

« 0.05 M Sodium thiosulfate solution (NayS,03)

o Jodine indicator

For the determination, the sample should be filtered first. For 1-10 vol% H50O», a
sample volume of 200 uL is suitable for the titration. The sample should be adjusted
with deionized water to a volume of 50 mL then followed by the addition of 5 mL
sulfuric acid and 10 mL of potassium iodide. A few drops of ammonium molybdate
were added and the titration was done immediately with sodium thiosulfate solution
to a light-yellow color. A few drops of iodine indicator were added and continue to
titrate until the solution was colorless. To prevent the decomposition of hydrogen
peroxide, the titration was performed immediately after each sampling time. The
results were not corrected for interfering substances present in the leaching solution
and a minor discrepancy may therefore occur.
The following equation was used to calculate the remaining concentration of

hydrogen peroxide.

VNC’«25203 : CN@QSQOS : MW
n- ‘/ZDTO’U

Residual hydrogen peroxide [g/L] = (3.3)

VNa2s203 is the volume of sodium thiosulfate solution used in titration (mL).
MW is the molecular weight for hydrogen peroxide which is 34 g/mol.

n is the equimolar factor which is 2.

Voprov is the volume of sample (mL)
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Results

4.1 Effect of leaching temperature

The leaching process was performed at two different temperatures which are 50°C
and 60°C in order to determine the most suitable temperature in terms of perfor-
mance, energy demand and economics. The overall leaching time was 60 minutes.
The solid-to-liquid ratio of 1:100 g/mL was fixed and 50 mL of sulfuric acid was
used. Each experiment was done in triplicates. In every figures, the y-axis repre-
sents the metal leaching efficiency and the x-axis represents leaching time from 0 to
60 minutes. Standard deviation was also calculated and presented in all figures as
vertical error bars.

4.1.1 Leaching of LCO

Figures 4.1a and 4.1b represent the leaching efficiencies of lithium and cobalt re-
spectively for LCO. All points show the average value from three replicates. Only
lithium and cobalt leaching were in focus for this cathode material.

LCO-Co

LCO-Li
100

e 50) O
60 °C

Li leaching efficiency (%)
v
S
Co leaching efficiency (%)
[ N - I )
oo o450 o o oo

1 »
30 L y

20 - ] =

10 _

0

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Leaching time (min) Leaching time (min)

(a) Li leaching efficiency (b) Co leaching efficiency

Figure 4.1: Leaching of LCO: Influence of temperature (reaction conditions: 2 M
H,S04, no HyOs, solid-to-liquid ratio of 1:100 (50 mL solution)).

For lithium leaching in Figure 4.1a, both temperatures illustrated the same
trend. In the first 5 minutes of leaching time, nothing was dissolved. There was no
lithium represented in the leaching solution so that the leaching efficiency become
zero for both temperatures. Leaching efficiency started to increase after 10 min-
utes. The highest standard deviation was observed at 30 minutes. At 60 minutes,
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4. Results

the highest efficiency was obtained for both 50°C and 60°C; the highest leaching
efficiency was 34.5% at 60°C which is only 4% higher than at 50°C.

In Figure 4.1b, the leaching of cobalt is represented. The leaching efficiency
of cobalt in LCO was slightly higher compared to lithium leaching. The leaching
performance increased from the beginning and increased only a few percentages after
30 minutes. For both temperatures, the highest leaching efficiency was obtained after
60 minutes and was around 36%. There was no significant difference between the
two temperatures, i.e. 50°C was preferable.

4.1.2 Leaching of NMC111

In this section, Figures 4.2a, 4.2b, 4.2c, and 4.2d show the kinetic leaching curve
of Li, Co, Ni, and Mn which are the main four elements in the mixed cathode
material. The leaching process was operated in both 50°C and 60°C to find the
optimal temperature.

NMC111-Li NMC111-Co

100 100
20 ~ 90
80
70
60
50
40
20 T(I/.—-f
10
0
0 10 20 30 40 50 60
Leaching time (min)

—e—50°C

40 - : 60°C

Li leaching efficiency (%)
w
S
Co leaching efficiency (%,

0 10 20 30 40 50 60

Leaching time (min)

(a) Li leaching efficiency (b) Co leaching efficiency
NMC111-Ni NMC111-Mn
100 100
— 90
£ w0 g o
g g 70
£ 60 S 60
£ 5 ——50°C S 50
2 40 = . 60°C £ 40
g 30 /-k hd é 30 - re : 3 > 4
= 20 c 20 o E 3
“ 10 = 1
0 0
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Leaching time (min) Leaching time (min)
(c) Ni leaching efficiency (d) Mn leaching efficiency

Figure 4.2: Leaching of NMC111: Influence of temperature (reaction conditions:
2 M HySOy4, no Hy0O,, solid-to-liquid ratio of 1:100 (50 mL solution)).

In Figure 4.2a, the leaching efficiency of lithium increased considerably and
increased gently after 15 minutes for both temperatures. The leaching process at
60°C showed slightly higher performance during the overall leaching time. The
highest leaching efficiency was reached after 60 minutes for both temperatures. The
maximum leaching efficiency was at 60°C and was 50.3%.
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4. Results

In Figure 4.2b, cobalt leaching is illustrated. The leaching efficiency increased
slowly and leveled off after 15 minutes. Both temperatures showed almost identical
performance but all values at 60°C always showed superior result. During the last
30 minutes of leaching process at 60°C equilibrium was reached, and the efficiency
increased less than 1%. The maximum leaching efficiency was 32.4%.

In Figure 4.2¢, the nickel leaching performance at 60°C was slightly higher than
at 50°C during the first 5 minutes of leaching. After that, the leaching efficiency
was about the same for both temperatures and was about 37% at 60 minutes.

In the case of Mn in Figure 4.2d, the trend of kinetic curves were almost identical
for both temperatures. Both leaching efficiency increased slowly during the first
15 minutes. After 15 minutes, the leaching performance was almost stable. The
maximum efficiency was obtained at 50°C/60 minutes and was about 28.8%; a better
performance compare with 60°C. Therefore, the more suitable temperature was 50°C
since the performance at 60°C was not significantly better.

4.1.3 Leaching of NMC622

The figures in this section show the leaching efficiency for NMC622. Four valuable
metals including Li, Co, Ni and Mn, which are the main component in this mixed
NMC cathode material, are also of an interest and measured in concentration for
calculating the leaching efficiency and comparing the results.

NMC622-Li NMC622-Co
100 100
90 < 90
£ 80 < 80
Z 70 ;ﬁ: 70
s 60 —e—50°C g %0
£ 5o T 50
2 40 3 eoc E a0 T 8
Z C S 30 g
S 30 . 8 .
£ 5 » i 20
EE - O 10
) 0
0 e 0 10 20 30 40 50 60
0 10 20 30 40 50 60
R Leaching time (min)
Leaching time (min)
(a) Li leaching efficiency (b) Co leaching efficiency
NMC622-Ni NMC622-Mn
100 100
90 90
80 80
70 70
60 —e—50°C 60 —e—50°C

60°C

Nileaching efficiency (%
o
S

Mn leaching efficiency (%)
@
o

0 10 20 30 40 50 60 0 10 20 30 40 50 60
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(c) Ni leaching efficiency (d) Mn leaching efficiency

Figure 4.3: Leaching of NMC622: Influence of temperature (reaction conditions:
2 M H5S0y4, no Hy O, solid-to-liquid ratio of 1:100 (50 mL solution)).
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4. Results

Figure 4.3a represents the leaching efficiency of lithium from NMC622. The
curve clearly showed that the lithium leaching efficiency increased when time passed
for both temperatures. At 60°C, the leaching efficiencies are slightly higher than
operating at 50°C for all sampling points. The reason behind this is that an increase
in temperature can accelerate molecules to move faster and increase energy of parti-
cles [67]. The maximum Li leaching efficiencies after 60 minutes leaching time were
approximately 39% and 44% for 50°C and 60°C, respectively.

Figure 4.3b represents the leaching kinetic of cobalt from NMC622. The trend
of the curves was the same as for lithium (Figure 4.3a). Leaching at 60°C yields
marginally higher cobalt leaching efficiency than at 50°C for all plots and shows
better leaching performance as seen as higher efficiency (almost 20%) was reached
at the beginning. After 15 minutes, the curves tended to reach constant efficiencies.
The maximum cobalt leaching efficiencies of 34% and 36% obtained after 60 minutes
leaching at 50°C and 60°C, respectively.

Figure 4.3c shows the leaching curve of nickel from NMC622. The nickel leach-
ing efficiency increases in the first 10-15 minutes. A small increase in efficiency in
the first 15 minutes was obtained when 60°C was used. After that, about the same
values of efficiency were measured for both temperatures. After 30 minutes, the
curves for both 50°C and 60°C also reached the equilibrium and approached about
33% and 35% efficiency, respectively.

Figure 4.3d represents the graph plotted between manganese leaching efficiency
and time for the leaching of NMC622. At 50°C, the efficiency slightly increased in
the first 30 minutes and remained constant afterward reaching a leaching efficiency
of about 16.6%. The kinetic curve for 60°C went up and reached its peak after 15
minutes. Then the curve went down gradually and stayed below that of 50°C. To
conclude, for leaching of manganese, 50°C tended to be more effective than 60°C.

Therefore, it was shown that there was no significant improvement on efficiency
when a higher temperature was used. 50°C could be considered to be the optimal
temperature to leach NMC622 in order to avoid an unnecessary high energy demand.

4.1.4 Leaching of NMC811

The figures shown in this section present the graphs plotted between leaching ef-
ficiency of a specified metal and leaching time for the leaching of mixed NMCS811.
Two temperatures which are 50°C and 60°C were studied.
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Figure 4.4: Leaching of NMC811: Influence of temperature (reaction conditions:
2 M HySOy4, no HyO,, solid-to-liquid ratio of 1:100 (50 mL solution)).

Figure 4.4a shows the leaching curve for lithium from NMCS811. At the be-
ginning, the efficiencies measured were rather low. The reason behind this may
be because the NMC811 was hydrophobic that made it hard to be dissolved when
initially added into the leaching solution. Beyond this point, the efficiency contin-
uously increased when 50°C was used. On the other hand, for 60°C, the curve was
getting higher to its peak after 15 minutes leaching and dropped down after that.
The highest lithium leaching efficiencies that could be reached were 47% and 25%
for 50°C and 60°C, respectively. Therefore, 50°C yielded better lithium leaching
performance for NMCS811.

Figure 4.4b displays the curves plotted between cobalt leaching efficiency and
leaching time. It can be seen that at 50°C the efficiency increased significantly in
the first 15 minutes and then increased to some extent afterwards, while at 60°C,
the efficiency also increased in the first 15 minutes until it reached the maximum
value and then declined to lower values. Almost 40% efficiency was reached for 50°C
after 60 minutes leaching, whereas 26% for 60°C (at 15 minutes). Therefore, 50°C
is more effective to leach cobalt from NMC811.

Figure 4.4c presents the nickel leaching efficiency for leaching of NMC811. As
a result, the same pattern as before was observed. At 50°C, the efficiency of 40%
was reached after 60 minutes leaching, when at 60°C the highest efficiency was
measured as 30% after 15 minutes. Correspondingly, the lower temperature gives a
better nickel leaching from NMCS811.
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The manganese leaching performance can be seen in Figure 4.4d. No leached
manganese concentration was detected by ICP-OES regardless of leaching temper-
ature. This was probably because of too low manganese concentration detected in
the leachate.

In respect to the results, 50°C was more suitable for being used to leach valuable
metals from NMC811 because such temperature yielded better leaching performance
than 60°C and showed more clear pattern of leaching curves. To compare the results,
a bar graph showing the leaching efficiency at the end of leaching (60 minutes) for
both temperatures (50, 60°C) can be seen below. Blue bars represent 50°C and
orange bars represent 60°C, vice versa.

Leaching efficiency (Effect of temperature)
60

50

4

3
m50°C
2 m60°C
1 Ii
0
Li Co Li Co Ni Mn Li Co Mi Mn Li Co Ni Mn

LCO NMC111 NMC622 NMC811

[=] o [=]

Leaching efficiency (%)

[=]

Figure 4.5: Leaching efficiency after 60 minutes leaching of all cathode materials:
Influence of temperature (reaction conditions: 2 M H2SOy4, no Hy0O,, solid-liquid
ratio of 1:100 (50 mL solution)).

Based on the above results, Figure 4.5, the higher temperature (60°C) did
not improve the leaching performance significantly. In some cases, especially the
manganese leaching of mixed NMC cathode material, 60°C always gave a worse
efficiency compared to 50°C. Moreover, the NMC811 leaching efficiency was lower
when 60°C leaching temperature was used for all leached metals. Therefore, 50°C
was chosen for the further experiments.

4.2 Effect of mixing

The effect of mixing was studied by using a solid-to-liquid ratio of 1:100. Two sets of
experiments conducted by varying the leaching volume (10 and 50 mL). The different
container was used: 20 mL smaller glass vial and 100 mL bigger and wider-in-width
plastic container. An equal size of magnet was used for stirring which is more fit
with small glass vial and it is expected to have a better mixing. The following figures
show the leaching efficiency of all cathode materials in different leaching scales. The
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thick line represents the leaching in 50 mL and thin line represents the leaching in
10 mL solution.

4.2.1 Leaching of LCO

In this section, the leaching of LCO is presented. The leaching volume was altered
between 10 mL and 50 mL. The comparison of the leaching efficiency between the
two different volumes is shown in Figure 4.6.

LCO
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.
90 1
T
9 80 1
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@ 40 Li 10ml
S 30 —e— Co 50m|
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8 20 Li 50ml
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Leaching time (min)

Figure 4.6: Leaching of LCO: Influence of mixing (reaction conditions: 2 M HySOy,
T=50°C, no Hy0,, solid-to-liquid ratio of 1:100 (10 and 50 mL solution)).

According to Figure 4.6, the leaching process in 10 mL solution showed higher
leaching performance throughout the whole leaching time. Moreover, the highest
leaching efficiency that could be achieved was much higher compared to when leach-
ing in 50 ml scale which were 91.5% and 30.7%, respectively. In addition, the cobalt
leaching efficiency was also higher but not as much as when compared to lithium
leaching since lithium is monovalent and can be leached more easily especially with a
perfect mixing. On the other hand, cobalt leaching strongly depends on the change
of oxidation state, a better mixing alone was probably not enough to overcome its
limitation and a reducing agent might be needed in order to enhance leaching per-
formance. Therefore, it was clear that decreasing the leaching volume (i.e. better
mixing) can improve the leaching efficiency.

4.2.2 Leaching of NMC111

Leaching of NMC111 was performed using two different leaching containers with
different volumes. The result of leaching efficiency is shown below.
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Figure 4.7: Leaching of NMC111: Influence of mixing (reaction conditions: 2 M
H,S04, T=50°C, no Hy0,, solid-to-liquid ratio of 1:100 (10 and 50 mL solution)).

According to Figure 4.7, the NMC111 kinetic leaching curve showed that a
higher efficiency was reached when scaling down, and the improvement was obtained
already in the initial phase of leaching. It was also obvious that the lithium leaching
performance was noticeably improved more than for the other metals. The lower
leachability of other metals are, as for LCO, related to the need to change into the
lower oxidation state while lithium is not involved with this leaching principle. The
highest leaching efficiency obtained was 96% for lithium.

4.2.3 Leaching of NMC622

NMC622 leaching was focused on in this part. Figure 4.8 shows the leaching per-
formance for the two different scales.
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Figure 4.8: Leaching of NMC622: Influence of mixing (reaction conditions: 2 M
H,S04, T=50°C, no Hy0,, solid-t0-liquid ratio of 1:100 (10 and 50 mL solution)).

900 From Figure 4.8, lithium was always the most easily leached element in all cath-
o1 ode materials. The lithium leaching almost reached 100% without any additional
w2 reducing agents while the leaching efficiency for the other elements was below 50%.
93 A higher efficiency was achieved when the small volume was used.

w0 4.2.4 Leaching of NMC811

sos NMCB811 leaching was of interest since this cathode chemistry represents the latest
o6 development. The figure below reviews the influence of mixing in term of metals’
907 leaching efficiency.
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Figure 4.9: Leaching of NMC811: Influence of mixing (reaction conditions: 2 M
HySO,4, T=50°C, no Hy0,, solid-to-liquid ratio of 1:100 (10 and 50 mL solution)).

In the case of NMC811 that is illustrated in Figure 4.9, the lithium leaching
performance reached 100% after only 15 minutes when leaching using 10 mL. Fur-
thermore, the maximum manganese leaching efficiency was 31.2% when leaching
using the smaller volume (10 mL) whereas nothing could be leached when using 50
ml. The leaching performance leveled off after 10-15 minutes for all materials and
all metals.

Therefore, the leaching process should be performed using efficient mixing con-
dition in order to maximize the leaching performance. However, the leaching was
done in a less efficient mixing, 100 mL container, for the further experiments for
the reason that a high volume of solution is required in order to avoid the changing
the leaching volume when taking samples for analysis. The results from this section
therefore cannot be compared with other experiments using different leaching vol-
ume because of the different mixing. In addition, the particle size and distribution
of the cathode materials could also affect the leaching efficiency more or less. Apart
from the mixing, those factors can also be interesting to study.

4.3 Effect of acid concentration

In this section, the solid-to-liquid ratio was increased in order to see whether the
desired concentration of acid, which is 2 M of HySOy, is sufficient. The solid-to-
liquid ratio was varied as 1:100, 1:20, and 1:10 g/mL. By increasing the solid-to-
liquid ratio, there will be less acid to leach the desired metals and amount of acid
can be a limiting factor, i.e. a higher acid concentration might be needed. The
calculations to find the limiting agent in the reaction when 2 M HySO4 and a solid-
to-liquid ratio of 1:10 is used, which is the worst case, is presented in Appendix
A.1. Regarding the calculations, all cathode materials are limiting agents that is,
at these conditions, the concentration of acid is sufficient theoretically. Moreover,
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the optimal solid-to-liquid ratio will be selected for further experiments, i.e. when
current collectors are present during leaching (Chapter 4.3.2), when HyO, is present
(Chapters 4.4 and 4.5), and when black mass is leached (Chapter 4.6). Moreover,
with the optimal solid-to-liquid ratio, aluminium foil and copper powder would also
be added because of the ability to consume acid.

4.3.1 Effect of solid-to-liquid ratio

The solid-to-liquid ratio was varied as 1:100, 1:20, and 1:10 g/mL and the same
amount of liquid was used (10 mL of 2 M HySOy) to have an efficient mixing. The
kinetic curves are plotted between leaching efficiency and leaching time for different
desired solid-to-liquid ratios. Table 4.1 shows the theoretical volume of 2 M HySO4
needed to leach different cathode materials based on stoichiometric ratios in the
reaction equations and the actual volume of H,SO4 used in the leaching for different
studied solid-to-liquid ratios. To compare, the numbers are divided by each cathode
material weight.

Table 4.1: Theoretical of 2 M HySO,4 needed per gram of each cathode material
and the amount of HySO, added at different solid-to-liquid ratios.

Cathode material Theoretical volume Added volume of HySOy
needed of HySO, per per cathode material
cathode material weight weight (ml/g)

(mL/g)
1:100 1:20 1:.10
LCO 7.65
NMC111 7.80
NMC622 7.75 1002010
NMCS811 7.70

According to Table 4.1, the volume of HySO,4 added is higher than the theoreti-
cal volume needed. It is expected that all leaching with these desired solid-to-liquid
ratios is not limited by the leaching solution.

4.3.1.1 Leaching of LCO

In this section, the leaching of LCO was studied. Figures 4.10a and 4.10b show the
leaching performances of lithium and cobalt between different solid-to-liquid ratios.
Blue lines represent the kinetic curve when a solid-to-liquid of 1:100 g/mL was used.
Orange and gray lines corresponds to 1:20 and 1:10 g/mL, respectively.
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Figure 4.10: Leaching of LCO: Influence of solid-to-liquid ratio (reaction condi-
tions: 2 M HySOy4, T=50°C, no H50,, solid-to-liquid ratio of 1:10, 1:20, and 1:100
(10 mL solution)).

It can be seen from Figure 4.10a that the inclination of all three kinetic curves
were the same. The leaching process occurred rapidly during the first 15 minutes
and then slowed down. For all solid-to-liquid ratios, the lithium leaching efficiencies
were not reaching certain values within 60 minutes leaching. It was expected that
the ratio of 1:100 g/mL yielded the highest efficiency because there would be more
free acid available for leaching. At solid-to-liquid ratios of 1:20 and 1:10, there was
almost no difference in lithium leaching efficiency. The highest lithium leaching
efficiencies were 91.5%, 66.7%, and 62.9% for solid-to-liquid ratios of 1:100, 1:20,
and 1:10 g/mL, correspondingly.

In regard to Figure 4.10b, the same progression was also observed for all con-
ditions that the cobalt leaching efficiency increased considerably during the first 15
minutes and then raised slightly. It can also be seen that the cobalt leaching effi-
ciency at the ratio of 1:10 g/mL was similar to 1:20 g/mL and that these two ratios
were inferior to that of 1:100 g/mL.

4.3.1.2 Leaching of NMC111

Figures 4.11a, 4.11b, 4.11c, and 4.11d review the influence of the solid-to-liquid ratio
between 1:100, 1:20, and 1:10 on the leaching of NMC111.
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Figure 4.11: Leaching of NMC111: Influence of solid-to-liquid ratio (reaction
conditions: 2 M HySO4, T=50°C, no H50,, solid-liquid ratio of 1:10, 1:20, and
1:100 (10 mL solution)).

The lithium leaching efficiency of the NMC111 is shown in Figure 4.11a. There
was a very fast leaching initially especially for 1:100 and 1:20 (the increase after
the initial 5 minutes of leaching was slower). Li was almost totally leached after 60
minutes leaching when using the solid-to-liquid ratio of 1:100. The difference in the
maximum Li leaching efficiency between 1:10 and 1:20 was small.

According to Figure 4.11b, cobalt leaching efficiency in comparison of the three
solid-to-liquid ratios is shown. The leaching trends were the same for all solid-to-
liquid ratios. The curves raised throughout the investigated leaching time interval.
It was clear that the ratio of 1:100 gave the highest cobalt leaching efficiency while
the two other ratios gave pretty close values.

The nickel leaching efficiency when leaching NMC111 is illustrated in Figure
4.11c. It can be seen that faster initial leaching was obtained when the solid-to-liquid
ratios of 1:100 and 1:20 were used. The curves were close to each other, i.e. small
differences between the different ratios. The ratio of 1:10 gave the worst leaching
efficiency; the maximum nickel leaching efficiency obtained after 60 minutes were
44.3%, 37.7%, and 33.9% from low to high solid-to-liquid ratio.

Figure 4.11d shows a plot of the manganese leaching efficiency. There was a
faster leaching at the beginning and nothing much happened after 10-15 minutes for
the solid-to-liquid ratios of 1:20 and 1:100. For the solid-to-liquid ratio of 1:100, the
leaching curve overlapped with that of 1:20 after 10 minutes and small differences
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between the solid-to-liquid ratios of 1:20 and 1:10 after 10-15 minutes were observed.
The total manganese leaching efficiency after 60 minutes was still low (below 40%),
therefore a reducing agent might be needed in order to obtain higher efficiency.

As a result, the kinetic curves of all solid-to-liquid ratios were parallel for all
metals. The difference in the leaching efficiency between the three solid-to-liquid
ratios was highest for lithium. The leaching efficiency was high for lithium (79-96%)
and much lower for the other metals (<50%). However, the 1:100 ratio always gave
the highest leaching efficiency while the solid-to-liquid ratios of 1:20 and 1:10 gave
almost identical results.

4.3.1.3 Leaching of NMC622

Figures 4.12a, 4.12b, 4.12¢, and 4.12d show the effect of the solid-to-liquid ratios
1:100, 1:20, and 1:10 g/mL on the leaching efficiency of NMC622.
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Figure 4.12: Leaching of NMC622: Influence of solid-to-liquid ratio (reaction
conditions: 2 M HySO4, T=50°C, no HyO,, solid-to-liquid ratio of 1:10, 1:20, and
1:100 (10 mL solution)).

Figure 4.12a illustrates the leaching kinetic curve of lithium over the time.
Lithium leaching efficiencies increased the first 30 minutes and then reached an
equilibrium. When the solid-liquid ratio was decreased, the lithium leaching effi-
ciency was improved to some extent. Lithium was easily leached and the lithium
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leaching efficiency was high for all solid-to-liquid ratios. Above 90% was achieved
at the ratios of 1:100 and 1:20 g/mL and about 85% was reached at 1:10 g/mL.

In Figure 4.12b, the cobalt leaching efficiency is shown. The same trend was
observed for all ratios and the value at every single point was close to each other.
The cobalt leaching was only to a minor extent affected by the solid-to-liquid ratio;
the maximum cobalt leaching efficiencies were 43.1%, 42.8%, and 39.6% at the ratio
of 1:100, 1:20, and 1:10 g/mL, accordingly.

According to Figure 4.12c, at any solid-to-liquid ratios, the nickel was leached
out continuously until it reached equilibrium after 30 minutes. The leaching perfor-
mance was slightly better at lower solid-to-liquid ratio. The highest nickel leaching
efficiency that could be reached were 41.1%, 39.5%, 36.2% when solid-to-liquid ratios
of 1:100, 1:20, and 1:10 were used, respectively.

Figure 4.12d shows the manganese leaching efficiency of the NMC622 cathode
material for the three desired solid-to-liquid ratios. It can be seen that a solid-to-
liquid ratio of 1:100 yielded the highest manganese leaching performance while 1:20
and 1:10 gave about the same result. The maximum efficiencies were 38.3%, 32.8%,
and 30.1% for 1:100, 1:20, and 1:10 g/mL, respectively.

4.3.1.4 Leaching of NMCS811

The effect of varying solid-to-liquid ratio in term of metals’ leaching efficiency is
illustrated in Figures 4.13a, 4.13b, 4.13c, and 4.13d.
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Figure 4.13: Leaching of NMC811: Influence of solid-to-liquid ratio (reaction
conditions: 2 M HySO4, T=50°C, no HyO,, solid-to-liquid ratio of 1:10, 1:20, and
1:100 (10 mL solution)).

1028 Figure 4.13a is a plot of lithium leaching efficiencies in a comparison between
1029 three investigated solid-to-liquid ratios which are 1:100, 1:20, and 1:10. For NMC811,
1030 it was surprising that 100% of the Li was leached after 15 minutes, when using a
1031 solid-to-liquid ratio of 1:100, in the absence of a reducing agent. Moreover, the Li
w32 leaching efficiency for a ratio of 1:20 ratio was almost as good as for 1:100. For the
1033 highest solid-to-liquid ratio (1:10), the maximum leaching efficiency was obtained
w3 after 30 minutes.

1035 The cobalt leaching performance, as seen in Figure 4.13b, increased considerably
1036 during the first 15 minutes and reached the maximum efficiency after 30 minutes
137 and slightly dropped afterwards for the cases of 1:10 and 1:20 but for 1:100, it was
1038 stable. The cobalt leaching efficiency dropped when increasing solid-to-liquid ratio
1030 but there was no outstanding difference between 1:20 and 1:10.

1040 For the nickel leaching efficiency as illustrated in Figure 4.13c, the leaching
1041 curve was the same as observed for cobalt leaching. The maximum nickel leaching
142 efficiencies were 51.2%, 41.1%, and 36.5% for 1:100, 1:20, 1:10 g/mL, consequently.
1043 In Figure 4.13d, the manganese leaching performance is shown, and an inter-
104a  esting trend was observed. The highest performance was measured after 15 minutes
145 and the efficiency gradually dropped after that.

1046 Therefore, it can be concluded that the effect of solid-to-liquid ratios on the
1047 leaching performance is the same for all cathode materials. Figure 4.14 shows a
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14s comparison of the leaching efficiency for different cathode materials and solid-to-
1049 liquid ratios. The comparison is done at a leaching time of 60 minutes.
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Figure 4.14: Leaching of all materials: Influence of solid-to-liquid ratio (reaction
conditions: 2 M Hy,SO,4, T=50°C, no HyO,, solid-to-liquid ratio of 1:100, 1:20, and
1:10, 10 mL solution, and 60 minutes leaching time).

The decreasing in solid-to-liquid ratio affected the leaching efficiency in all
cathode material. Li was especially affected by the solid-to-liquid ratios for LCO
whereas for the NMC cathode materials the difference was smaller and varying. It
showed gradual improvement on other metals’ leaching efficiencies for all cathode
materials. Therefore, it can be concluded that the lowest solid-to-liquid ratio gives
the highest leaching efficiency and that the difference between 1:20 and 1:10 was
rather small but 1:20 was slightly better. Please note that this evaluation is done
without a reducing agent present.

A solid-to-liquid ratio of 1:20 was selected for further experiments, when HyO,
was evaluated as reducing agent, to avoid a too concentrated leachate which is not
suitable for the following solvent extraction process [68].

4.3.2 Effect of current collectors

With the selected solid-to-liquid ratio which was 1:20, aluminium foil and copper
powder, which represent the current collectors, were added with an amount of 10%
of the cathode’s weight. The addition of Al and Cu foils is necessary since they can
probably be presented in the black mass and also affect the leaching process. The
leaching time in the following experiments was set to 45 minutes.

4.3.2.1 Leaching of LCO

Leaching of LCO with an addition of Cu and Al foils was studied in this section.
The leaching efficiency when leaching with current collectors present was compared
to the one without current collectors. Lithium and cobalt leaching efficiencies are
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of an interest in the leaching of LCO and the results can be found in Figures 4.15a
and 4.15b, respectively.
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Figure 4.15: Leaching of LCO: Influence of current collectors (reaction conditions:
2 M HySOy4, T=50°C, no HyO, solid-to-liquid ratio of 1:20 (10 mL solution)).

According to Figure 4.15a, the blue line represents the kinetic curve of the
leaching without current collectors and the orange line represents the kinetic curve
of the leaching with current collectors. The maximum leaching performance of
lithium was 73.8% after 45 minutes and a higher efficiency might be achieved since
equilibrium was not reached. However, lithium is always the easiest element to be
leached out whatever treatment condition due to the position of lithium; lithium
loosely lies between molecular octahedral formed by cobalt and oxygen atoms in the
LCO layer structure [69].

The leaching efficiency of cobalt is shown in Figure 4.15b. The maximum cobalt
leaching efficiency was 49.9%. Cobalt leaching efficiency was much better when
adding the current collectors.Cobalt leaching was more affected by the presence of
Al and Cu foils than lithium leaching. The electrochemical potential is involved
and affects the leaching reaction. Al and Cu have lower electrochemical potentials
compared to cobalt. The standard electrode potentials are -1.662 V for Al, 0.34 V
for Cu, and 1.82 V for Co. Due to their low values of electrochemical potential, Al
and Cu could act as reducing agents in the leaching system. The leaching process is
driven by galvanic interactions between current collectors (Al and Cu) and transition
metal oxides that leads to a better dissolution of cobalt in the presence of current
collectors. It reduces the oxidation state of Co and promote formation of CoSOy.

4.3.2.2 Leaching of NMC111

The kinetic leaching curves of Li, Co, Ni, and Mn are illustrated in Figures 4.16a,
4.16b, 4.16¢, and 4.16d, respectively.
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Figure 4.16: Leaching of NMC111: Influence of current collectors (reaction condi-
tions: 2 M HySO,4, T=50°C, no HyO, solid-to-liquid ratio of 1:20 (10 mL solution)).

As illustrated in Figure 4.16a, the leaching without Cu and Al foils could reach
the maximum Li leaching efficiency faster than the leaching with Cu and Al foils.
However, the leaching efficiency was almost the same, about 83-84%, at the end of
leaching.

In the case of cobalt in Figure 4.16b, without an addition of Cu and Al foils, a
slightly higher efficiency could be observed at the beginning and reached a constant
value after 10 minutes. On the other hand, with an addition of current collectors,
the efficiency was gradually increased and yielded better result. Roughly, the im-
provement was 35% when adding current collectors. This was due to the effect of
changing to the preferred state of cobalt (Co*").

The same trend was also observed for Ni leaching as shown in Figure 4.16c¢.
With the addition of current collectors, the maximum Ni leaching efficiency was
52.3% while the corresponding value without current collectors was 37.7%, i.e. an
improvement with 39%.

Regarding Figure 4.16d, the trends of the Mn leaching kinetic curve looked the
same as those of Co and Ni. With the addition of current collectors, the maximum
Mn leaching efficiency was 44.0% whereas without current collectors it was 26.1%
(an improvement of 69%). Therefore, the leaching of Mn was strongly affected by
the presence of current collectors.

From all results, the addition of current collectors to the leaching of NMC111
could definitely promote the leaching efficiency except for lithium leaching. How-
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ever, addition of current collectors affected mostly the cobalt, nickel, and manganese
dissolution. The improvement was 35%, 39% ,and 69% for Co, Ni, and Mn, respec-
tively. The Li was hardly affected by the reduction process unlike the Co, Ni, and
Mn. For Li leaching, the influence from solid-to-liquid ratio, which was mentioned
previously, was more important. The effect of current collectors on the lithium
leaching is negligible since there is no change in oxidation state. However, a better
dissolution of Co can promote the dissolution of Li. The leaching of nickel was also
improved by about 39% because of liberation of other metals from the NMC111
structure. When the current collectors and cathode material are present together
in the leaching solution, the metals from current collectors can function as reducing
agents and promote the reduction of the metals as shown in the following equations.

Mn** + 2 — Mn** (4.1)

Co*" +e — Co** (4.2)

The valence state 2+ is the stable state for Mn and Co in an aqueous solution.
Their divalent forms are dissolved readily in HoSO,4. Therefore, it is necessary to
have reducing agents in the system to reduce the transition metal element from high
valence states to low valence states to reach high leaching efficiencies.

4.3.2.3 Leaching of NMC622

Figures 4.17a, 4.17b, 4.17¢, and 4.17d present the kinetic curves of NMC622 leaching
for all leached metals, including Li, Co, Ni, and Mn, with an influence of an addition
of current collectors.
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Figure 4.17: Leaching of NMC622: Influence of current collectors (reaction condi-
tions: 2 M HySO,4, T=50°C, no HyO, solid-to-liquid ratio of 1:20 (10 mL solution)).

Figure 4.17a shows the lithium leaching efficiency curves of NMC622 for both
with and without an addition of current collectors. It can be seen that both curves
have the same trend. Therefore, there was no clear improvement after an addition
of Cu and Al foils on Li leaching efficiency.

According to Figure 4.17b, the same trend was observed for the cobalt leaching
efficiency. When the current collectors were added, the cobalt leaching performance
was slightly better compared to the leaching without current collectors but the differ-
ence was not large. The improvement was 11% when introducing current collectors.

In case of Ni, Figure 4.17c, it was clear that when introducing Cu and Al, the
nickel leaching performance was better in every sampling. The maximum efficien-
cies were 48.4% and 39.5% with and without current collectors, respectively. The
improvement was 22.6% when the current collectors were present.

As can be seen in Figures 4.17a-4.17d, the improvement when adding of Cu
and Al was most pronounced for Mn compared to the other metals when leaching
NMC622. The maximum Mn leaching efficiency increased with as much as 38%.

To sum up, the addition of Cu and Al foils led to higher leaching efficiency for
Co, Ni, and Mn in NMC622. As mentioned above, due to the low electrochemical
potentials, Cu and Al could function as reducing agents and by that promote metal
dissolution as discussed above.
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15 4.3.2.4 Leaching of NMC811

1ss  Figures 4.18a, 4.18b, 4.18¢, and 4.18d present the leaching performance of NMC811
1ss for all leached metals with and without the presence of current collectors.
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Figure 4.18: Leaching of NMC811: Influence of current collectors (reaction condi-
tions: 2 M HySO,4, T=50°C, no HyO, solid-to-liquid ratio of 1:20 (10 mL solution)).

As illustrated in Figure 4.18a, without an addition of Cu and Al, the maximum
leaching was obtained after 30 minutes leaching and that the difference in leaching
efficiency with or without current collectors was minor. The maximum lithium effi-
ciencies for both conditions were 97.8% and 98.8% for without and with an addition
of current collectors.

Figure 4.18b refers to cobalt leached performance of NMC811 leaching. It was
shown that the leaching with the addition of current collectors improved the leaching
efficiency after 30 minutes of leaching. As high as 55.4% of cobalt leaching efficiency
could be achieved when Cu and Al were added into the solution while 49.4% was
obtained when there was no Cu and Al present, i.e. an improvement of 12%.

Conforming to Figure 4.18c, nickel leaching efficiency was plotted against time.
With an addition of Cu and Al foils, the efficiency was higher after 10 minutes. The
improvement was 24% for nickel when introducing current collectors.

The largest improvement was clearly observed on manganese leaching that is
presented in Figure 4.18d. As can be seen, an addition of Cu and Al foils made the
leaching efficiency not to drop down like it was observed when the current collectors
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were not added. The highest manganese leaching efficiencies were 22% and 32.1%
for without and with an addition, consequently, i.e. an improvement of 46%. The
concentration of Al and Cu in the final solution and the corresponding percent

recovery are shown in Table 4.2 (where their initial concentrations were 500 ppm
(10w/w% of each).

Table 4.2: Copper and aluminum concentration in leachate and percent recovery
after 45 minutes leaching.

Cathode Cu conc. Cu leaching Al conc. Al leaching
material (ppm) efficiency (ppm) efficiency
LCO 1.42 28.4% 0.71 14.3%
NMC111 0.09 1.9% 2.68 53.6%
NMC622 0.41 8.2% 0.52 10.4%
NMC811 0.63 12.6% 0.46 9.2%

As can be seen in Table 4.2, the final concentrations were rather low and the
leaching efficiency was lower than for the other four desired valuable metals except
for Al leaching in NMC111 (53.6%). It is clear that Cu and Al is not dissolved and
stay undissolved in the leachate. Generally, in a real application, Al and Cu can be
present in the leachate and then either solvent extraction or selective precipitation
will be applied further to recover those metals.

To sum up, the addition of Cu and Al improved the leaching efficiency for both
Li and Co (LCO), Co + Ni + Mn (NMC111), Co 4+ Ni + Mn (NMC622), and Co
+ Ni + Mn (NMCS811). Due to their low electrochemical potential of Cu and Al,
they are able to lose electrons to cathode material that can promote them to be in
the preferred state which can be easily leached out. The efficiency was high for Li
but below 60% for Co, Ni, and Mn for all cathode materials. It is concluded that 2
M of sulfuric acid was able and sufficient to leach the desired metals. With as assist
of a reducing agent, hydrogen peroxide, the leaching performance is expected to be
better and higher leaching efficiency could be obtained.

4.4 Determination of optimal amount and addi-
tion strategy for hydrogen peroxide

4.4.1 Pre-determination of the optimal hydrogen peroxide
volume percentage (%v/v) for different cathode ma-
terials

The theoretical amount of HyOs needed for the leaching of each cathode material
with a solid-to-liquid ratio of 1:20 g/mlL was calculated (See Appendix A.2 for
detailed calculations) and summarized in Table 4.3.
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Table 4.3: The theoretical volume and concentration of HoOo (59 wt%) needed.

Cath- Theoretical volume  Theoretical Amount HyO5 needed per
ode percentage of HyO,  amount of HoOs  cathode material weight
mate- needed (%v/v) needed (g/L) (8H,04 / Eeathode material )

rial

LCO 1.19 8.71 0.174

NMC111 0.40 2.93 0.059

NMC622 0.24 1.76 0.035

NMC811 0.12 0.87 0.017

Since the HoOy consumption is expected to be higher than the stoichiometric
amount because of the decomposition, the suitable volume of HyO, for each cathode
material was determined experimentally. In this pre-determining step, the leaching
was done in small scale (10 mL of solution) and the HyO4 was added slowly (around
50 — 100 pL at a time) until all cathode materials were totally dissolved. The actual
amounts of HyOy used in the leaching of the different cathode materials are shown
in Table 4.4.

Table 4.4: The volume percentage of HyOs needed to fully dissolve the cathode
materials and addition time of HyOq (59% of HyOy was used).

Cathode material Volume percentage of  HyOq H>0, adding time
H504 used (%v/v) amount

(g/L)

LCO 7 51.3 0, 3, 6, 15, 22, 27,
35-minute
NMC111 3 22.0 0, 3, 6-minute
NMC622 4 29.3 0, 3, 6, 15-minute
NMC811 3 22.0 0, 3, 6-minute
LCO+10%w/w 8 58.6 0, 3, 6, 15, 22, 27,
Cu, Al foils 35, 45-minute
NMC1114+10%w /w 3 22.0 0, 3, 6-minute
Cu, Al foils
NMC622+10%w /w 6 42.9 0, 3, 6, 15, 20,
Cu, Al foils 27-minute
NMC811+10%w /w 3.5 25.6 0, 3, 6, 20-minute
Cu, Al foils

The clear solutions with no precipitate were observed after leaching which can
be seen from Figure 4.19 when there was no addition of copper and aluminum and
Figure 4.20 when copper and aluminum were present.
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LCO NMC111 NMCB22 NMC811

Figure 4.19: Leaching solution of all materials with no addition of current collec-
tors (reaction conditions: 2 M HySOy4, T=50°C, with HyOg, solid-to-liquid ratio of
1:20 (10 mL solution)).

LCO+Cu.Al NMC111+Cu,Al NMC622+Cu.Al NMC811+Cu.Al

;| .

NMCB2L NMCSi

Figure 4.20: Leaching solution of all materials with an addition of current collec-
tors (reaction conditions: 2 M HySOy4, T=50°C, with HyOs, solid-to-liquid ratio of
1:20 (10 mL solution)).

The residual amount of HyOy was also measured by iodometric titration. Table

1212 4.5 summarizes the amount of hydrogen peroxide left after the leaching of different
1213 cathode materials with and without addition of copper and aluminum foils.

43



1214

1215

1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

1233

1234

1235

1236

4. Results

Table 4.5: The residual amount of HyO4 after leaching for 60 minutes with and
without current collectors.

Cathode material Initial amount of HoO,  Residual amount of HyO,
(s/L) (g/L)
LCO 51.3 45.1
NMC111 22.0 15.6
NMC622 29.3 19.6
NMCS811 22.0 14.2
LCO+10%w/w Cu, Al 58.6 3.4
foils
NMC1114+10%w /w Cu, 22.0 0.6
Al foils
NMC622+10%w/w Cu, 43.9 1.6
Al foils
NMC8114+10%w /w Cu, 25.6 2.9
Al foils

From the results, the remaining amount of H,O, when no copper and alu-
minum were added were still high after leaching (65-88% of the charged amount).
The residual hydrogen peroxide was lower in the case when Cu and Al were added
even if more hydrogen peroxide was added in most cases. The addition of copper
and aluminum foils are likely to consume more hydrogen peroxide. The catalytic
decomposition of HyOy was promoted by copper [70].

4.4.2 Determination of the optimal addition strategy for hy-
drogen peroxide

All experiments were scaled up to 40 mL instead of 10 mL as in the pre-determining
step to prevent the errors from sampling. The addition strategy for HyO, was
studied by adding all of the HyO, at the beginning or by adding HyO, on multiple
occasions without altering the total amount of HyO, charged. This was done to
assess the leaching efficiency and amount of residual HoOy after leaching. The
volume percentage HoOs and addition time were the same as in the previous part
(see Table 4.4). For multiple addition, 400 pL of HoOy was added each time until
meeting the desired pre-determined amount. The sampling time was 1, 2, 3, 15, 30,
and 60 minutes.

4.4.2.1 Determination of hydrogen peroxide consumption

According to Figures 4.21, 4.22, 4.23, and 4.24, the determination of remaining
amount of HyOy was done at 1-, 2-, 3-, 15-, 30- and 60-minute. In the case of
adding all of the HyO5 once at the beginning, a rapid consumption occurred in the
first 3 minutes of leaching where after the concentration decreased slowly until to a
leaching time of 15 minutes.
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Figure 4.21: Leaching of LCO: Influence of HyO, addition strategy on residual
H505 concentration (reaction conditions: 2 M HySOy, T=50°C, 7%v/v HyOq, solid-
to-liquid ratio of 1:20 (40 mL solution)).

1237 As shown in Figure 4.21, the initial concentration of HyOs was 51.3 g/L when
123 all HoO9 was added at once. During the first three minutes, the HoO5 concentration
1230 decreased rapidly to about 46 g/L (a decrease with about 11%) where after the HyOq
1240 consumption leveled off and was 34 g/L after a leaching time of 60 minutes. On
1241 the other hand, when H,O5 was added at several occasions, a different consumption
122 patterns was observed. Some variation in the amount of residual HoO5 occurred in
123 the initial leaching phase, but after 30 minutes the residual H,O, was approaching
1244 the same value for both addition strategies.
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Figure 4.22: Leaching of NMC111: Influence of addition strategy on residual
H,0; concentration (reaction conditions: 2 M HySO,, T=50°C, 3%v/v Hy0, solid-
to-liquid ratio of 1:20 (40 mL solution)).

1245 For NMC111 leaching with 3%v/v of hydrogen peroxide, the graph plotted
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between the residual HyO5 and leaching time is shown as Figure 4.22. It can be seen
that the leaching process occurred very rapidly in the beginning when all HyOy was
added at once. The first minute of leaching process, the concentration was reduced
from 22 g/L to 17 g/L. The final residual HyO concentration was almost similar
for both addition strategies (about 12 g/L).
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Figure 4.23: Leaching of NMC622: Influence of addition strategy on residual
H505 concentration (reaction conditions: 2 M HySO4, T=50°C, 4%v /v H50,, solid-
to-liquid ratio of 1:20 (40 mL solution)).

According to Figure 4.23, when HyO5 was added once at the beginning, the
H>0, was consumed very fast within 3 minutes. The concentration reduced from 29.3
to 23.4 g/L then gradually reduced and remained around 15 g/L for the rest of the
leaching process. For the multiple addition, the concentration increased continuously
and ended up with a value that was the same as when all HyOy was added at
the beginning. The difference between the two addition strategies was within the
experimental error.
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Figure 4.24: Leaching of NMC811: Influence of addition strategy on residual
H50, concentration (reaction conditions: 2 M HySO,, T=50°C, 3%v/v HyOq, solid-
to-liquid ratio of 1:20 (40 mL solution)).

The residual amount of hydrogen peroxide during the leaching of NMCS811 is
shown in Figure 4.24. The initial concentration was 22.0 g/L and the final about 10.6
g/L, i.e. a consumption of 52%. During the first minute, the HyO5 concentration
was reduced to 18.8 g/L. when it was added once at the beginning. The remaining
concentrations in solution were about 10 g/L for both addition strategies.

The kinetic consumption curve of HyO, illustrated almost identical trend for all
cathode materials regardless of addition strategy. After the initial reaction phase,
the amount of residual HyO, was stable for the remaining and maintained the same
value for the whole leaching process. The leaching efficiency was also considered in
order to select the best addition strategy of HoO, when leaching LCO and NMC
cathode materials (see below).

4.4.2.2 Determination of leaching efficiency

The following figures represent the kinetic leaching efficiency of different cathode
materials along with the effect of addition strategy for hydrogen peroxide as men-
tioned in the previous section.

4.4.2.2.1 Leaching of LCO The kinetic leaching curve of LCO is illustrated in
Figure 4.25 where the thick lines represent addition of HoO5 once at the beginning,
thin lines represent multiple H,O5 additions, blue lines represent the kinetic curve
for cobalt leaching whereas yellow lines represent the lithium leaching efficiency.
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Figure 4.25: Leaching of LCO: Influence of HyO, addition strategy on leaching
efficiency (reaction conditions: 2 M HySOy, T=50°C, 7%v/v H50,, solid-to-liquid
ratio of 1:20 (40 mL solution)). Thick lines represent the case when all HyO, was

added at the beginning and thin lines represent the case when HyO, was added at
multiple steps.

Identical trends could be observed for both addition strategies, i.e. that in the
first 15-30 minutes the efficiency increased dramatically and reached constant values.
The leaching was faster when all HyOy was present from the beginning. However,

at the end of the leaching process, 100% leaching efficiency could be obtained for all
cases.

4.4.2.2.2 Leaching of NMC111 The leaching performance of NMC111 is illus-
trated in Figure 4.26. Cobalt leaching efficiency is represented as blue lines, lithium
leaching efficiency is represented as yellow lines, manganese is represented as gray
lines, and nickel is represented as orange lines.
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Figure 4.26: Leaching of NMC111: Influence of HyO, addition strategy on leaching
efficiency (reaction conditions: 2 M HySOy, T=50°C, 3%v/v Hy0,, solid-to-liquid
ratio of 1:20 (40 mL solution)). Thick lines represent the case when all HyO, was
added at the beginning and thin lines represent the case when HyO, was added at

multiple steps.

According to Figure 4.26, in the case of initial addition of HyO,, the leach-
ing efficiency raised sharply and almost touched the highest value after the first
three minutes of leaching. A 100% leaching efficiency was achieved after 15 minutes

leaching for both cases.

1200 4.4.2.2.3 Leaching of NMC622 Figure 4.27 represent leaching efficiency of

1291

NMC622 as a function of leaching time.
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Figure 4.27: Leaching of NMC622: Influence of HyO5 addition strategy on leaching
efficiency (reaction conditions: 2 M HySO, T=50°C, 4%v /v Hy0,, solid-to-liquid
ratio of 1:20 (40 mL solution)). Thick lines represent the case when all HyO, was
added at the beginning and thin lines represent the case when HyO, was added at
multiple steps.

The performance of cobalt, nickel, and manganese leaching was almost identical
in each case except for lithium leaching. However, 100% leaching efficiency was
reached after 30 minutes regardless of HoO, addition strategy.

4.4.2.2.4 Leaching of NMC811 The NMCS811 leaching performance is shown
in Figure 4.28.
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Figure 4.28: Leaching of NMC811: Influence of HyO5 addition strategy on leaching
efficiency (reaction conditions: 2 M HySO,4, T=50°C, 3%v/v HyO, solid-to-liquid
ratio of 1:20 (40 mL solution)). Thick lines represent the case when all HyO, was

added at the beginning and thin lines represent the case when HyO, was added at
multiple steps.
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Regarding Figure 4.28, some minor differences could be seen in the kinetic
leaching curve which were the fluctuation in the leaching efficiency in the case of
multiple addition of HyOs.

The leaching efficiency of all materials when HyO, was added in the beginning
reached the maximum leaching efficiency faster than for multiple addition of HyOs.
All leached metal elements in all cathode materials reached 100% leaching efficiency
except manganese in NMC811 that reached a leaching efficiency of about 87%.
Therefore, in term of leaching efficiency, it was clear that addition of all HyO4 at
the beginning gave a better result and this strategy was therefore selected.

4.5 Determination of leaching efficiency and hy-
drogen peroxide consumption in the presence
of copper and aluminium foils

In this part of the study, when the four cathode materials were leached in the
presence of HyO,, Cu, and Al, the conditions applied were based on the results from
the previous studies. The operating conditions were 2 M HySOy, solid-to-liquid ratio
of 1:20, 50°C, and addition of all HyO5 from the beginning. A higher concentration
of hydrogen peroxide is needed when introducing Cu and Al according to Chapter
4.4.1, the amount of hydrogen peroxide that was used when there was no Cu and
Al added is not enough to dissolve all of the cathode materials in the leaching when
Cu and Al exist. The volume percent (and g/L) of HyO5 needed is shown in Table
4.6. In this section, the experiments were scaled up to the scale of 40 mL liquid.
10%w/w of each Cu powder and Al foils were added, representing current collectors,
in order to make the system more close to real industrial conditions.

Table 4.6: The amount of HyO, used in the leaching trials (in %v/v and g/L).

Cathode material Volume of HoOq (%v/v) H20O4 initial amount (g/L)

LCO 8.0 28.6
NMC111 3.0 22.0
NMC622 6.0 43.9
NMC811 3.5 25.6

4.5.1 Determination of hydrogen peroxide consumption

The graphs below are plotted between the residual amount of hydrogen peroxide
and the leaching time for different materials comparing the HoOy concentration in
the leaching solution with and without copper and aluminum foils present. It is
important to note that the initial concentration of HyOy was not the same with
and without Al and Cu in some cases, namely the leaching of LCO, NMC622, and
NMCS811. The point is to compare how the different cases consume HyO,.
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Figure 4.29: Leaching of LCO: Influence of the addition of current collectors on
residual HyO4 concentration (reaction conditions: 2 M HySO,4, T=50°C, 7%v/v (no
current collectors added) and 8%v /v (current collectors added) HoOs, solid-to-liquid
ratio of 1:20 (40 mL solution)).

As illustrated in Figure 4.29, the amount of residual HoO5 concentration in the
sample when Al and Cu were added was lower throughout the leaching process.
The residual HyOy concentration after a leaching time of 60 minutes was 35.2 g/L
and 8.0 g/L when leaching without and with Cu and Al present, respectively. About
86% of initially charged HyO5 concentration was consumed in the case of addition

Al and Cu.
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Figure 4.30: Leaching of NMC111: Influence of the addition of current collectors
on residual HyOy concentration (reaction conditions: 2 M HySO4, T=50°C, 3%v/v
Hy05 (both with and without current collectors), solid-to-liquid ratio of 1:20 (40
mL solution)).

In the case of NMC111 leaching, the residual HyO5 concentration was plotted against
leaching time as shown in Figure 4.30. When the current collectors were present in
the leaching solution, almost all of the added HyO5 was consumed after 15 minutes
of leaching to a final concentration of about 0.4 g/L. The HyOy consumption was
lower for NMC111 than for LCO, i.e. 51 g/L was consumed for LCO and 22 g/L
was consumed for NMC111 (in the presence of current collectors). Without Cu and
Al present, HyO, was consumed during the first 15 minutes of leaching to a final
concentration of about 11 g/L. The HyO5 consumption in the presence of Cu and
Al was much higher than without.
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Figure 4.31: Leaching of NMC622: Influence of the addition of current collectors
on residual HyOy concentration (reaction conditions: 2 M HySO4, T=50°C, 4%v /v
(no current collectors added) and 6%v/v (current collectors added) HyOs, solid-to-
liquid ratio of 1:20 (40 mL solution)).

According to Figure 4.31, with the presence of Al and Cu, the amount of HyOq
dropped drastically within the first three minutes of leaching to 20.7 g/L and still
decreased readily after that. The amount of HyOs present after 60 minutes was
about 4 g/L and 17 g/L with and without current collectors present, respectively.
About 90% and 42% of initial HyOy amount were consumed in the case with and
without current collectors present, respectively.
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4.5.1.4 Leaching of NMCS811
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Figure 4.32: Leaching of NMC811: Influence of the addition of current collectors
on residual HyOy concentration (reaction conditions: 2 M HySO4, T=50°C, 3%v/v
(no current collectors added) and 3.5%v/v (current collectors added) HaO,, solid-
to-liquid ratio of 1:20 (40 mL solution)).

On the other hand, in NMC811, the HyO5 concentration dropped from 22 g/L to
about 13 g/L within the first three minutes and then slightly decreased until reached
the final concentration which is 5.5 g/L when Al and Cu was present. The differences
between the two cases were not extensive since about the same amount of H,O5 was
added, somewhat higher HyO5 consumption if Cu and Al was present and that there
still was HoO4 left after 60 minutes leaching (5.6-10.6 g/L).

Most of all, it was concluded that the addition of Al and Cu result in lower
residual HyO, concentration in the final solution. More HyO5 is consumed due to
H505 decomposition induced by the current collectors (especially Cu). The residual
H505 was less than 10 g/L in all leaching solutions with the presence of current
collectors and was almost approaching zero in the NMC111 leaching solution.

4.5.2 Determination of leaching efficiency

The leaching efficiency was also of interest and examined in order to determine the
performance when leaching in the presence of HyOy and current collectors.

4.5.2.1 Leaching of LCO

The LCO leaching efficiency is illustrated in the figure below.
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Figure 4.33: Leaching of LCO: Influence of the addition of current collectors on
leaching efficiency (reaction conditions: 2 M HySO,, T=50°C, 8%v/v Hy0,, solid-
to-liquid ratio of 1:20 (40 mL solution)).

In Figure 4.33, the LCO leaching performance was improved during the first 15
minutes when Cu and Al was present (cf. Figure 4.25) and a leaching efficiency of
100% was reached for both Co and Li within 30 minutes.

4.5.3 Leaching of NMC111
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Figure 4.34: Leaching of NMC111: Influence of the addition of current collectors
on leaching efficiency (reaction conditions: 2 M HySO,, T=50°C, 3%v/v Hy0,,
solid-to-liquid ratio of 1:20 (40 mL solution)).

The leaching efficiency of Co, Ni, and Li in NMC111 raised steeply until reached the
maximum performances as shown in Figure 4.34. On the contrary, the maximum
leaching efficiency of Mn was only 32.9% which was significantly different from the
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1375 leaching without Cu and Al present as mentioned in the previous section, where a
1376 leaching efficiency of 100% was obtained.(cf. Figure 4.26)

w7 4.5.4 Leaching of NMC622
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Figure 4.35: Leaching of NMC622: Influence of the addition of current collectors

on leaching efficiency (reaction conditions: 2 M HySO4, T=50°C, 6%v/v Hs0,,
solid-to-liquid ratio of 1:20 (40 mL solution)).

Figure 4.35 shows the leaching efficiency for NMC622, the leaching process was
finished within 15 minutes. With the presence of both HyO5 and current collectors,
there was no significant different in the leaching yield, but the total dissolution
occurred faster with current collectors present (cf. Figure 4.27).

4.5.5 Leaching of NMC811

Figure 4.36 refers to a plot of metals’ leaching efficiency of the leaching of NMCS811.
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Figure 4.36: Leaching of NMC811: Influence of the addition of current collectors
on leaching efficiency (reaction conditions: 2 M HySOy4, T=50°C, 3.5%v/v H50,,
solid-to-liquid ratio of 1:20 (40 mL solution)).

As a result, a leaching efficiency of 100% was reached within three minutes
of leaching for Li, Co, and Ni whereas the maximum leaching efficiency reached
for Mn was about 70% (after 60 minutes). The leaching efficiency of manganese
in NMC811 varies among different conditions. The manganese leaching efficiencies
were: 22% (without HyoO,, Cu, Al), 32% (with Cu, Al), 87% (with HyO4, multiple),
100% (with HoO,, all at once), and 70% (with HyOs, all at once, Cu, Al) as shown
in Figures 4.18d, 4.28, and 4.36. The presence of Cu can increase the rate of HyO,
decomposition. Therefore, a higher amount of HyO4 could have been needed in order
to reach a leaching efficiency of 100% for all metals, especially for NMC111 and
NMCS811 where lower amounts of HyOy was used compared to LCO and NMC622
as seen in Table 4.6.

4.6 Testing the optimal conditions on the real
NMC cathode waste material

The black mass was provided by Volvo Cars, spent LiB cells from Volvo C30 Electric
were mechanically treated and fractionated at Akkuser in Finland. The composition
of black mass was analyzed and the results are shown in Table 4.7.
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Table 4.7: Black mass composition

Element %Weight

Li 3.43 £ 0.06
Co 10.51 £ 0.28
Ni 8.23 £0.15
Mn 7.49 £ 0.12
Cu 7.83 =+ 0.06
Al 3.43 £ 0.00

The chemical composition of the spent Li-ion black mass was required to select
the most suitable amount of HyO,. The black mass has the empirical formula
as Lij 0s7Nig.308Mng 300C00.392002 where the fraction of Ni, Mn, and Co is close to
the NMC111 chemistry. Therefore, the optimal conditions previously obtained for
NMC111 was used in the leaching experiments (in the presence of current collectors).
The leaching efficiency and residual amount of HyO4 are illustrated in the following
figures.
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Figure 4.37: Leaching of black mass: Leaching efficiency (reaction conditions: 2
M H,SOy4, T=50°C, 3%v/v Hy0a, solid-to-liquid ratio of 1:20 (40 mL solution)).

According to the Figure 4.37, the leaching efficiency of Co, Ni, and Mn almost
reached 100% after 60 minutes, whereas the Li leaching efficiency was around 85%.
Some deviation from pure NMC111 can be observed as Li was not fully leached,
Mn was almost totally leached and the leaching reaction was not as fast as observed
for pure NMC111 (cf. Figure 4.34). However, all of the valuable elements can be
leached effectively, especially manganese which a leaching efficiency increased from
33% in pure NMC111 (with HyOs, Cu, Al) to 97% in real spent NMC111.
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Figure 4.38: Leaching of black mass: Residual HyOy concentration (reaction con-
ditions: 2 M HsSOy, 3%v/v HsOs, solid-to-liquid ratio of 1:20 (40 mL solution)).

1414 The residual HyOs is shown in Figure 4.38. The kinetic curve decreased gradu-
115 ally and a very low concentration of HyOy remained in the final solution (2.0 g/L).
116 Since the amount of HyOy was very low at the end of leaching process, an addi-
1417 tional step to remove the residual HoO5 might not be necessary. To summarize, the
118 charged HyO, was used efficiently and the charge was appropriate for the further
1419 solvent extraction step.
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Conclusion

In conclusion, the leaching performance without the addition of HyOs and current
collectors increased slightly when increasing the temperature in the interval 50°C
to 60°C for the cathode materials LCO, NMC111, and NMC622, whereas the op-
posite was true for NMC811. Since the results were not significantly different, the
lower temperature was judged to be preferable. Moreover, the leaching performance
increased when the solid-to-liquid ratio was decreased because more free acid was
available; a sulfuric acid concentration of 2 M was judged to be sufficient. A tem-
perature of 50°C and solid-to-liquid ratio of 1:20 (40 mL of leaching solution) were
chosen as the best suitable condition for the following experiments. In addition,
the presence of Cu and Al current collectors had a positive effect on the leaching
efficiency due to low electrochemical potentials, i.e. Cu and Al could act as reducing
agents and enhance the leaching process. Co, Ni, and Mn were clearly affected by
having Cu and Al present in the leaching solution. Moreover, all metal leaching was
promoted by the effect of mixing especially Li.

The effect of addition of hydrogen peroxide (as reducing agent) on the leaching
efficiency was investigated for the four cathode materials. The optimal HyO5 concen-
tration in the leaching solution was a function of cathode material and the presence of
Cu and Al current collectors. In larger scale, all metals in pure NMC111, NMC622,
and NMCS811 can be completely leached within 15 minutes if HyO, is present but
for LCO, 60 minutes of leaching was required. It was evident that the leaching
efficiency for Co, Ni, and Mn was strongly improved when HyO5 was present during
leaching whereas the Li leaching efficiency was not promoted to any great extent.
This is because the lithium’s valence state was not changed by HyO,. The addition
strategy of HyOy was also studied by adding all of the HyO5 at the beginning of
leaching or adding H,O5 at multiple occasions during the leaching process without
altering the total amount of HyOy charged. The addition strategy did not affect
the amount of HyOy that was consumed or the leaching efficiency; the maximum
leaching efficiency was, however, reached faster when all of the HyOy was charged
at the beginning. Therefore, initial addition of HyO, is recommended.

The proposed optimum NMC111 conditions (50°C, solid-to-liquid ratio of 1:20,
3%v /v HyOq) was used when leaching black mass from spent Volvo C30 Electric
Li-ion batteries having a composition of Lij 0g7Nig 308Mng.300C00.392002. As a result,
hydrogen peroxide was almost completely consumed and 100% of Co, Ni, and Mn
efficiencies could be reached, whereas the maximum leaching efficiency for Li was
about 85%.

The results from this master thesis could be a valuable contribution to the
area of spent Li-ion battery recycling especially on the sulfuric acid leaching process
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5. Conclusion

1ase  assisted by hydrogen peroxide. By employing the proposed optimum conditions
1o (50°C, solid-to-liquid ratio of 1:20, efficient mixing, optimal charge of HyO5 as a
1e1  function of cathode material), a high metal recovery rate could be achieved.
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Appendix 1

A.1 Calculation to find limiting reagent of the re-
action at the condition of solid-to-liquid ratio
of 1:10 g/ml

A purpose of these calculations is to examine whether the reaction is limited by the
leaching solution, sulfuric acid used, or not when there is an absence of a reducing
agent, HyOy. An example of calculation is shown below.

Example of calculation
Leaching of LCO, 1 g of solid and 10 ml of 2 M HySOy (solid-to-liquid ratio of 1:10)
Molecular weight of H,SO, = 98.079 g/mol
Molecular weight of LCO = 97.87 g/mol

2mol  98.079g
L mol

According to the leaching equation without HyO,

Added amount of H,SO4 = 10- 1073 L -

= 1.962g (A1)

(A.2)
1 mol of LCO reacts with 1.5 mol of H,SO,

Theoretical amount of LCO needed = 97.87 g

Theoretical amount of HySO4 needed = 1.5 - 98.079g/mol = 147.112 g

The ratios between the added amount and theoretical amount needed for cath-
ode material and H,SOy4, which are referred to the number of times that each sub-
stance can actually react with the other, are calculated below.

Added t 1
L C Ao = 9 102107 (A.3)
Theoretical amount needed / , .,  97.87g
Added t 1.962
. = P29 933.1077 (A4)
Theoretical amount needed Hy50, 147.112¢g

It means that LCO can react with HySO,4 1.02 -10~2 and will be used up before
a running out of HySOy since its ratio is smaller. Therefore, LCO is limiting reagent
and H,SOy is excess reactant.
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A.1.1 LCO

M (g/mol)
Added amount (g)

n (mol)

¢ (mol/L)

V (ml)

Stoichiometric coef.
Theo. amount (g)
Added/Theo. amount

4LZOOOQ +6HQSO4
97.87 98.079
1 1.96158
0.02
2
10
1 1.5
97.87 147.12
1.02 x 1072 1.33 x 1072

— 400504(aq)+2L22504(aq)

LCO is limiting reagent and HySO, is excess reactant.

A.1.2 NMC111

M (g/mol)
Added amount (g)

n (mol)

¢ (mol/L)

V (ml)
Stoichiometric coef.
Theo. amount (g)
Added/Theo. amount

12LiNig.33M 1 33C 003302

95.89
1

12
1150.65
8.7x107*

+18H2504 - 4NZSO4 + 400804(&(])
+4MnSoy + 6Li2SO4(aq)
+18H,0(1) + 3045(g)

98.079
1.96158
0.02
2
10
18
1765.42
1.11 x 1073

Therefore, NMC111 is limiting reagent and H,SO, is excess reactant.

A.1.3 NMC622

M (g/mol)
Added amount (g)

n (mol)

¢ (mol/L

V (ml)

Stoichiometric coef.
Theo. amount (g)
Added/Theo. amount

IT

QOLZ'NZ'(),GM?’LO.QCOO,QOQ

96.9313
1

20
1938.6
5.16 x 1074

+30H,50, = 12NiSo4 + 400504(&(])
+4MnSoys + 10LisSO4(aq)
+30H,0(1) + 505(9)

98.079
1.96158
0.02
2
10
30
2942.4

6.67 x 1074
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NMC622 is limiting reagent and HySOy is excess reactant.

A.1.4 NMCS811

20LiNi0_8Mn0.1000.102 +3OHQSO4 — 16NZSO4 + 200504(CLQ)
+2MnSoys + 10Li2SO4(aq)

M (g/mol) 97.28 98.079
Added amount (g) 1 1.96158
n (mol) 0.02

¢ (mol/L) 2

V (ml) 10
Stoichiometric coef. 20 30
Theo. amount (g) 1945.6 29424
Added/Theo. amount 5.14 x 107* 6.67 x 1074

NMCS811 is limiting reagent and HySO, is excess reactant.

A.2 Calculation of theoretical hydrogen peroxide
needed at the condition of solid-to-liquid ra-
tio of 1:20 g/ml

Example of calculation

Leaching of LCO, 0.5 g of solid and 10 ml of 2 M HySO,4
Molecular weight of H,SO, = 98.079 g/mol

Molecular weight of LCO = 97.87 g/mol

Molecular weight of HyOo = 34.016 g/mol

Density of HyOy (59w/w%) = 1.241 g/cm?
Concentration of concentrated HoOq (59w/w%) is calculated below.

1.241¢g 59gH 04 lem?
cm?®  100gsolution 0.001L

= 732.19g/L
(A.5)

H,0, conc. = Density - %oweight =

Cathode material weight (g)

Number of mol thod terial) =
umber of mole (cathode material) Molecular weight of cathode material (g/mol)

(A.6)

mol
97.87¢

According to its leaching equation with HyO5 as shown below:

Number of mole (LCO) = 0.5¢ - =5.11-10"*mol (A.7)

ITT
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2LZCOOQ + 3HQSO4 -+ H202 — 200504 + LZQSO4 + 4HQO -+ 02 (AS)
Thus, 2 mol of LCO will react perfectly with 1 mol of HyOs.
11 -10"3mol
Number of HyOy mole — . 20 MO — 95510 %mol (A.9)
, 4.01
H,0, weight = 2.55 - 10" *mol - 5 73059 = 0.087g (A.10)
1000ml
Volume of HyO5 needed = 0.087¢ - 732.10g = 0.119ml (A.11)

0.119 ml of HyO5 (1.19v0l%) is needed to leach LCO with HySO, at the solid-
to-liquid ratio of 1:20 g/ml.

Based on the above HyO5 volume needed, the concentration in the unit of g/L
is calculated below.

Volume of HyO5 in 10 mL solution = 0.119 mL

Cconcentrated : ‘/concentrated 732199/L -0.119m L
H,O .= = =8.7g/L (A.12
22 O ‘/solution 10mL g/ ( )

Therefore, 8.7 g/L of HyO5 is needed theoretically to leach LCO with HySO4
at the solid-to-liquid ratio of 1:20 g/ml.

A.2.1 LCO

QLZCOOQ —|—3HQSO4 +H202
M (g/mol) 97.87 98.079 34.016
Weight (g) 0.5 1.96158 0.087
n (mol) 5.11 x 1073 0.02 2.55 x 1073
¢ (mol/L) 2
V (ml) 10 0.119
¢ (g/L) 8.71

1.19vol% (8.7 g/L) of HyO4 is needed to leach LCO with HySOy4 at the solid-to-liquid
ratio of 1:20 g/ml.

A.2.2 NMC111

6LZ'NZ'0_33M7’LO.33000_3302 +9HQSO4 +H202

M (g/mol) 95.8872 98.079 34.016
Weight (g) 0.5 1.96158 0.0295

n (mol) 5.21 x 102 0.02  8.68x 10~
¢ (mol/L) 2

V (ml) 10 0.04

¢ (g/L) 2.93

IV
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1726 0.40vol% (2.9 g/L) of HyOy is needed to leach NMC111 with HySO, at the solid-to-
1727 liquid ratio of 1:20 g/ml.

s AL2.3 NMC622

1OLiNZ‘0.6MnO'QCOO.202 +15HQSO4 +H202

M (g/mol) 96.9313 98.079 34.016
Weight (g) 0.5 1.96158 0.0176

n (mol) 5.16 x 1073 0.02 5.16 x 10~*
¢ (mol/L) 2

V (ml) 10 0.024

¢ (g/L) 1.76

1720 0.24vol% (1.76 g/L) of HyO4 is needed to leach NMC622 with HySO,4 at the solid-
1730 to-liquid ratio of 1:20 g/ml.

e A.2.4 NMC811

4OLZ.NZ-0.8MTLQ,1COO.102 +60HQSO4 +2H202

M (g/mol) 97.2828 98.079 34.016
Weight (g) 0.5 1.96158  8.74 x 1073
n (mol) 5.14 x 1073 0.02 2.57 x 10~*
¢ (mol/L) 2

V (ml) 10 0.012

¢ (g/L) 0.87

732 0.12vol% (0.87 g/L) of HyO4 is needed to leach NMC811 with HySO, at the solid-
1733 to-liquid ratio of 1:20 g/ml.
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