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Abstract

Li-ion batteries (LIBs) featuring Li transition metal oxide cathodes and carbonaceous anodes
have emerged as powerful energy storage devices. These LIBs have extensive applications in
areas such as zero-emission vehicles and renewable energy-powered grids, contributing to the
realization of a carbon-neutral society. The demand for component materials in LIBs is expected
to increase drastically in the next decade. For LIB cathodes, Li transition metal oxides with
abundant rare metals have been utilized to achieve high cathodic potential and adequate
lithiation specific capacity. Notably, ternary Li transition metal oxide cathode active materials,
comprising Li, Ni, Co, and Mn, are widely employed in automotive applications. However, the
supply chains for these rare metals can be significantly impacted by international affairs.
Consequently, there has been growing interest in recycling these metals to establish a
sustainable LIB production system. Meanwhile, graphite has been the primary choice for LIB
anodes since their commercialization in the 1990s due to its low and stable anodic potential.
Over time, a wealth of technical experience in using graphite for LIBs has been accumulated.
Nevertheless, next-generation LIBs require anode materials with higher lithiation specific
capacity, improved rate and cycling performances, and extended cycle life. To address these
technical requirements, the in-depth exploration into sustainable production methods for LIB
electrode active materials is now essential. Consequently, this dissertation focuses on the
charging and discharging performances of LIBs using eco-friendly active materials derived

from agricultural waste and rare metals recovered from spent LIBs.

Rare metals, such as Li, Ni, Co, and Mn, are significant components of LIB cathode active
materials. To address the uncertain future supply chains of these metals, it is crucial to establish
reliable and efficient recycling methods for waste LIBs. One practical recovery process for Ni,
Co, and Mn from spent LIBs involves pyrolyzing whole battery stacks without exposure to air,
ensuring higher safety and time-efficient preprocessing. In this process, the “black mass,” a

pyrolysis residue of LIB stacks, is purified and converted into hydroxides of Ni, Co, and Mn
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with impurities. These metal hydroxides are mixed with Li carbonate and sintered in air,
producing recycled LiNii3Co13Mni1302. The cathode using recycled LiNii;3Co13Mni302,
containing metallic impurities, such as Al, Cu, and Fe totaling 4 mass%, as well as excessive
Li and residual F, was electrochemically characterized in half- and full-cell configurations. The
recycled LiNi13Co13Mn1302 exhibited slightly lower lithiation specific capacity but much
higher capacity retention (91.2% after 1000 cycles at 2 C) compared to the commercial LIB
cathode active material LiNi0.5C002Mno302. The results indicate that, while the lithiation
specific capacity is marginally reduced, the co-existing metallic impurities have minimal
adverse effects on the LIB cathode. This suggests that LiNii;3Co13Mni302 cathode active

materials recovered from pyrolyzed LIB stacks can be effectively used in LIBs.

Composite materials are known to possess superior electrochemical properties when used as
LIB anodes. In this study, hard carbon (HC) and nanosized-Si (N-Si) were mixed at a mass ratio
of 8:2 and used as the LIB anode active material. Galvanostatic electrochemical evaluations in
a half-cell configuration revealed that the composite anode exhibited a high capacity (531 mAh
g ") at 0.1 C and excellent stability against increased current density from 0.1 to 10 C. To assess
its practical LIB anode performance, charge-discharge cycling tests were conducted on
LiNio.5C002Mno.302/8:2 HC/N-Si full cells. Before assembling the full cells, the composite
anodes were prelithiated with different cutoff anodic specific capacities (200-600 mAh g™").
The effects of excessive prelithiation on the composite anodes in the LIB full cells were
examined. By setting the cutoff anodic specific capacities at 500 mAh g! or higher during the
prelithiation process, the full cells using the 8:2 HC/N-Si composite anode demonstrated the
highest capacity retention (>62%) over 200 cycles at 2 C. These findings emphasize the

importance of selecting an appropriate prelithiation level for composite LIB anodes.

To achieve sustainable and eco-friendly fabrication of LIB anodes, agricultural waste rice husk
(RH) was considered. Around 150 million metric tons of RH are produced worldwide annually,

with their utilization currently limited to some agricultural and livestock fields. In Japan,
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approximately 30% of discharged RH is not effectively utilized. Composites of RH-derived
carbon (C) and silicon oxides (SiOx) were produced, and their electrochemical properties as
LIB anodes were evaluated. C/SiOx composites were produced by heating raw RH at 600 °C
under inert conditions, followed by washing or partial or complete removal of SiOx in a NaOH
solution. They were then heated again at 1000 °C, resulting in three types of C/SiOx containing
45,24, and 5 mass% SiOx. The LIB anodic performances of these composites were investigated
in half- and full-cell configurations, and the role of SiOx in C/SiOx was examined. In the half-
cell configuration, the specific capacities of the carbon and SiOx components were determined
to be 375 and 475 mAh g!, respectively. The full-cell test demonstrated that stable anodic
operation of C/SiOx composites required a prelithiation process. LIB full cells consisting of a
LiNio.5C002Mno30:2 cathode and prelithiated C/SiOx anode exhibited high initial Coulombic
efficiency (~85%). As the charging and discharging current density increased, capacity
retention improved with higher SiOx content. During the cycling test, the full cell with the
highest SiOx content showed the largest decrease in cell-specific capacity. Considering the
performance variations due to different SiOx levels and the satisfactory rate and cycling
performances as LIB full cells, RH-derived C/SiOx was found to be a viable and sustainable

anode active material for LIBs.

This study focused on the development of advanced LIBs using eco-friendly active materials.
Knowledge was gained on the recycled cathode, recovered from the pyrolysis of LIB stacks,
and on the RH-derived C/S10x composite anodes. The concept and industrial benefits of “green
LIBs” were proposed in this dissertation. These advancements can contribute to sustainable LIB

fabrication and ultimately support the realization of a carbon-neutral society.
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Chapter 1, Preface

Chapter 1

Preface

1.1 Research Focus

This research focuses on electrode-active materials for Li-ion batteries (LIBs), which are energy
storage devices with a high energy density of 120-200 Wh kg™! and an average voltage of
approximately 4 V during discharge [1, 2]. By connecting several LIB cells in series and parallel,
LIB stacks can provide high capacity and voltage for electrical energy storage systems. Higher
energy density and operating cell voltage for individual LIBs can reduce the number of
electrode materials and cells required, leading to decreased weight and size for various
applications. The charging and discharging performances of LIBs, such as energy density,
power capability, operating cell voltage, and cycle life, are determined by the electrochemical
properties of the active materials used in LIB electrodes [3—6]. Material costs and supply
quantities also depend on the properties of the raw materials used for the active materials.
Factors such as prime costs, resource reserves, and ready availability are essential for producing
low-cost materials. Thus, intensive research on electrode-active materials for LIBs leads to
improvements in performance and cost reduction for these batteries, ultimately contributing to

the development of advanced electrical energy storage systems.

1.2 Brief History

In the late 1990s, the demand for rechargeable batteries gradually increased along with the need
for portable electronic devices. From the 1970s to the 1990s, researchers investigated and
sought promising active materials for LIB electrodes, ultimately discovering outcomes
associated with constituent materials and inner structures of the pristine LIBs. As a result, the
well-known basic structure of LIBs, employing a Li transition metal oxide (LTMO) as a cathode
and a carbonaceous material as an anode, was established as the existing cell structure [7-9].

By immersing both electrodes into organic solvents containing Li salts such as LiBF4 and LiPFs
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in the LIB cells, Li ions can transfer between the cathode and anode during charging and
discharging. This migration of Li ions enables the release and reception of electrons to/from
external electrical circuits, allowing LIBs to function as rechargeable batteries. LIBs, which
have higher energy density and acceptable power capability compared to other secondary
batteries, have been mostly utilized as rechargeable batteries, surpassing nickel-cadmium,
nickel-metal hydride, and lead-acid batteries [1]. In 1991, the first LIBs were commercialized
by Sony. Since then, LIBs have dominated the market for energy storage devices, providing
convenience and portability to numerous electronic devices. Recently, the usage of LIBs has
expanded from small-scale applications (electronic devices, electrical power tools, and others)
to large-scale applications (zero-emission vehicles and stationary energy storage systems) [10].
The invention and development of LIBs have made a significant contribution to human
society’s advancement. In recognition of their groundbreaking work on LIBs, J. B. Goodenough,
M. S. Whittingham, and A. Yoshino were awarded the Nobel Prize in Chemistry in 2019.
Currently, novel rechargeable batteries with higher energy density and excellent power
capability are strongly desired to realize the electrification of transport machinery in automotive
and transportation industries. However, practical use has not been realized due to challenges
and difficulties in developing novel rechargeable batteries with stable operation, high
performance, and high safety. Therefore, energy storage devices will continue to rely on

existing LIBs until new rechargeable batteries are developed.

1.3 Background and Objective

LIBs serve as a convenient and powerful power source for portable electronic devices, electrical
power tools, zero-emission vehicles, and stationary energy storage systems. The demand for
LIBs has clearly increased alongside the expansion of these applications. As a result, the
production volume of LIBs has drastically increased in recent years, and massive amounts of
electrode materials are needed for manufacturing LIB cells. Reducing production costs remains
a critical challenge in order to provide low-cost LIB products, regardless of their applications,

sizes, and storage capacities.
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LTMOs are commonly used in LIB cathodes. These cathodes contain a significant amount of
rare metals, which have high value and limited resource reserves. Consequently, the mass
production of LIBs could be hindered by constraints in cathode preparation. In recent years,
recycling rare metals from waste LIBs has gained significant attention as a way to efficiently
utilize these valuable resources without additional mining. The circular provision of rare metals
through recycling technologies enables sustainable production of LIBs and the establishment
of new material suppliers in the home country. In contrast, LIB anodes often use materials like
C, Si, and previously mentioned composite materials, regardless of their degree of
crystallization. Graphite remains the main active material for LIB anodes, even though other
carbon and Si-based materials are considered possible alternatives. This reliance on graphite
makes the mass production of LIBs challenging due to the limited material options. Industrial
and agricultural wastes are discharged in large quantities worldwide in proportion to increased
production in specific fields. Agricultural waste, such as rice husk (RH), which consists of
organic components and silica (SiOx), is a promising precursor for active materials in LIB
anodes. Using agricultural waste is an effective means of sourcing materials domestically to
meet the mass production demands of LIBs. In particular, Japan can expect a stable supply of

anode materials due to the active rice production in specific regions of the country.

My objective in this project is to utilize eco-friendly and cost-effective active materials, derived
from recycled rare metals for the cathode, and RH for the anode in LIBs. The produced active
materials were electrochemically evaluated using LIB testing cells (half- and full-cell
configurations). Based on the obtained results, the physical and electrochemical properties,
effectiveness, and feasibility of the active materials produced in this work were discussed in
detail. Consequently, it was demonstrated that the advanced LIBs, also called “green LIBs,”
utilizing eco-friendly and economically active materials exhibited superior charging and

discharging performances compared to existing LIBs.
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1.4 Overview of the Following Chapters

Chapter 2 provides a comprehensive overview of the current status of LIBs and reviews
previous works related to waste LIB recycling and RH applications. In Chapter 3, the
electrochemical performance of the LiNii;3Co13Mn1302 (NCM111) cathode recovered from
waste LIB stacks is presented. In this chapter, I evaluated the electrochemical performance of
the recycled NCM111 derived from waste LIB stacks and discussed the feasibility of using the
recycled NCM111 cathode in LIB systems. Chapter 4 presents the effects of excessive
prelithiation on a hard carbon (HC)/nanosized-Si (N-Si) composite anode in LIB full cells,
while Chapter 5 focuses on the application of RH as LIB anode active materials. Chapter 4
investigates the effects of excessive prelithiation on an HC/N-Si composite anode in depth and
concludes that excessive prelithiation is effective for composite anodes containing HC and N-
Si in LIBs. The knowledge obtained in Chapter 4 regarding prelithiation is applied in Chapter
5, where RHs, consisting of amorphous C and SiOx, similar to the composition of HC/N-Si
composite materials in Chapter 4, are successfully applied in LIB anodes due to the prelithiation
of the anodes in advance. Based on the results, I assessed the feasibility of using RH-derived
anodes in LIBs. Finally, the outcomes of this dissertation are summarized in the Conclusions in

Chapter 6.
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Chapter 2

Literature Review

2.1 Current State of Research on Electrode Materials for LIBs

The depletion of resources, air pollution, and greenhouse warming are still critical
environmental issues. To tackle these challenges, the automotive industry is actively developing
electric and plug-in hybrid vehicles to minimize exhaust emissions and promote the use of clean
energy sources [1-2]. Electric-powered vehicles require high-capacity and high-power energy
storage devices like LIBs [3—4]. LIBs are also increasingly being installed as stationary energy
storage systems in grid systems combined with renewable energy generation [5]. As large-scale
applications for LIBs expand, their demand will undoubtedly increase, making it essential to

ensure a stable supply of construction materials and the mass production of LIBs in the future.

Figure 1 illustrates the construction materials and charging-discharging mechanism of a LIB
cell. One or more active materials are typically used in the cathode and anode, where oxidation
and reduction reactions occur conversely during charging and discharging. By repeating the
transfer of Li-ions between the cathode and anode, LIBs allow for repeatable charging—
discharging with a high operating cell voltage and serve as an energy supplier for various
applications. Generally, a combination of a LTMO cathode and a carbonaceous anode in LIB
cells is often used to achieve stable and better battery performances (high cell voltage, high
energy density, long cycle life, and low self-discharge) [6—7]. The electrolyte and separator
individually play roles in Li-ion transport between both electrodes and preventing direct
physical contact and electrical short circuits at the electrodes, respectively. In the cathodes, an
LTMO contains a certain amount of rare metals (Li, Co, Ni, and Mn) [8]. These rare metals face
critical problems such as limited producing countries, poor supply capability, and expensive
sourcing costs. Therefore, supplying the rare metals necessary for LIB cathodes may become

more challenging in the future.
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Figure 1 Construction materials and charging-discharging mechanism of a Li-ion battery (LIB) cell.

Recycling rare metals already used in cathodes of waste LIBs is garnering much attention for
the effective reutilization of valuable resources. Common recycling processes typically involve
mechanical, thermal, and chemical processing [9-10]. Through the recycling process, rare
metals can be successfully extracted in the form of pure metals, metal salts, or metallic
hydroxide, which are then used as a precursor for LTMOs. However, the aforementioned
recycling processes have disadvantages, such as electrical shock hazards during pre-discharging,
explosion accidents during disassembly, and low workability due to a reliance on manual
operations [11-12]. In the coming decades, it is forecasted that a large number of waste LIBs
(end-of-life and defective products) of various applications and sizes will be discharged. To

manage the substantial amount of waste LIBs in the future, there is a strong need for
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Figure 2 Number of published papers containing the keywords “LIB,” “cathode,” and “recycling.”

technological innovation in recycling processes that prioritize process automation, high safety
standards, superior recovery efficiency, and environmentally and economically sustainable
methods. In recent years, research papers associated with recycling waste LIBs have drastically
increased, according to a survey of paper counts in Scopus (Figure 2). Researchers’ interests
are driven by the development of functional and novel recycling processes and the

characterization of cathode active materials resynthesized with recovered rare metals.

Anode active materials have been dependent on graphite since the early commercialization of
LIBs. Graphite-based anodes offer high lithiation capacity (372 mAh g '), low working
potential, and good cyclability in LIBs [13—-15]. However, further improved anodic
performances are needed to satisfy the requirements of high-performance LIBs applied in large-
scale transportation and electric systems. Recently, amorphous C- or Si materials have been
recognized as possible alternative anode active materials. These promising materials can be
easily obtained as precursors, as they are generated as various agricultural wastes, industrial
scraps, and others. Previous works have found that novel active materials produced from
agricultural or industrial wastes exhibited better electrochemical performances in Li-ion storage

applications [16-20]. Therefore, utilizing waste-derived precursors is a promising and valuable



Akita University

Chapter 2, Literature Review

approach to achieving a stable supply and mass production of electrode materials and LIB cells.

In this Chapter, I present economical and eco-friendly material preparations for LIB electrodes
based on agricultural waste and industrial scraps. I focus on agricultural waste in the form of
RH and spent LIBs used in vehicle applications. My aim is to review the effectiveness of using
such wastes for LIB electrode materials, as well as the electrochemical performances of the
prepared active materials in LIBs. Section 2.2 briefly presents current cathode/anode active
materials and their electrochemical properties. Section 2.3 covers recycling processes for the
recovery of remaining rare metals in waste LIBs, while Section 2.4 explores various processing
techniques for RH suitable for LIB anodes. In these sections, the challenges of material
preparation and usage with such wastes, as well as the electrochemical performances of the
active materials prepared for LIB applications, are discussed. Section 2.5 summarizes the
economical and eco-friendly active materials based on waste-type biomass and LIB products

and presents future perspectives for LIB electrode materials.

2.2 Active Materials for LIB Electrodes

2.2.1 Cathodes

A LIB cell has a predetermined Li storage capacity, which is constrained by the cathode
chemistry of the cathode active material utilized in LIBs. This limitation arises from the fact
that Li in the cathode active material corresponds to a finite Li source inside the LIB [21]. The
choice of cathode active materials significantly impacts the working potential, current rate
dependence (rate performance), and cyclability of the LIB cell [22—-23]. Therefore, selecting
the right cathode active material is critical for achieving superior charging and discharging
performance in LIB cells [22-23]. Commonly, an LTMO is used as the cathode active material.
Presently, materials are selected from various inorganic oxidized materials with distinct
crystalline structures, including layered-type (LiCoO2, LiNiO2, and LiNii-x—CoxMn,;O2 (NCM)
[24-25]), spinel-type (LiMn204 and LiNio.sMn1.504 [26-28]), and olivine-type (LiFePOs [29—

30]) materials.
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Among layered-type materials, LIBs that use NCM-based cathodes are preferred for use in
vehicle applications [31-32]. The electrochemical performance of NCM is dependent on its
chemical composition, particularly the proportions of Li, Ni, Co, and Mn, which affect the
cathodic performance of the active materials. Li in the layered-type materials (LiCoO2 and
LiNiOz2) determines the Li storage capacity per unit mass (specific capacity), internal resistance,
and electrochemical behavior during lithiation and delithiation [33]. Ni increases the specific
capacity, Co provides improved electron conductivity, and Mn helps maintain the stable
crystalline structure and strengthen cyclability [22, 25, 34]. By controlling the three transition
metal compositions (Ni, Co, and Mn) to an equal ratio (x=y=~1/3), the NCMI111 cathode
exhibits good cyclability, high thermal stability, and a specific capacity of 150-160 mAh g! at
a charge cutoff voltage of 4.3 V vs. Li/Li" [35]. NCM (LiNio.5C00.2Mno302 (NCM523) and
LiNi0.6C002Mno.202 (NCM622)), with high Ni content of up to 0.5-0.6, offers a higher specific
capacity than NCM111 [36-37]. Recent advances in cathode chemistry have been focusing on

improving the specific capacity and specific energy in LIB cathodes.

Increasing the Ni content is an effective approach to achieving high capacity in NCM, resulting
in highlighted specific energy at the electrode level. However, further increasing the Ni content
(>0.8) causes poor cyclability, low thermal stability, and cation mixing of Li and Ni ions in the
active materials, leading to problems [38]. To address these issues, many researchers have
attempted material design (surface modification, cation doping, unique particle modification,
etc.) and functional material use (electrolyte additive and binder) [39-41]. Through these
strategies, the cathodic performances of LiNio.sC00.1Mno.102 (NCM811) have been improved,
but the commercialization of LIBs that use NCM&811 cathodes is still expected to take some
time. Thus, it is widely accepted that NCM cathodes with low-to-middle Ni content should be
used in existing LIBs due to their acceptable cathodic performance and economical material

cost compared to LiCoOz cathodes.
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In addition to improving the performance of LIB cathodes, reducing material costs is another
important issue. In the early commercialization of LIBs, LiCoO2 was employed as the cathode
material [42]. However, LiCoO: contains a rare and expensive metal, Co, which makes the
cathode material two times more expensive than carbon- or Si-based anode materials, and
contributes significantly to the overall cost of the LIB cell [43]. Furthermore, the limited
production countries and yields of rare metal resources present serious supply issues. To address
these cost and supply concerns, development of next-generation cathode active materials that
contain low or no Co is being actively pursued. As described above, NCM is a promising choice
for reducing material cost since Co can be replaced with other transition metals such as Ni and
Mn. LiFePOs is also attractive for low-cost LIBs, despite having slightly lower working
potential and energy density than layered-type materials [44—45]. However, due to its low
electron conductivity resulting from the olivine structure and contained Fe, LiFePOs4 requires
pre-processing with carbon coating, particle size reduction, and effective cation doping [46].
Pre-processed LiFePO4 exhibits superior current rate dependence and time response, as well as
acceptable specific capacity and excellent cyclability as the cathode material for LIBs. Moving
forward, continuous exploration will be necessary to develop cathode active materials with high

performance and low material cost.

2.2.2 Anodes

In 1991, Sony commercialized the first pristine LIB using a LiCoO2 cathode and a non-
graphitizable carbon anode. To improve charging and discharging performance, the non-
graphitizable carbon was replaced with graphite, which has favorable anodic performance,
including a lithiation specific capacity of 372 mAh g~!, low working potential (approximately
0 Vvs. Li/Li"), acceptable cyclability, and abundant resources [47—48]. Today, the combination
of a LiCoOz cathode and graphite anode is a well-known LIB cell design used in various
electronic devices [42, 49]. Considering the dramatic increase in demand for LIBs, the material
options for anode active materials are limited and inadequate, necessitating the exploration of

alternative anode active materials to graphite. In recent years, composite anodes using graphite

11
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and other carbon or Si-based materials have shown improved anodic performance in LIB
applications [50-52]. These attempts have successfully reduced the graphite content in the
anodes. However, the component ratio of graphite is still relatively high, and LIB anodes remain

reliant on traditional graphite.

Anode active materials are typically classified based on their Li storage mechanism, including
intercalation, alloying, and conversion reactions. Carbon materials store Li ions through Li-ion
intercalation and deintercalation reactions. In the case of graphite, Li ions are inserted into the
graphite, with one Li atom accommodated in the hexagonal geometry of six C atoms, and stored
by forming graphite intercalation compounds (i.e., LiCs). During lithiation and delithiation, the
graphite anode operates with a low and flat potential curve close to 0 V vs. Li/Li*. However, Li
metal is likely to be deposited on the anode surface near 0 V vs. Li/Li*, and Li-dendrites
frequently cause unstable cell operation [53]. In particular, Li-dendrites can occur in graphite
during fast charging and low-temperature conditions, reducing its durability in high-power or
severe working conditions for electrical tools or vehicles. Non-graphitized carbons, such as HC,
store Li ions similar to graphite, but also have additional storage sites in macro-/meso-pores
and cluster regions formed with randomly arranged graphene sheets [54]. Previously published
studies have shown that hard-carbon anodes exhibit higher specific capacity, better rate
performance, excellent cyclability, and strong Li-dendrite durability [55]. Unlike graphite, HC
shows a slope-like working potential above 0 V vs. Li/Li" during Li-ion intercalation-
deintercalation, avoiding operation near the Li-dendrite potential and stabilizing anode
operation without risk of Li-dendrite. Other carbon materials, such as graphene, carbon
nanotubes, and porous carbon, are attractive anode active materials due to their low material
cost, simple preparation, and multiple forms [56—57]. Currently, there is a drive to explore and

develop novel carbon materials with exceptional anodic performance.

Si and its oxides have gained much attention as anode active materials due to their drastically

high lithiation specific capacity at a full Li storage state. Si-based anodes have over 10 times

12
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the specific capacity of graphite anodes (4200 mAh g™! for pure Si vs. 372 mAh g™! for graphite)
[58]. Increasing specific capacity reduces the amount of electrode material needed for LIB
production, allowing for size and weight reduction and enhancing energy and power density at
the cell level. The Li storage mechanism of Si-based materials involves Li alloying, which
results in huge volume expansion. In addition to Si, alloy materials, such as Sn, Pb, Al, Au, Pt,
Zn, Cd, Ag, and Mg, can also serve as Li-ion receivers [59]. Li alloying in Si offers higher
lithiation specific capacity and improved electron conductivity but also leads to large capacity
fading and poor cyclability due to huge volume expansion, bad electrical contact, and electrode
failure during Li alloying and dealloying. The huge volume expansion in Si particles causes the
solid-electrolyte interface (SEI) film to repeatedly break and repair during lithiation and
delithiation, leading to active Li loss within the LIB cells. Researchers have proposed successful
approaches at the material and/or electrode levels to overcome these drawbacks [49, 60].
Reducing the particle size of Si anodes to the nano-scale and modifying their structure have
resulted in favorable anodic performances, effectively mitigating the mechanical stress caused
by volume expansion. Moreover, incorporating carbon mixing (e.g., HC, graphene, and carbon
nanotubes), selecting appropriate binders, and adding electrolyte additives during cell assembly
have proven beneficial for electrode fabrication and optimal LIB anode operation. Consequently,
significant research efforts are being devoted to developing alloy-type materials as

replacements for graphite.

Transition metal compounds, including oxides, sulfides, nitrides, fluorides, phosphides, and
selenides, store Li ions through intercalation or conversion reactions. The corresponding metals
are Fe, Co, Ni, Cu, and Zn [61]. Ti-based oxides such as TiO2 and LisTisO12 store Li ions
through Li-ion intercalation mechanisms [62—63]. Transition metal compounds have the
advantage of avoiding Li-dendrites in the anode because they operate with electropositive
potential against 0 V vs. Li/Li*. Compared to graphite with Li-ion intercalation mechanism,
transition metal compounds can serve as highly stable anodes in LIBs. Additionally, they offer

higher lithiation specific capacity (700-1200 mAh g!) and excellent cycling performance [63].
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Production costs for transition metal compounds are also lower than for alloying materials.
However, practical use of transition metal compounds is hindered by several drawbacks,
including particle pulverization caused by large volume expansion (<200%), large voltage
hysteresis during lithiation and delithiation, and poor electron and ionic conductivity [61].
Researchers have improved the electrochemical properties through material design (layered
nanostructure, hierarchical structure, etc.) and by combining transition metal compounds with
carbon materials. Although there are many materials with different Li storage mechanisms,
attaining superior electrochemical performances is still a challenging task. In the future, the
anode active material options are likely to expand from a single candidate (graphite) to multiple

materials.

2.3 Reutilization of Rare Metals Used in Cathode Active Materials

2.3.1 Overview

In the future, there will be a significant increase in demand for LIBs across various sectors,
including electronic devices, transportation, stationary energy storage, and others [64—65].
While the production and use of LIBs contribute to the effective utilization of renewable energy
generation and the widespread adoption of zero-emission vehicles, a considerable amount of
waste LIBs, referred to as end-of-life LIBs, are generated as hazardous and environmentally
damaging scrap. Additionally, a significant number of defective products are produced during
LIB production. However, these used and/or unwanted batteries still contain valuable metals,
such as Li, Ni, and Co. Given that rare metal sourcing is highly competitive, developing
recycling and recovery technologies is recognized as an important solution for an economical
and circulative material supply [66—67]. Therefore, it is essential to effectively collect rare
metals from waste LIBs and apply them in the next LIB production cycle. Recycling methods
for cathode active materials used in waste LIBs are classified into two routes: i) pyrometallurgy

and hydrometallurgy, and ii) direct recycling.
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2.3.2 Pyrometallurgy and Hydrometallurgy

The characteristic procedure in pyrometallurgy involves roasting, calcination, and pyrolysis at
higher temperatures to recycle waste LIBs [68]. This method generates intermediate products
such as alloys, slags, and gases [9, 69]. Typically, the alloy contains Co, Cu, Ni, and Fe, while
the slag contains Li, Al, Mn, Si, and Ca [69, 70]. Following the heat treatment, these products
are further processed by hydrometallurgy to obtain desirable metals. Pyrometallurgy is a
promising method with a huge disposal capacity and is favorably adopted by major companies
in the recycling industry [71-72]. The temperature during the heat treatment is an important
factor for removing impurities such as carbon black, polyvinylidene difluoride (PVDF) binder,
electrolyte, and organic solvents, as well as ensuring efficient follow-up processing [68, 73—
74]. The pyrometallurgy method demonstrates a high concentration of target metals by using
suitable temperature conditions and separating materials using mechanical processes such as
magnetic selection and gravimetry concentration. The separated materials, including the

concentrated metals, can then be processed further.

The metals that are concentrated by preprocessing are commonly collected using the
hydrometallurgical method and then synthesized as a precursor for LTMOs (cathode active
materials). The preprocessing can be considered a part of the hydrometallurgy, which is a
thermal treatment method. Hydrometallurgy is an effective method because it reduces
hazardous gas emissions, enables secure recovery of specified metals, and has a high recovery
efficiency [75-76]. In hydrometallurgy, the materials collected from the pretreatments undergo
inorganic, organic, or bio-leaching to extract the metals as metallic ions into a solvent. The
metallic ions in the solvent are then collected using solvent extraction, chemical precipitation,
or electrolytic deposition, resulting in the solidification of metal compounds that are suitable
for the next processing step. In hydrometallurgical processes, purification is also carried out to
remove any metallic impurities that may be derived from the battery components. The purified

metal compounds are then reused as a precursor for cathode active materials.
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The precursor, obtained through pyrometallurgy, hydrometallurgy, or a combination of these
methods, is processed by mixing a lithium source such as Li2CO3 or LiOH and sintering at high
temperatures in air (reactivation). Upon completion of the reactivation steps, an LTMO can be
synthesized as the cathode active material. Through the recycling process, various metals can
be recovered from the damaged cathode material in waste LIBs and repurposed as fresh
materials. However, contamination with impurities such as Cu, Fe, Al, Mg, P, and F cannot be
avoided due to the recovery mechanism involving the starting materials of the compounds and
the use of chemical solutions containing Na, CI, and S. In recent studies, researchers have been
extensively evaluating the electrochemical performance of cathode active materials containing

specific amounts of impurities [70, 77-79].

Regardless of the recycling methods, waste LIBs generally undergo pre-discharging,
dismounting, and mechanical separation to collect metal components with relatively high safety.
Pre-discharging and mechanical disassembly processes may present risks of electrical shock
hazards and heating accidents during preprocessing. These risks arise from the difficulty in
disassembling commercial LIBs and the fact that the vast majority of procedures are performed
manually. Pre-discharging of waste LIBs is typically achieved by immersion in a NaCl solution
or high-speed shredding in cryogenic nitrogen, both of which are well-known methods for
eliminating the residual capacity in LIBs [80-81]. In particular, high-speed shredding is an
effective approach that bypasses the disassembly process and ensures safe operation, thanks to
an inert atmosphere filled with N2 gas and an automated process. After discharging, fully
discharged LIBs undergo dismounting and separation processes. Dismounting requires
considerable manual effort, while the separation process is either semi-automated or fully
automated. For future recycling processes, there is a need for high-safety and simplified
procedures that eliminate the reliance on manual labor and achieve high recovery rates for

desired metals.
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2.3.3 Direct Recycling

Direct recycling is another approach for utilizing valuable metals in waste LIBs [82—85]. This
method involves the liberation and reactivation processes utilizing chemical, mechanical, or
thermal treatments. The target material for a cathode active material is contained in a compound
coated on an Al foil current collector. In the liberation process, the compounds must be
separated from the Al foil and then freed from other electrode components such as conductive
agents and polymer binders. Sintering under inert conditions or immersion in an organic solvent
(e.g., N-methyl pyrrolidone, dimethylformamide, and dimethylethanamide) are typically
employed to peel the compound from the Al foil [84—85]. After such processes, impurities from
conductive agents, binders, and electrolyte residues are removed by additional thermal
treatment. The reactivation process is carried out by adding any lithium sources or lithium-
containing residues to the separated materials [82, 86]. This process involves the addition of
lithium sources and solid-phase reactions, resulting in active lithium compensation in the
damaged materials recovered from cathode components. Direct recycling offers advantages
such as the ready availability of recycled materials, fewer processing steps, and lower
environmental impact compared to hydrometallurgical methods, making it economically and
environmentally friendly [87]. However, direct recycling may also result in contamination from
residues, such as by-products produced during charging and discharging, and unreacted
materials in the reactivation process. Therefore, it is crucial to conduct intensive investigations

on the effects of these residues on the electrochemical performance of the obtained products.

2.3.4 Electrochemical Performances on Recycled Cathode Active Materials

In earlier studies, the focus of recycling processes for waste LIBs was on secure recovery and
improving the recovery rate of rare metals. Recently, the physical and electrochemical
properties of recycled cathode active materials in LIB cathodes have been characterized
simultaneously after metal recovery and material preparation in the recycling process. Two
research groups, Ma et al. and Beak et al., discovered that the nearly complete removal of

impurities introduced by the recycling process led to a recovery of the specific capacity close
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to the initial capacity achieved using fresh materials [88—89]. The effects of metallic or non-
metallic impurities in certain amounts on the recycled cathode active materials in LIB cathodes

remain an open question.

Inevitably, metallic and/or non-metallic impurities (e.g., Al, Cu, Fe, Mg, Na, F, S, Cl, etc.) are
introduced into the reproduced cathode active materials during the recycling process. Table 1
summarizes the material specifications and electrochemical performances of the recycled
cathode active materials intended for LIB cathodes. A small amount of Al-doping resulted in
improvements in current rate capability and crystalline structure stabilization, as well as a
decrease in maximum specific capacity [95-96]. Degradation of cycling performance was
observed when Al was doped in excessive amounts in NCM materials [89]. Regardless of
doping amounts, Al incorporation also acted as a structural modification additive, affecting
secondary particle formation during the synthesis process [90, 91]. Moreover, the occurrence
frequency of cation mixing in the crystalline structure was reduced in cathode active materials.
The LiCoOz-based cathodes containing Cu impurities demonstrated better rate and cycling
performance, although the acquired specific capacity was slightly lower [92]. During material
synthesis and cathodic operation, Cu contamination presented several disadvantages: Co
coprecipitation in impurity removal, agglomerated particle formation, and dissolution and
deposition of Cu alongside Mn at the anode surface during cell operation [92, 97]. Doping a
small amount of Fe was effective in enhancing rate and cycling performance in NCM material-
based cathodes, due to the improved crystalline structure resulting from Fe occupying Li sites
[79, 98]. However, the electrochemical performance of NCM-based cathodes containing
impurities deteriorated when excessive amounts of Fe, Cu and Al were present [96]. These
impurities originate from cathode and anode current collectors, body frames, bus bars, and other
sources. Perfect removal of impurities is not realistic in recycled products, even with extreme
processing, considering the associated efforts, costs, and environmental impacts. Trace amounts
of single or multiple impurities can maintain not only electrochemical performances but also

provide positive effects on performance improvements.
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Other impurities originating from metal recovery processes also impact material preparation
and electrochemical performance of recycled cathode active materials [89, 99-100]. Sulfuric
acid (H2SO4), commonly used in industrial applications, dissolves valuable metals in the
leaching process, leaving sulfur residues in the final products. Sodium (Na) contamination often
occurs through chemical precipitation with a NaOH solution, affecting electrochemical
performance in LIB cathodes without inhibiting crystalline structure growth. It is essential to
eliminate remaining electrolyte components and by-products, including fluorine (F), during the
recycling process. If electrolyte component removal is insufficient, F and phosphorus (P)
derived from lithium salts can become incorporated into the recycled cathode active materials.
The impurities can cause particle modification, changes in the crystalline structure, and a
decrease in the specific capacity. However, a slight amount of such impurities may have

negligible effects on the electrochemical performance of LIB cathodes.

2.4 Applications of Agricultural Waste on Anode Active Materials

2.4.1 Overview

Rice is considered one of the world’s three most important grains and is predominantly
produced in Asia, with China and India having particularly large yields [101]. During rice
production, RHs are generated alongside bearing and thrashing paddy rice. Paddy rice mainly
consists of rice kernel and husk, accounting for 77 and 23 wt%, respectively [102].
Approximately 150 million tons of RHs are produced annually, with a significant amount
remaining as an underutilized resource in rice-producing countries [102—103]. Currently, RH
utilization is limited to a few agricultural and industrial applications. In agriculture, RHs are
used as soil fertilizer additives, mulching materials, and stockbreeding mats in livestock barns.
In industry, they are used as biomass fuel and in the production of functional materials such as
rice-husk-derived charcoal and activated char. RHs contain 20-30 wt% SiOx in addition to
organic components like lignin, cellulose, and hemicellulose [104—105]. By absorbing silicic
acids (Si(OH)4 or Si(OH)307) from soil, SiOx accumulates in RHs and plays a crucial role in

protecting against environmental and biological stresses, such as high temperature, drought,
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buckling, pest insects, and plant diseases [19, 106]. Although RHs have various applications,
their consumption is relatively small. In the energy sector, RH combustion allows for thermal
energy acquisition, but also results in RH ash disposal and smoke emission [107]. Handling
RHs in energy applications is challenging due to the difficult process of removing remaining
ash. Consequently, SiOx contamination in RHs hinders their widespread use. Therefore, it is

crucial to explore additional applications for RHs beyond their current uses.

2.4.2 Processing of RH Suited for LIB Anode Applications

RHs have garnered attention as sustainable biomass sources for LIB anode active materials due
to their composition of SiOx and organic components. Through chemical and thermal treatments,
RHs can be transformed into carbon- or silicon-intended materials (RH-C or RH-Si). Previous
studies have reported that rice-husk-derived active materials with unique physical and
electrochemical properties exhibit superior electrochemical performance in LIB anodes [108—
112]. Strategies for producing these materials can be broadly categorized into two routes: 1)

reducing Si from SiOx, and ii) carbonizing organic components with or without activation.

The goal of the first route is to produce high-purity RH-Si with an interesting nanostructure and
drastically high lithiation specific capacity. In the SiOx of paddy rice, the oxidation degree is
indeterminable because it naturally accumulates during rice growth. Although SiOx is of low
quality, the specific capacity of SiOz is lower than that of pure Si (1965 mAh g! for SiO2 vs.
4200 mAh g ! for Si) [113]. When SiOx is utilized as the primary active material, it can be
transformed into high-purity Si through carbothermal or metallic reduction methods.
Carbothermal reduction is commonly employed in industries using electric arc furnaces, where
reduction reactions progress at approximately 2000 °C, consuming a significant amount of
energy [114—116]. Metallic reduction is a more straightforward method for reducing SiOx to Si,
which can be demonstrated even at lab-scale facilities. Magnesiothermic reduction, involving
mixing Mg powder and heating at low temperatures, is commonly chosen for Si reduction in

rice-husk-derived SiOx [111, 114—115]. The remaining RH components (organic materials) are
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processed through thermal treatment under inert conditions and chemical modification,
producing amorphous C that assists in Si alloying electrochemically. Alternatively, the organic

components in the RH can be burned off in the air and evaporated as CO2, CO, and other gases.

The other route involves carbonization with or without activation of RH-C derived from the
organic parts of the RH. Heating under inert conditions transforms the RH into RH-C, providing
Li storage capabilities. The crystalline structures of RH-C depend on the heating temperature
during carbonization [110]. Before carbonization, the RH is washed with distilled water to
remove impurity residues from its surface. To strongly remove impurity residues (mainly
metallic oxides), a strong acid solution, such as HCI, is used for a prior purification step. SiOx,
alternatively referred to as ash, in heated products can be used as a Li-ion receiver or removed
by a neutralization process using an alkaline solution, such as a NaOH solution. In cases where
both C and SiOx coexist, both materials serve as Li-ion storage materials in LIB anodes. When
SiOx is eliminated by NaOH immersion, the remaining RH-C stores Li ions exclusively. An
additional activation process endows RH-C with higher specific surface area and developed
pore structure. The improved physical properties due to activation result in superior

electrochemical performance of RH-C in LIB anodes.

Regarding RHs, both types of processing can be employed to utilize them as anode active
materials. However, rice-husk-derived anodes face a series of challenges related to
electrochemical behaviors in the anodes, which hinder their applications in practical LIBs. In
the following section, the electrochemical performance of the produced rice-husk-based active

materials and the drawbacks in LIB anode operations are presented and discussed.

2.4.3 Electrochemical Performance of the LIB Anodes
Table 2 summarizes the electrochemical performance of RH-Si produced from RHs for LIB
anodes. All the RH-Si anodes, with or without carbon components, exhibit low Coulombic

efficiency (CE) in the first lithiation-delithiation cycle. In the first cycle, the electrolyte
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decomposition, which involves the consumption of active Li ions, inevitably occurs at the
anodes. As a result of the electrolyte decomposition, an electrochemically stable film at the
interface between the active materials and electrolyte, often called the SEI film, forms in the
anodes. During the Li alloying and dealloying process in each cycle, the expansion and
contraction of RH-Si can cause the SEI film to break and repair continuously, leading to the
ongoing consumption of Li ions within the LIB cells. Carbon remaining in the RH-Si can aid
in acquiring capacity during Li-alloy reactions and mitigate the mechanical stress caused by Si
expansion. In cases where carbon is absent in the RH-Si, applying suitable electrode design
(incorporating conductive agents and binders with better buffer effects and strong bonding
power) and adding electrolyte additives such as fluoroethylene carbonate can promote stable

operation as LIB anodes.

After completing the irreversible side reactions in the first cycle, the RH-Si anodes exhibited
higher reversible specific capacity compared to that of a graphite anode (approximately 350
mAh g!). Liu et al. and Jung et al. found that Si with high purity provided high CE in the first
cycle and consistently high capacity [116-117]. Si combined with carbon produced from
another carbon source (pyrrole) also granted the anode relatively high CE and reversible
specific capacity [120]. On the other hand, the initial CE of the anodes comprising a
combination of reduced Si and remaining C was inferior compared to those without a C
component. However, the production mass yield from the starting material to the final products
for the Si/C composites is considered to be high. Si-only materials had lower yields due to the
elimination of remaining C in the RH-Si. Taking into account the increasing demand for LIB
electrode materials in the future, an abundant and stable supply is essential for producing LIB
cells and electrodes. Therefore, it is crucial to achieve high production mass yield and improved

anodic performance using rice-husk-derived active materials.
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Carbonization with inert gases initiates the transformation from RH to RH-C, resulting in high
production yields (~36 mass%) [121]. Similar to the electrochemical properties of RH-Si, low
CE of RH-C was observed at the anodes [122—-125]. This decrease in CE is due to the
amorphous crystalline structure of the carbon components in the rice-husk-based active
materials. In addition to Li storage in the carbon of RH-C, SiOx also acts as a Li-ion receiver
with Li alloying mechanisms. If necessary, SiOx can be utilized as Li storage materials or
removed by a neutralization process. In cases where SiOx is removed, textural properties are
typically developed to obtain activated and porous structures for RH-C. These unique properties
are achieved by activation methods using various chemical solutions and gases as activating
agents. The developed textural properties endow RH-C with superior electrochemical
performance, such as maximum specific capacity and rate capability [123, 126]. In RH-C
production, SiOx removal and carbon activation are considered key approaches for achieving
acceptable anodic performance in LIBs. In particular, the removal process for SiOx is regarded
as an essential treatment to determine the production mass yield of rice-husk-derived active

materials.

Previous research on the application of rice-husk-derived active materials in LIB anodes has
been largely limited to electrochemical characterization through half-cell testing (a setup
involving a produced electrode and Li metal counter electrode). Half-cell evaluation effectively
reveals individual electrochemical performance for test samples due to the Li metal counter
electrode acting as an infinite Li source and compensating for Li loss. However, in actual LIBs,
the loss of active Li cannot be compensated for, as the Li source in the cathode active materials
is finite. Prelithiation is known to be an effective method for alleviating Li loss in anodes [127—
128]. By applying prelithiation to the anodes beforehand, side reactions such as SEI film
formation are mostly completed, allowing for stable operation during the initial cycle. Our
research group and a few others have successfully demonstrated this through experiments
where rice-husk-based anodes were evaluated by operating LIB full cells in combination with

LTMO cathodes (full-cell testing) [121, 129, 130]. Moving forward, it is recommended that
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full-cell testing be conducted to assess the electrochemical performance of produced rice-husk-

based anodes as a means of determining their feasibility as advanced materials.

2.5 Summary and Future Perspective

The popularization of portable and convenient devices, motorized transportation, and
renewable energy generation has improved the quality of life for many people while also
reducing environmental burden. This progress requires powerful and low-cost energy storage
devices, with LIBs emerging as a leading candidate. As demand for LIBs is expected to increase
drastically in the future, mass production and a consistent supply of related electrode materials
are imperative. Manufacturing LIB cells and packs through the extensive consumption of raw
materials collected from natural sources is not sustainable considering finite resources and geo-
environmental impacts. Therefore, repurposing agricultural waste (waste-intended biomass)
and LIB scraps (already used rare metal sources) is a promising, economically viable, and
environmentally friendly approach to ensuring a consistent supply of raw materials without
additional harvesting. The aforementioned approaches contribute to addressing critical

challenges associated with material supply and cost in both LIB cathodes and anodes.

Existing cathode active materials in LIBs contain a significant amount of rare metals (Li, Co,
and Ni), resulting in high material costs. Considering the highly competitive nature of procuring
such precious resources, establishing alternative supply chains that do not rely on harvesting
from the place of origin is essential for the mass production of LIB cells. Recycling technologies
such as pyrometallurgy, hydrometallurgy, direct recycling, and combination methods can enable
the effective utilization of rare metals in waste LIBs. Cathode active materials recovered from
waste LIBs consist of indispensable components (LTMOs) as well as a certain amount of
impurities. Previous research has shown that reducing the amount of impurities leads to higher
specific capacity during lithiation and delithiation. Moreover, a slight amount of impurities can
help stabilize the crystalline structure, resulting in superior electrochemical performance and

stable operation in LIB cathodes. However, excessive impurities can cause unstable crystalline
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structures and deteriorated electrochemical performance in synthesized products. This
accumulated knowledge supports the popularization of cathode active materials recycled from
waste LIBs, while emphasizing the importance of impurity removal processes for producing

next-generation cathode active materials.

In LIB anodes, graphite is predominantly used as the primary anode active material. Composite
anodes, which combine graphite with other carbon materials or Si-based materials, are also
being considered as alternative anodes. However, anode active materials still heavily rely on
traditional graphite. In the future, the demand for LIBs is predicted to increase drastically due
to the popularization of zero-emission vehicles and stationary energy storage systems. As a
result, the limited range of material options available for graphite raises significant concerns
about future material supply and LIB production. Agricultural waste, such as RHs, has been
gaining attention as a potential source for novel anode active materials because of its benefits
in material availability, cost, and flexibility in processing into carbon- or Si-based materials.
Following two different processing routes, RH-derived active materials can be successfully
prepared and applied in LIB anodes. Although the CE of RH-derived anodes is low, prelithiation
can enable the stable operation of LIBs using RH-based anodes. Moreover, the composition and
textural properties of RH-derived active materials significantly influence their performance in
LIBs. Consequently, RHs hold great potential as LIB anode active materials, and the

development of new material supplies is highly likely in rice-producing countries.
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Chapter 3

Electrochemical Performance of LiNii3Co13Mn130;
Cathode Recovered from Pyrolysis Residue of Waste LIBs

3.1 Introduction

LIBs have been widely used as indispensable power sources in various applications, such as
mobile electronics, automobiles, and industrial robots. In the automotive industry, battery
electric vehicles (BEVs) and plug-in hybrid electric vehicles (PHEVs) require high-
performance LIBs with high energy density, excellent power capability, long cycle life, and
reliable safety [1-4]. Commercial LIB cells are generally composed of LTMO cathodes,
graphitic anodes, separators, and non-aqueous electrolytes. In any LIB cell, the cathode active
material plays an important role as a finite Li source, thereby significantly influencing the cell

performance.

The LTMOs have been extensively used as active cathode materials [5—7]. The LiCoO2 exhibits
a sufficiently positive electrode potential, good electrical conductivity, and comparatively high
specific capacity (~140 mAh g !). Therefore, it has been used in the cathode materials of high-
quality LIBs, particularly in mobile electronics such as smartphones, tablets, and laptop
computers [6, 7]. However, Co is an expensive rare metal because of its uneven distribution
worldwide. Over the past decade, the application of LIB cells in BEVs and PHEVs has rapidly
progressed, which enabled the reduction of CO:2 emissions from the transportation sector.
Ternary LTMOs (LiNii-«-CoxMnyO2) in which Co is partially replaced by Ni and Mn have been
extensively investigated for automotive applications that require large-scale, low-cost, and
continuous fabrication of LIB cells [8—16]. Among them, NCM111, which has an equivalent
Ni, Co, and Mn content (x=y=1/3) showed good Li-ion extraction/insertion properties when
used as a LIB cathode and is widely used in automotive applications [12]. Therefore, the
incorporation of Ni in ternary LTMOs is required to offer a high specific capacity upon slow

Li-ion extraction/insertion, that is, under a low charge—discharge current density for the cells
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[10, 17]. NCM523, NCM622, and NCMS811 have been recognized as promising active cathode

materials for automotive LIBs.

Since LIB cells were first commercialized, the utilization or recycling of waste (end-of-life)
cells has attracted much attention, regardless of size and applied fields. When BEVs that utilize
metric tons of LIB cells become mainstream automobiles in the future, the effective reutilization
of rare metals, such as Li, Ni, Co, and Mn in the cathode with cost-effectiveness and in industrial
processes is essential for the sustainable fabrication of LIB cells. A significant interest in the
recycling of key materials used in waste cells has been undertaken by academia and the

industrial sector, and significant research results on LIB cell recycling have been reported [18—

28].

Hydrometallurgy has commonly been used to produce a precursor of the cathode active material
recovered from spent LIBs [18, 22, 29]. This procedure includes five steps: (1) cell discharging
(electrical neutralization); (2) cell disassembly; (3) mechanical-, thermal-, solvent-peeling, or a
combination of the three types of peeling from the current collectors; (4) grinding; and (5)
chemical refining and recovery. The LIB cells intended for automotive applications need to be
robustly packaged to withstand strong mechanical shock, penetration of any type of liquid, fire,
and high temperatures. Waste LIB stacks are usually disassembled into inner parts (cathode,
anode, and separator) and outer covers. However, direct cell disassembly requires safety
measures against electrocution, fire, and exposure to chemicals. Moreover, robust packaging
complicates the mechanical extraction of cathode active materials from cells. Thus, the direct
cell disassembly procedure described above is ineffective for recycling cathode active materials
from a large quantity of LIB cells removed from discarded BEVs. A countermeasure to
automatically and safely extract the cathode active materials from waste LIB stacks in a timely
manner without the complex disassembly process is pyrolysis under inert conditions, which
enables us to readily collect the pyrolysis residue of the cathodes and render it electrically

harmless and safe against fire. It is possible to increase the Ni, Co, and Mn contents in the
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pyrolysis residue by selecting the appropriate pyrolysis temperature, and mechanically and
magnetically collecting the cathode active materials from the pyrolyzed LIB stacks. The refined
pyrolysis residue was converted into a mixture of hydroxides of Ni, Co, and Mn (the precursors
of the cathode active material). However, it is difficult to avoid the contamination of cell-
derived metals, which are mainly Al from cathode current collectors, Cu from anode current

collectors and cell wire-conductors, and Fe from cell packaging and fixtures.

In the field of recycling or recovery of cathode active materials from LIB cells, the effect of
metallic impurities, such as Al, Cu, and Fe, in ternary LTMOs on their electrochemical
performance has attracted much attention. A small percentage of Al, Cu, or Fe at equivalent
ratios to the sum of Ni, Co, and Mn contents has been demonstrated to be harmless to the
electrochemical performance of ternary LTMO cathodes [30-32]. Based on the performance
retention in the presence of metallic impurities, their incorporation into cathodes has become

more acceptable to improve the sustainable fabrication of LIB cells.

This study aims to provide new knowledge regarding the recycling of waste LIB cells that meets
the new era of acceptable incorporation of metallic impurities in cathode materials. A waste
LIB stack that was used in a PHEV was prepared and pyrolyzed under air-free conditions, and
it required no complex or harmful processes. Subsequently, grinding, classification (sieving),
and hydrometallurgy processes were performed for the pyrolyzed stack, thus producing the
precursor of the cathode active material in the state of Ni, Co, and Mn hydroxides in the
presence of Al, Cu, and Fe. By mixing the synthesized precursor and Li2CO3 and then heating
the mixture in air at 800 °C, the waste-LIB-derived cathode active material of
LiNi13Co13Mni1302 (W-NCM) with Al, Cu, and Fe impurities at a total of 4.0 mass% was
achieved. Commercial NCM523 was also evaluated in a similar manner to verify the validity
of the evaluation procedure and compared with W-NCM as a commercial cathode material for
BEV applications. Herein, the effect of high-level multi-impurities on the electrochemical

performance of waste-LIB-derived cathodes was evaluated.
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3.2 Experimental

3.2.1 Material Preparation and Characterization

The cathode active material was recovered from a waste LIB stack (~75 kg) that was used in a
Japanese PHEV. The process flow from the stack pyrolysis to the preparation of the cathode
active material precursor is shown in Figure 1. First, the waste LIB stack was pyrolyzed in a
closed chamber at 800 °C for 2 h and then cooled down to room temperature, with limiting
inflow of air. At temperatures higher than 700 °C, the reactions of Li metal oxides with C, which
can be supplied from the anode active material and the cathode conductive agent can occur so
as to form pure metals, metal oxides, LiO2, Li2CO3, Oz, CO, COa, etc. [29, 32, 33]. The
pyrolyzed stack was then fractured using a hammer crusher at a constant circumferential speed
of 38 m s™!. The fractured stack was sieved into grains with sizes <1.2 mm, and the sieved
grains were dispersed in water at a grain-to-water mass ratio of 10. The slurry was supplied at
100 mL min~! for magnetic separation at a magnetic flux density of 0.15 T and a dram rotation
speed of 45 min~!. The magnetized grains in the wet state were dried and processed by

hydrometallurgy.
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Figure 1. Processing flow from waste LIB stack to the cathode active material precursor.
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The refined grains (5 g) were mixed with 100 mL of HCl solution (12 mol L"), and the solution
was maintained at 70—100 °C for 1 h. Then, 100 mL of deionized water and 100 mL of HNO3
solution (14 mol L™!) were added to the above solution. The resulting solution was heated at
160 °C for 1 h and then naturally cooled to room temperature. The insoluble substances therein
were removed by filtration using a filter paper. A NaOH solution (2 mol L") was poured into
the filtered solution to maintain a pH of 11—12, which allowed precipitation of the metallic
hydroxides. The precipitated hydroxides were collected from the solution by filtration (using
filter paper) and dried at 105 °C in air. The dried hydroxides were pulverized using a mortar
and pestle. The pulverized samples were desalinated by immersion and stirred in deionized
water. Subsequently, the desalinated samples were filtered and dried at 105 °C in air, which

yielded the precursor of the cathode active material.

The precursor was mixed with Li2CO3 at a mass ratio of 2.5 and milled using a disk mill. The
mixture was sintered in air in a two-step heating procedure at 600 °C for 1 h, followed by
heating at 800 °C for 4 h, and then naturally cooled to room temperature. The final product of
the waste-LIB-derived ternary LTMO cathode active material was designated as W-NCM. The
metallic composition of the W-NCM was determined by dissolution in an acidic solution and
further analysis was performed using inductively coupled plasma optical emission spectrometry
(ICP-OES, iCAP 6300 Duo, Thermo Fisher Scientific K.K., Japan). The ICP-OES was also
applied to the intermediate materials produced during the recovery of cathode active materials
(the sieved grains, the magnetically separated grains and the precursor), providing their
compositions. The metal content of the oxides in W-NCM was analyzed using an X-ray
fluorescence (XRF) analyzer (ZSX Primus II, Rigaku Corp., Japan). The microscopic
morphology of the prepared W-NCM particles was analyzed by scanning electron microscopy
(SEM, VE-8800, Keyence Corp., Japan). Energy dispersive X-ray spectroscopy (EDX) was
performed for the W-NCM particles using an EDX system (INCA Energy 250, Oxford
Instruments, UK) attached to the SEM equipment in order to determine the particle elemental

mapping and composition including the non-metallic elements of C, O, and F. For the
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determination of particle composition, the average atomic concentration of three individual

particles was calculated by narrowing the analysis region to within the particle surface.

3.2.2 Electrode Fabrication

To evaluate the electrochemical performance of W-NCM in both half- and full-cell
configurations, the electrodes were fabricated by coating them onto an Al foil as the current
collector. Commercial ternary LTMO (LiNiosCo02Mno302 (NCM523), Beijing Easpring
Material Technology Co., Ltd., China) was also prepared for comparison and is termed as NCM
in this study. For cathode fabrication, a slurry was prepared by mixing 80 mass% of cathode
active material, 10 mass% of acetylene black (Denka Co., Ltd., Japan), and 10 mass% of PVDF
(KF polymer F #9130, Kureha Corp., Japan), all of which were then added to N-
methylpyrrolidone (Tokyo Chemical Industry Co., Ltd., Japan). The prepared slurry was coated
on an Al foil (no surface treatment, £20 um, Hohsen Corp., Japan), and the coated Al foil was
dried in air at 100 °C for 6 h. The loading masses of W-NCM and NCM were 1.5-2.5 and 2.3—
3.0 mg cm 2, respectively. The coating thicknesses of the cathodes were 30—59 and ~35 um for
W-NCM and NCM, respectively. The anode was prepared using graphite (CGB-10, Nippon
Graphite Co., Ltd., Japan), acetylene black, styrene-butadiene rubber (TRD2001, JSR Corp.,
Japan), and sodium carboxymethyl cellulose (Cellogen 7A, DSK Co., Ltd., Japan) with a mass
ratio of 90:5:2.5:2.5. Subsequently, they were added to distilled water and stirred using a
planetary centrifugal mixer. The resultant slurry was coated on a Cu foil (no surface treatment,
120 um, Hohsen Corp., Japan). The graphite anodes had loading masses of 1.2-1.4 mg cm >

and electrode coating thicknesses of 14-21 pum.

3.2.3 Cell Assembly and Electrochemical Measurement

The dried cathode and anode sheets were punched into ¢15 mm disks. The disks were dried at
140 °C for >5 h under vacuum and then used for the cell assembly. CR2032 coin-type half- and
full-cells were used. For the assembly of the half-cell, W-NCM or NCM cathode, a Li metal

foil (¢15 mm, 0.2 mm, Honjo Metal Co., Ltd., Japan), polypropylene separator (2500, Celgard
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LLC, USA), and non-aqueous electrolyte (1 mol L™! LiPFs in a mixture of ethylene carbonate
and diethyl carbonate with 1:1 vol.%, Kishida Chemical Co., Ltd., Japan) were used. The full-
cell was assembled using a cathode (W-NCM or NCM), graphite anode, polypropylene
separator, and non-aqueous electrolyte. All the cell assembly processes were conducted in an
argon-filled glove box with the dew point maintained at below —40 °C. The prepared cell
assemblies were aged at 70 °C for 4 h outside the glove box and naturally cooled to room

temperature for the enhancement of electrolyte penetration into the electrodes.

Using a battery charge—discharge system (HJ1020mSD8, Hokuto Denko Corp., Japan), the
electrochemical performances of the W-NCM and NCM active materials were evaluated in both
half- and full-cell configurations. The cathodes in the half-cells were operated in the potential
range of 3.0-4.2 V vs. Li/Li". To evaluate the current dependence (rate performance) of the Li-
ion extraction/insertion properties of the active materials, the current density was increased in
a step-wise manner from 15 to 30, 75, 150, 300, 750, and 1500 mA g ! and then decreased to
the lowest level of 15 mA g !. Here, the current density in mA g ! is the actual current level
divided by the mass of the active material. The specific capacity of the active material was
defined as the charge quantity (time integral of the current) divided by the mass of the active
material. The CE was also defined as the ratio of Li-ion insertion to Li-ion extraction specific
capacity. The Li-ion extraction/insertion cycles were repeated five times for each current density.
Assuming the specific capacity of NCM111 to be 150 mAh g ™' [22, 32], the lowest and highest
current densities of 15 and 1500 mA g correspond to the C-rates of 0.1 and 10 C, respectively.
The range of current density at 0.1-10 C during the half-cell rate test was determined in
accordance with that of the full-cell rate test that is discussed in the subsequent sections.
Following the rate performance evaluation, 500 cycles were performed to evaluate the cyclic

stability of W-NCM and NCM under an increased current density of 300 mA g .

The apparent specific capacities of W-NCM and NCM were precisely determined based on the

half-cell results. The anode specific capacity of graphite was determined to be 340 mAh g ™!, as
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described in our previous study [3]. For the full-cell assembly, a capacity ratio of anode to
cathode of 1.2 was designed to prevent the formation of lithium dendrites on the anode surface
[3]. The full-cells were charged and discharged in the cell voltage range of 2.5-4.2 V. The rate
performance of the cathode active material was evaluated at 0.1-10 C, during which the charge—
discharge process was repeated five times at each C-rate. The C-rate used for the full-cells was
based on the apparent specific capacity of the active cathode material. The full-cells were then

repeatedly charged and discharged 1000 times at 2 C to evaluate their cycling performance.

According to the rate performances before and after the cycling test, a relationship between the
specific energy and specific power, referred to as the Ragone plot was also produced for the
characterization of full-cells. The specific energy and specific power of the full-cell, which are
both based on the total mass of the cathode and anode active materials were calculated using

the following equations:

_ Wp -1
Erc = AMrora [Wh kggc] 5
(3.1

_ VpaveXIDp -1
Ppc = TAMior [W kggrcl 5
(3.2)

where EFrc is the specific energy; Wb is the energy released during the discharge process; A Miotal
is the total mass of the cathode and anode active materials; Prc is the specific power; Vbave 1s
the average voltage during the discharge process, and /b is the discharge current. Data from the
third cycle at each C-rate during the rate tests were selected to produce Ragone plots. All the

electrochemical measurements were performed at 25 °C.
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3.3 Results and Discussion

3.3.1 Material Characterization

Table 1. ICP-OES compositions of products generated during the recovery process of cathode active
material, from the grains of pyrolysis residue to the recovered LiNi;3Coi3Mn;302 (W-NCM).
Others
(by diff.)
Sieved grains (<1.2 mm) 141 109 102 32 6.0 1.6 0.7 533
Magnetically separated grains 223  23.3  21.1 1.1 2.3 2.8 1.4 25.7
Precursor 16.6 155 174 0 1.8 2.0 1.2 45.5
W-NCM 134 123 134 93 1.3 1.7 1.0 47.6

Sample Ni Co Mn Li Al Cu Fe

Unit: mass%

The composition of products generated during the recovery process of cathode active material
from the waste LIB stack (sieved grains of pyrolysis residue, magnetically separated grains,
precursor, and finally recovered product of W-NCM) were analyzed using ICP-OES; the results
are provided in Table 1. The Ni, Co, Mn, and Li, which are the elements of LiNi1/3Co013Mn1/302
(38.4 mass% in total), and the metallic impurities of Al, Cu, and Fe (8.3 mass% in total) were
detected in the sieved grains. Al, which is used as the current collector, exhibited the highest
content (6.0 mass%) among the metal impurities. The remaining (53.3 mass%) composition is
likely to be include O in the form of metal oxides, along with C and F which could not be
dissolved in the acidic solution for ICP-OES. The use of wet magnetic separation increased and
equalized the compositions of Ni, Co, and Mn, while the composition of others decreased to
half (25.7 mass%) approximately. The Al content also decreased, demonstrating the
effectiveness of wet magnetic separation in the cathode recovery process. The decrease in Li

content was attributed to the water added for wet magnetic separation.

The W-NCM precursor, which is a dried precipitate obtained due to the formation of Ni, Co,
Mn, Al, Cu, and Fe hydroxides, followed by desalination, exhibited similar contents of Ni, Co,
and Mn (49.5 mass% in total) and a low amount of metallic impurities (4.0 mass% in total).
The amount of other precursors (45.5 mass%) was significantly higher than that for the

magnetically separated grains (25.7 mass%). The other precursors mostly contained H and O
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due to the formation of hydroxide. The comparatively low level of other magnetically sieved
grains indicated that the oxides of Ni, Co, and Mn allowed a partial reduction (stripping of O)
and partial metallization due to the ambient carbon-containing materials such as electrolyte,
separator, and resin-based outer package. In the final product of W-NCM, similar contents of
Ni, Co, and Mn were confirmed, and a total of 4.0 mass% of metallic impurities (Al, Cu, and
Fe) were detected. The stoichiometric Li content required to attain the composition of
LiNi13Co13Mni1302 is ~5 mass% under the above-mentioned composition of Ni, Co, and Mn,
indicating that an excess Li content of ~4 mass% exists in W-NCM. Excess Li can take the form
of Li2COs, lithiated oxides of Al, Cu, and Fe, and/or other compounds such as Li20 and Li(OH).
XRF analysis revealed that the total oxide content of Ni, Co, and Mn was 86.0 mass%, and the

contents of oxides of Al, Cu, and Fe were 3.6, 3.7, and 2.5 mass%, respectively.

The above results demonstrated that using the sieved grains of pyrolysis residue of the LIB
stack inertly heated to 800 °C, the cathode active material could be recovered via wet magnetic
separation, acid leaching, hydroxide synthesis, and sintering with the addition of Li2CO3. The
wet magnetic separation process prior to the acid leaching was beneficial for reducing Al
impurity used as the cathode current collector and non-metallic residues such as carbonaceous

materials.

Figure 2 shows the SEM and elemental mapping images of the W-NCM particles. The overview
image indicates that the size of the W-NCM particles ranged from 10 to 50 um, which is larger
than that of the commonly used micron-sized LTMO cathode active materials [34, 35]. In
contrast, the particle size of NCM was 12 um, which has been reported in literature [17].
Elemental mapping of specific particles suggested that all metallic elements were uniformly
distributed on the particle surface. The EDX composition of the surface of the W-NCM particles
is listed in Table 2. Significant quantities of C and F were detected, indicating the existence of
excessive and residual Li2COs, as well as residual fluoride-containing substances, which

resulted from the PVDF binder used in the cathode of the brand-new LIB cell and electrolyte-
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derived LiPFs salt. Based on the fact that W-NCM was sintered in air at 800 °C for 4 h, thermally

stable metallic fluorides or LiF may have been produced in the W-NCM particles.

Figure 2. Microscopic overview of W-NCM particles and elemental mapping of the representative particles.
The particles were fixed on a conductive carbon tape. In the mapping image of C, the white signals detected

outside the particles were caused by the carbon tape.

Table 2. Surface composition of W-NCM particles obtained by EDX.
Element Ni Co Mn o Al Cu Fe C F Total
mass% 182 165 185 332 1.7 2.1 1.7 4.7 34 100

3.3.2 Electrochemical Performances of W-NCM and NCM in Half-Cells

The Li-ion extraction and insertion properties of the W-NCM and NCM cathode active
materials in half-cells were evaluated, and the results are shown in Figure 3. The potential-
specific capacity profiles for the initial five cycles at the lowest current density of 15 mA g

indicated that the specific capacities of W-NCM at the first Li-ion extraction and insertion
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processes were 146 and 121 mAh g™, respectively, and the CE was 82.9%. Those of NCM were
174 and 153 mAh g !, respectively, and the CE was 87.7%. W-NCM and NCM exhibited similar

potential-specific capacity profiles. A minor difference was observed in the potential reduction
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at a higher specific capacity during Li-ion insertion. W-NCM showed a gradual decrease (at

>100 mAh g!), while NCM exhibited a rapid decline. With increasing current density, the Li-
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Figure 3. Electrochemical performances of the cathode active materials under half-cell configuration.
Potential-specific capacity profiles of (a) W-NCM and (b) NCM at 15 mA g'. (c) Specific capacity of Li-

ion insertion and (d) Coulombic efficiency at different current densities. (e) Specific capacity of Li-ion

insertion and (f) Coulombic efficiency during the cycling test at 300 mA g™'.
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ion insertion-specific capacity of W-NCM and NCM decreased. NCM maintained a higher
specific capacity than W-NCM throughout the rate test. The CEs of both the cathode active
materials were nearly 100% after excluding the first cycles at each current density, thus
allowing a hysteretic influence of the previous cycle. In the last five cycles, when the current
density was reduced to 15 mA g !, the Li-ion insertion specific capacities of W-NCM and NCM
were converted to 120 and 155 mAh g !, respectively. These values were used as the apparent

specific capacities of the cathode active materials.

In the cycling test performed at 300 mA g, the Li-ion insertion specific capacity of W-NCM
is lower than that of NCM at the beginning of the test. However, W-NCM sufficiently
maintained the specific capacity even after 500 cycles, showing an excellent capacity retention
(80.7%, based on the results of the 5th and 500th cycles), whereas NCM suffered from a large
capacity decline (33.6%). The reduced specific capacity of Li-ion extraction/insertion during
the rate test and enhanced capacity retention during the cycling test were observed for W-NCM,

which was likely related to the existence of metallic impurities and/or excess Li.

3.3.3 Electrochemical Performances of W-NCM and NCM in Full-Cells

The full-cell, wherein the W-NCM or NCM cathode and graphite anode were installed, was
evaluated in the rate test using a cell voltage range of 2.5-4.2 V. The C-rate was used to express
the current density, which was based on the determined apparent specific capacities. Thus, the
1 C values for W-NCM and NCM were 120 and 155 mA g, respectively. Figure 4 shows the
electrochemical performances of W-NCM and NCM in full-cells at different C-rates. Prior to
the first charging process, the voltage of the full-cells was ~0 V. In the first charging process at
0.1 C, both the cell voltages steeply increased to 3.9 V, corresponding to a specific capacity of
~40 mAh g !. Then, the cell voltage gradually increased to 4.2 V, thereby reaching Li-ion
extraction specific capacities of 122 and 159 mAh g™! for W-NCM and W-NCM, respectively.
These values were approximately equal to the specific capacities recorded in the half-cell rate

test. In the first discharging process, the specific capacities of 82 and 116 mAh g! were
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observed for W-NCM and NCM, respectively, at a cell voltage of 2.5 V. The CE values at the
first cycle were 67.4% for W-NCM and 73.1% for NCM. The lower specific capacities and CEs

when compared with the results of the half-cell tests were attributed to the loss of Li-ions that
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Figure 4. Rate performances of W-NCM and NCM cathode active materials in full-cells using graphite
anodes. (a) Cell voltage-specific capacity profiles at the first cycle for W-NCM and NCM at a current
density of 0.1 C (12.0 mA g! for W-NCM and 15.5 mA g ! for NCM), (b) profiles from the 2nd to 5th
cycle for W-NCM at 0.1 C, (c) those for NCM, (d) discharge specific capacities, and (e¢) Coulombic
efficiencies of W-NCM and NCM at different C-rates.
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resulted in the formation of SEI layers on the graphite anode surface [3]. The charge and
discharge specific capacities of both the cathode active materials gradually increased from the
2nd to the 5th cycle, which was related to the stable formation of the SEI film [3]. The W-NCM
exhibited a lower discharge specific capacity at all C-rates, and particularly at higher C-rates
(>2 C). From the 2nd to the 5th cycle, both the CEs increased to a high value (>93%). However,
the CE of W-NCM was lower than that of NCM. In the subsequent cycles, both the CEs were
retained at ~100%. When the C-rate was subsequently lowered to 0.1 C (from the 36th to the
40th cycle), stable discharge specific capacities were observed for both W-NCM and NCM full-
cells, which were 82 and 120 mAh g !, respectively. The use of a similar anode material and
similar capacity ratio of the anode to cathode verified that W-NCM was inferior to NCM in

terms of rate performance in a full-cell configuration, which agreed with the half-cell test results.

The cycling performances of W-NCM and NCM in a full-cell configuration with a graphite
anode at 2 C are shown in Figure 5. The cell voltage-specific capacity profiles of W-NCM
showed a minor change after 1000 charge-discharge cycles. With an increase in the number of
cycles, the NCM exhibited steep cell voltage increases and decreases in the specific capacity.
Both cathode active materials exhibited an insignificant increase in internal resistance, which
could be observed at the beginning of the charge or discharge process (at ~0 mAh g!). An
increase in the internal resistance may be associated with the growth of SEI films on the cathode
and anode, electrolyte decomposition, and/or structural degradation of the active materials [17,
36]. Thus, the aging of NCM induced by charge—discharge cycling was attributed to the
inactivation of Li ions in the cathode or anode. The discharge specific capacities of W-NCM
and NCM during the cycling test indicated that W-NCM could nearly maintain its full specific
capacity, whereas NCM exhibited a considerable decrease within ~400 cycles. The discharge
specific capacity of W-NCM exceeds that of NCM at the ~160th cycle. The capacity retentions
of W-NCM and NCM at the end of the cycling test were 91.2 and 33.7%, respectively, which

were calculated based on the discharge specific capacities after the 5th and 1000th cycles. W-
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Figure 5. Cycling performances of W-NCM and NCM in full-cells using graphite anodes at a current
density of 2 C. Cell voltage-specific capacity profiles for (a) W-NCM and (b) NCM at different numbers
of cycles. (c) Discharge specific capacities of W-NCM and NCM throughout the cycling test.

NCM in the full-cell configuration was barely degraded by repeating the charge—discharge

cycles at 2 C.

3.3.4 Energy and Power Densities of Full-Cells

Using the rate performance results of full-cells including W-NCM and NCM before and after

the cycling tests, the relationship between the gravimetric energy and power densities of full-
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Figure 6. Ragone plots of full-cells using W-NCM and NCM cathodes, before and after the 1000 charge—
discharge cycles. The specific energy and power were based on the total mass of the cathode and anode

active materials. (a) W-NCM full-cell and (b) NCM full-cell.
cells was evaluated. Figure 6 shows Ragone plots of the full-cells based on the total mass of the
cathode and anode active materials. Before the cycling test, the highest specific energies of the
W-NCM and NCM full-cells were 229 and 308 Wh kgrc !, respectively. Before the cycling test,
the W-NCM full-cell maintained a specific energy of 200 Wh kgrc™! at a limited specific power
of <150 W kgrc !, whereas the NCM full-cell maintained that level of specific energy at a
specific power of <1000 W kgrc'. After being subjected to 1000 charge—discharge cycles at a
current density of 2 C, the W-NCM full-cell exhibited a marginal decrease in the specific power
at <500 W kgrc!. The specific energy at a higher specific power (>1000 W kgrc!) increased,
and a specific energy of 32 Wh kgrc ™! was attained even at a high specific power of ~2500 W
kgrc !, indicating that the rate performance of the W-NCM full-cell was nearly maintained after
the charge—discharge cycling. The highest specific energy of the NCM full-cell subjected to

1000 cycles decreased to 111 Wh kgrc ™!, and the specific energy decreased over the entire range

59



Akita University

Chapter 3, Electrochemical Performance of NCM111 Cathode Recovered from Pyrolysis Residue of Waste LIBs

of specific power. These results suggest that the energy and power densities of the LIB full-cell
using W-NCM as the cathode active material could be highly retained even when subjected to

charge—discharge cycling.

3.3.5 Electrochemical Performance of W-NCM Cathode Active Material

The stable specific capacities of NCM (LiNio.sC00.2Mno302) in the half- and full-cells during
Li-ion insertion were measured to be 155 and 120 mAh g !, respectively, which confirmed the
performance evaluation validity of the ternary LTMO active materials. The W-NCM exhibited
stable specific capacities of 120 and 82 mAh g ! in the half- and full-cell configurations,
respectively. The Li-ion insertion specific capacity of W-NCM in the half-cell was lower than
that of fresh LiNii;3Co13Mni302 (150-160 mAh g! in the potential range of 3.0-4.2 V vs.
Li/Li"), as previously confirmed [37-41]. The lower specific capacity of W-NCM is attributed
to the presence of metallic and non-metallic impurities. The ICP-OES analysis indicated that
W-NCM contained a total of 4.0 mass% Al, Cu, and Fe. To date, the behavior of metallic
impurities in LTMO cathodes has been investigated. Kriiger et al. reported the effect of Al
impurities on the electrochemical performance of LiNii3Coi1sMni302 in a half-cell
configuration. At an Al content of 1.2 mass%, ~15 mAh g ! decrease in the specific capacity of
Li-ion insertion was observed in the potential range of 3.0-4.2 V vs. Li/Li" and current density
of 1 C [42]. However, the specific capacity during the cycling test at 1 C was retained,
independent of the presence of Al. Wang et al. also reported the role of Al in the electrochemical
performance of LiNio.sCo0.1Mno.1-+Al:O2 (0 <x < 0.06) in a half-cell configuration. A relatively
low Al content of x = 0.02 (2 at%) had negligible effects on the Li-ion insertion specific capacity,
rate capability, and cycling stability. An Al content of 4 and 6 at% decreased the Li-insertion
specific capacity from 225 to 200 and 188 mAh g !, respectively, at 3.0-4.4 V vs. Li/Li* and
0.1 C. However, the addition 4.0 at% of Al enhanced both the rate and cycling performances
[30]. Chen et al. investigated the specific capacity and cycling stability of LiCoO2 with
impurities of Al at 0—1.2 mass% or Cu at 0-3.0 mass% in a half-cell configuration operated at

3.0-4.3 Vvs. Li/Li" and 0.1 C [43]. An Al content of 0.6 mass% marginally reduced the Li-ion
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insertion specific capacity, while an Al content of 1.2 mass% considerably reduced it from 150
to 125 mAh g . The addition of Cu at 0.03, 0.18, and 0.6 mass% exhibited an inverse effect on
the specific capacity. A Cu content of 1.8 and 3.0 mass% decreased the specific capacity from
150 to 140 and 130 mAh g, respectively. The specific capacity of the above LiCoOz including
Al or Cu was sufficiently maintained during the cycling test at 0.1 C. Wu et al. also explored
the role of Li(Ni0o.8Co00.1Mno.1)1-+CuxO2 (0 < x < 0.02) in a half-cell configuration operated at
2.8-4.3 V vs. Li/Li" and 0.1 C [31]. The addition of Cu at 1 and 2 at% increased the Li-ion
insertion specific capacity from 190, to 226 and 214 mAh g!, respectively. The increased
specific capacity was successfully retained during both the rate test at 0.1-5 C and cycling test
at 1 C. The effect of Fe as an impurity on the electrochemical performance of
LiNi13Co13Mni1302 was investigated by Park et al. using a half-cell configuration operated at
3.0-4.3 Vvs. Li/Li" and 0.1 C [32]. The addition of Fe to the 0.25 at% barely decreased the Li-
ion insertion specific capacity, while the 1.0 at% Fe addition reduced it from 162 to 157 mAh
g !. The rate capability at 0.1-10 C and cycling stability at 1 C were nearly retained with Fe
impurities up to 1.0 at%. The content of Al, Cu, and Fe in W-NCM was 1.3, 1.7, and 1.0 mass%,
respectively. Based on the above literature survey, the lowered specific capacity of W-NCM
seems to be related to the presence of metallic impurities. When the above-mentioned LTMO
cathodes accept a metallic impurity at low concentrations, no/minor degradation of the rate and
cycling performance was observed. Thus, the reduced specific capacity for Li-ion insertion (120
mAh g in a half-cell) and very high retention (91.2%) in the full-cell cycling test is attributed
to the high-level of metallic impurities, such as Al, Cu, and Fe. However, the effect of the
coexistence of Al, Cu, and Fe on the electrochemical performance of ternary LTMO cathodes
is still unclear. The relationship between the content of each metal impurity in the recovered
ternary LTMO cathode active materials and their electrochemical performance needs to be

further evaluated.

The EDX results revealed that significant quantities of C (4.7 mass%) and F (3.4 mass%) were

detected at the particle surface of W-NCM. In addition, ~4 mass% of Li was stoichiometrically
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overloaded in the bulk of the W-NCM particles. During the pyrolysis process of the waste LIB
stack, it was heated at 800 °C without exposure to air. The decomposition of the PVDF binder
used to adhere LiNi13Co13Mni302 particles to the Al-foil current collector becomes active at
>350 °C [44] and produces HF, which can reduce LiNii/3Co13Mni1302 and thus form LiF [45].
During stack pyrolysis, the residual LiPFs in the electrolyte can directly produce HF. Inside the
sealed cell body, the reaction of the generated HF and direct reactions of PVDF and LiPFs with
the cathode and anode can produce various metal fluorides and metal oxide fluorides. Residual
F in these forms could not be filtered during the hydrometallurgical process, and hence, they
remained in the W-NCM. Owing to the final sintering at 800 °C in air for the fabrication of W-
NCM, the residual F can exist in the form of metal fluorides, metal oxide fluorides, and LiF.
These products are resistant to the transportation of Li ions and barely contribute to the cycling
of Li-ion uptake and release in the cathode. However, the protective effects of metal fluorides,
such as AlF3, formed on the surfaces of ternary LTMOs have been reported to enhance the
cycling performance [46]. The contribution of the residual F to the electrochemical performance
of W-NCM is not negligible. For the present cathode recovery system achieved by pyrolysis of
a bare LIB stack under inert conditions, PVDF and LiPFs—derived F can cause undesired side
reactions at elevated temperatures. Further investigation of the residual mechanism of F in

recovered LTMOs is of great importance.

The compositional analysis indicated that W-NCM contained excess Li in the form of Li2COs3.
Li overloading was intended to compensate for the Li spent by the reduction of oxides of
metallic impurities (Al203, CuO, and Fe203) during cyclic Li-ion extraction/insertion, with the
formation of irreversible side products. Metallic oxides can react with Li ions to form metals
and Li20, which is a reversible conversion reaction. Conversion reactions typically occur at
1.2-3.0 V vs. Li/Li" [47, 48]. However, the resultant Li2O can react with LiPFs to form the
irreversible byproduct of LiF [46], thereby reducing active Li ions. Therefore, W-NCM used in
the cathode was operated at 3.0-4.2 V vs. Li/Li" in the half-cell, and >3.0 V vs. Li/Li" in the

full-cell, referring to the potential-specific capacity profile of the used graphite, which was
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reported in literature [3]. Thus, the Li-ion uptake and release capacities resulting from the
conversion reactions of Al2O3, CuO, and Fe:03 were minor. Therefore, the effect of residual
Li2COs on the electrochemical performance of the ternary LTMOs should be considered. The
excess Li2COs3 used in the synthesis of ternary LTMO has been revealed to be responsible for
active CO, COz, and O2 gas release at a potential >4.5 V vs. Li/Li", and these gas formations
can be alleviated by cycles of aqueous washing and calcination [49]. In this study, the potential
of W-NCM did not reach >4.5 V vs. Li/Li". Notably, the overloading of Li2CO3 onto renovated
LiCoOz has been applied to achieve Li/Co = 1.0, 1.2, and 1.5 [43]. Similar specific capacities
(150 mAh g") and cycling performances were observed at Li/Co of 1.0 and 1.2. Li/Co of 1.5
resulted in a reduced specific capacity (140 mAh g ') and marginally degraded cycling
performance. Based on the negative effects of excess Li2COs, a lower content of Li2COs3
addition during the synthesis of W-NCM should have been selected. The specific capacity of

W-NCM can be improved by adjusting the amount of Li2CO3 added during synthesis.

The SEM revealed that the aggregate (secondary) particles of the W-NCM ranged from 10 to
50 um. The size distribution of primary and secondary particles of LTMO active materials can
be tailored by varying the synthesis parameters, such as the aging time of hydroxide
precipitation, calcination temperature, and time, which influences their electrochemical
performance (specific capacity of Li-ion extraction/insertion, initial CE, rate capability, cycling
stability, etc.) [41, 50-52]. The synthetic procedure for W-NCM will be optimized to reduce the

aggregate particles to <~10 pum, thereby enhancing their electrochemical performance.

For the existing technology, the cathode components extracted from electrically neutralized and
mechanically disassembled LIBs were heated to decompose the PVDF binder, and thus the
cathode active material powder was stripped-off from the Al current collector [53]. The
proposed recovery system can circumvent the existing complex and hazardous manual cell
disassembly process and can be applied to the automatic fluidized bed refining process using

the pyrolysis residue of LIB stacks which were entirely heated in an inert condition, and thereby
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could be scrapped readily. Based on the acceptable specific capacity and excellent cycling
performance of W-NCM in the presence of metallic impurities of Al, Cu, and Fe, as well as
excessive Li and residual F, it is beneficial for the battery community to further explore the
acceptability of certain levels of impurities in LIB cathode active materials from an economic,

social, and environmental perspective.

3.4 Summary

A ternary LTMO cathode active material was recovered from the residue of a waste automotive
LIB stack pyrolyzed at 800 °C, without exposure to air. Its precursor was prepared via a
sequential processes of cell pyrolysis, residue grinding, classification (sieving), wet magnetic
separation, acid leaching, hydroxide precipitation, desalination, and drying. The W-NCM (a
waste LIB-derived ternary LTMO) was synthesized by sintering the precursor that was
stoichiometrically overloaded with Li2CO3 in air at 800 °C. The W-NCM has a composition of
LiNii3Co13Mn1302 with metallic impurities of Al, Cu, and Fe at a total of 4 mass%, as well as
excess Li and residual F. The electrochemical performance of W-NCM was evaluated both in
half- and full-cells, in comparison with a commercial LIB cathode active material NCM
(LiNi0.5C00.2Mno.302) intended for automobile applications. A lower discharge specific capacity
was observed for W-NCM during the performance evaluations, independent of the cell
configuration. The W-NCM in the half-cell configuration exhibited a Li-ion extraction/insertion
specific capacity of 120 mAh g ! (70.4% of NCM). The specific capacity of W-NCM in a full-
cell configuration was 85 mAh g ! (69.1% of NCM). A much higher capacity retention (91.7%)
was observed for W-NCM after 1000 charge—discharge cycles, while the capacity retention of
NCM was 34.0%. Ragone plots for the W-NCM and NCM full-cell configurations before and
after the cycling test indicated that the W-NCM full-cell configuration exhibited 200 Wh kgrc ™!
at a specific power of <150 W kgrc!. After 1000 charge—discharge cycles, the W-NCM full-
cell configuration exhibited a marginal decrease in the specific energy over the entire power

density range investigated in this study.
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It was revealed that W-NCM operated sufficiently as the cathode active material of the LIB full-
cell regardless of the presence of certain metallic and non-metallic impurities. The content of
Al Cu, and Fe in W-NCM was determined to be 1.3, 1.7, and 1.0 mass%, respectively, using
ICP-OES. The results of EDX analysis revealed a 3.4 mass% of F on the particle surface of W-
NCM. Based on previous studies, the presence of impurities such as Al, Cu, and Fe in the form
of oxides, F in the form of metal fluorides and metal oxide fluorides, and excessive Li2COs3 had
a detrimental effect by reducing the Li-ion extraction/insertion specific capacity. The excellent
cycling performance of W-NCM was presumably due to the coexistence of metallic impurities
of Al, Cu, and Fe. In the proposed cathode recovery system via direct air-free pyrolysis of bare
LIB stacks, the side reactions of PVDF and LiPFs in an enclosed cell may lead to F-

contamination in the recycled cathode active material.

Although the developed methodology requires further improvements to reduce the impurities
and optimize the loading level of Li, it is promising for large-scale and automatic recycling of
waste LIBs, which will be enormously exhausted from BEVs and PHEVs. In the future, the
effect of each metallic impurity (Al, Cu, or Fe) and their cooperative effect on the
electrochemical performance (specific capacity, CE, rate capability, and cycling stability) of
waste-LIB-derived ternary LTMO cathodes will be evaluated by optimizing the cathode particle

morphology.
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Chapter 4

Effects of Excessive Prelithiation on Full-Cell Performance
of LIBs with a Hard-Carbon/Nanosized-Si Composite Anode

4.1 Introduction

LIBs with high energy and/or power densities are desired for a wide variety of applications,
such as portable electronic devices, electric vehicles, and grid storage systems [1-3]. Generally,
electric-powered devices require optimal LIB systems with a specified voltage and electrical
capacity; these are constructed using parallel/serial-connected LIB cells. Increasing the energy
and power densities of each LIB cell allows these LIB systems to achieve miniaturization,
weight and cost reduction, as well as economical consumption of battery materials. Graphite—
a popular anode-active material—is primarily used in LIB anodes owing to its low working
potential (~0 V vs. Li/Li"), relatively high lithiation capacity (~350 mAh g "), and low cost [4—
6]. Moreover, composite anodes comprising multiple anode-active materials are frequently used
as LIB anodes. Simply mixing two types of active materials is a promising approach for
achieving enhanced performance in terms of parameters such as capacity, current rate
dependence, and cycle life [7-21]. Composite anodes are typically fabricated using graphite,
other carbon materials such as HC, carbon black, graphene, and carbon nanotubes, as well as
Si or Si oxides at specific mass ratios. Kierzek and Machnikowski discussed the practical
aspects of Si/graphite composite anodes in a full-cell configuration [12]. Ge et al. synthesized
composite anodes using two types of carbon materials (HC and graphite) and highlighted the
importance of the HC loading on the composite anodes [13]. Hu et al. examined the effects of
prelithiating a polyacrylic acid (PAA) binder on the operation of a Si/graphite composite anode
in full cells [15]. Kim et al. fabricated graphite/Si composite anodes and evaluated their
performance in half- and full-cell configurations [18]. In their study, graphite was used as the
main active material for the composite anodes at considerably high mass ratios (>65 mass%).

This indicates that composite anodes continue to be dependent on graphite.
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HC, which is an alternative anode-active material to graphite, is an amorphous carbon with a
disordered structure containing randomly arranged single graphene sheets [22]. The structure
of HC facilitates its high lithiation capacity and buffer effect during lithiation and delithiation
[23, 24]. Although HC has a few drawbacks (high irreversible capacity, low CE, and low tap
density), its use can assist in alleviating the mechanical stress in the anode, thereby enabling a
longer cycle life and improved power capability suited for power-type LIBs. Si has also
garnered significant attention as a substitute anode-active material for graphite. Each Si atom
electrochemically alloys with 4.4 Li atoms to form Lis4Si, which exhibits a remarkably high
specific capacity at full Li-alloying (4200 mAh g™ ') [25, 26]. However, the Si particles cause a
volume expansion of approximately 400 vol.% during lithiation, leading to cracks on the
surface of the electrode or in its interior and the pulverization of Si, thereby degrading the anode
performance [14, 17]. Furthermore, the electrical conductivity of Si is not as high as that of
carbon materials. In recent studies, N-Si particles have been found to exhibit superior anode
performance compared to that of conventional Si-based anodes, in addition to having less
mechanical stress without critical performance degradation [5, 7, 9, 27-29]. Particle size
reduction is effective for overcoming the aforementioned disadvantages of Si-based anodes.
Attempts can also be made to increase the electrical conductivity by adding carbon materials,
such as HC and carbon black, and exploiting the buffer effect to mitigate the volume

expansion/contraction during lithiation and delithiation.

Composite anodes containing C, Si, and/or Si oxides are typically paired with a LTMO cathode
in full-cell configurations. To achieve charge—discharge stability and safety, longer cycle life,
and to prevent Li deposition on the anode, the capacity design for the anode and cathode must
be performed in a balanced manner, which depends on their respective active materials [30—33].
The capacities of the cathode and anode are determined by the specific capacity and loading of
the active material coated on the current collector. In general, the specific capacity of cathodes
such as ternary LTMOs is limited to ~200 mAh g™!. However, the theoretical specific capacity
of pure Siis 4200 mAh g~!, which is 21 times higher than that of the cathode. The anode/cathode
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capacity ratio is tuned to be greater than 1.0 (anode-capacity-rich design) to prevent Li-dendrite
formation on the anode surface [34, 35]. However, adjusting this capacity ratio is difficult for
Si-based full-cell LIBs owing to the significant difference in the capacity between their cathode
and anode. To overcome these problems, anodes with unique shapes such as ultrathin films and
those with a considerably low loading have been fabricated using special processing techniques.
However, these electrode fabrication processes are fairly complex and time- and cost-intensive.
Thus, the Si-based composite anode with a low Si mass ratio is a realistic option for electrode
fabrication and capacity design for LIB full cells. Additionally, a mixture of Si and carbon
materials could improve the electrical conductivity, lithiation capacity, power capability, and

cycle life and alleviate the mechanical stress.

Si- or HC-based anodes exhibit high irreversible capacities and low CEs in the initial cycle; the
high irreversible capacities are due to electrolyte decomposition on the anode side, Li traps in
the macro-/nanopores in the HC, and passivation of Si during Li alloying [22, 36]. The
prelithiation of anodes is known to be essential for reducing the irreversible capacity and
enhancing CE [24, 37-39]. Prelithiation is achieved using various mechanical or
electrochemical methods [18, 28, 40], such as through (i) the direct contact of the anode with
Li metal in the electrolyte, (ii) the addition of stabilized Li metal powder during the anode
fabrication, and (iii) the electrochemical Li doping of the anode in a half-cell configuration
(anode/Li cell). Among these methods, electrochemical Li doping can accurately control the
amount of the Li dopant. Doping Li ions into the anode and assembling a full cell can lead to
an excess of Li in the cell, which can unfortunately influence the operation and safety of the
full-cell and degrade its performance. Accurately controlled prelithiation can help prevent Li-
dendrite formation on the anode surface, permit safe full-cell operation, and suppress the
performance degradation of LIB full-cells. Moreover, adding HC that exhibits a decent buffer
effect to the anode can establish good electrical contact with the anode and enhance its
robustness. Although the effects of the performance of prelithiated sole HC anodes have been

extensively examined to date, the performance of prelithiated Si/HC composite anodes has
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hardly been examined. Furthermore, the impact of the amount of Li compensated through

prelithiation on the HC/Si composite anode performance in a full-cell configuration is unknown.

Therefore, composite anodes were fabricated in this study by simply mixing N-Si and HC. The
HC/N-Si mass ratio was varied (9:1 and 8:2) during the anode fabrication. The performance of
the prepared anodes was evaluated by conducting galvanostatic measurements to evaluate
lithiation and delithiation at a low current density as well as the current rate dependence. Instead
of the HC- and graphite-only anodes, a promising composite anode was selected, prelithiated,
and then incorporated into full-cells with an NCM523 cathode. The composite anodes were
prelithiated in a decomposable test cell with a Li metal foil; the cell was operated in constant-
current mode until the predefined cutoff anodic specific capacities (200, 300, 400, 500, and 600
mAh g ') were achieved. Subsequently, the effects of the prelithiation on the HC/N-Si

composite anode performance in full-cells were investigated and comprehensively analyzed.

4.2 Experimental
4.2.1 Electrode Fabrication

All the active materials were used without further treatment. Three types of anode-active
materials were purchased: N-Si (<100 nm, verified by transmission electron microscopy;
633097-10G, Sigma-Aldrich Co., LLC, St. Louis, MO, USA), graphite (CGB-10, spherical
natural graphite, Nippon Graphite Co., Ltd., Otsu, Japan), and HC (LBV-1001, Sumitomo
Bakelite Co., Ltd., Tokyo, Japan). Anode slurries were prepared by mixing one or two active
materials (graphite, HC, HC/N-Si), a conductive agent, and a binder at a mass ratio of 80:10:10
in distilled water. The HC/N-Si mass ratios of 9:1 and 8:2 were investigated for the composite
anode fabrication; these samples are denoted as HC9/N-Sil and HC8/N-Si2, respectively.
Acetylene black (Denka Co., Ltd., Tokyo, Japan) and a PAA binder were used as the conductive
agent and binder, respectively. The prepared slurry was coated onto a 20 um thick Cu foil
current collector (Hohsen Corp., Osaka, Japan) and dried in an oven at 100 °C for >6 h. The

dried anode sheet was cut into ¢15 mm circles, and the circular electrodes were dried at 140 °C
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for >3 h in a vacuum. The physical properties and performance of these anodes were then
characterized. A cathode was fabricated in a manner similar to that for anode fabrication.
NCMS523 (NCM-523-MESE12D, Beijing Easpring Material Technology Co., Ltd., Beijing,
China) was used as the cathode-active material. The conductive agent used for the cathode was
similar to that of the anode. PVDF (KF Polymer F #9130, Kureha Corp., Tokyo, Japan) and N-
methyl-2-pyrrolidone (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) were used as the
cathode binder and dispersing solvent, respectively. A 20 um thick Al foil current collector
(Hohsen Corp., Osaka, Japan) was used for fabricating the cathode. The cathode specification
was the same as that of our previous work, and the NCM523 cathode had an initial CE of 86.3%

[41].

4.2.2 Physical Characterization

The anode-active material was physically characterized in a powder form using a laser-
diffraction particle-size-measurement system (SALD-200V; Shimadzu Corp., Kyoto, Japan)
and surface-area-measuring instrument (Autosorb-3B, Quantachrome Instruments Inc.,
Boynton Beach, Florida, USA); the particle size distribution was estimated using the former by
measuring the particles in distilled water containing a surface-acting agent, whereas the
Brunauer—Emmett-Teller (BET) specific surface areas were determined using the latter by
acquiring nitrogen adsorption—desorption isotherms at —196 °C and using the BET theory. SEM
(VE-8800, Keyence Corp., Osaka, Japan) was performed to investigate the morphology of the
particles on the active materials and the coating layer on the anodes at an acceleration voltage
of 20 kV. Additionally, EDX was conducted using an INCA Energy 250 system (Oxford
Instruments, Abingdon, Oxon, UK) mounted on the SEM body. The distributions of the C, O,
and Si elements on the coating layer were surveyed by the EDX analysis of the anode cross-

section as well as by detecting similar elements as the particle on the active materials.

4.2.3 Electrochemical Measurements

A CR2032-type coin cell was assembled with the prepared anode, 0.2 mm thick Li metal foil
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(415 mm; Honjo Metal Co., Ltd., Osaka, Japan), propylene separator (¢18 mm, Celgard 2500;
Celgard LLC, Charlotte, NC, USA), and organic electrolyte (1 M LiPFs in a 1:1 (v/v) mixture
of ethylene carbonate and diethyl carbonate, Kishida Chemical Co., Ltd., Osaka, Japan). The
cell was assembled in an argon-filled glove box at a dew point less than —80 °C. The active

material loadings for the graphite and HC anodes were ~2.3 and ~2.3 mg cm >

, respectively.
The graphite and HC anodes exhibited electrode densities of 0.63 and 0.34 g cm ™, respectively.
In terms of specification of the composite anodes, the active material loading and electrode

density were ~2.3 mg cm 2 and ~0.33 g cm >

, respectively. The galvanostatic measurements of
the assembled cells were performed using a battery charge—discharge system (HJ1020mSDS;
Hokuto Denko Ltd., Co., Tokyo, Japan). The operating potential range was set to 0-2.5 V vs.
Li/Li" for all the galvanostatic measurement in the half-cell configuration. First, Li-ion
insertion—extraction was performed at a low current density of 20 mA ga™!, which corresponds
to 0.1 C; the ga unit represents the mass of the anode-active material used. Then, the current
density was increased from 0.1 C to 0.2, 0.5, 1, 2, 5, and 10 C. Each C-rate experiment was
repeated five times. In all the galvanostatic measurements, the current density is expressed as
the C-rate. For example, 1 C indicates a current at which the cell capacity is perfectly discharged
in 1 h. The applied current density was determined based on the specific capacity of the active
materials (200 and 350 mAh ga™' for HC and graphite, respectively); that for the composite

anode was assumed to be 250 mA ga™'.

4.2.4 Design, Assembly, and Performance Evaluation of Full Cell

The prepared NCMS523 material was used as the cathode in full-cells. The HC8/N-Si2
composite anode, which exhibited superior performance in the aforementioned galvanostatic
tests, was used on the counter electrode. Prior to full-cell assembly, the anode was prelithiated
using a battery charge—discharge system and a decomposable test cell with a Li metal foil, a
separator, and an organic electrolyte; these constituent materials are similar to those of the
CR2032-type coin cell. After the prelithiation, the test cell was disassembled in a glove box,

and the anode was carefully extracted. Then, the anode was retrofitted to a CR2032-type coin
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cell, which was subsequently sealed using a swaging machine. Finally, aging treatment
(preservation in atmosphere at 70 °C for ~3 h) was applied to the prepared cells. The cell
comprised the NCM523 cathode, the HC8/N-Si2 composite anode, a propylene separator, and
an organic electrolyte. The separator and electrolyte were similar to those used in the

prelithiation system.

The galvanostatic charge—discharge tests were performed on the assembled full-cells. The full-
cells were operated in the voltage range of 2.5—4.2 V. First, the rate performance of the full-cell
was evaluated by increasing the C-rate from 0.1 to 10 C, with 1 C corresponding to 150 mA g/,
which was based on the cathode specific capacity of NCMS523 (150 mAh gc!); the gc unit
represents the mass of the cathode-active material. Each C-rate experiment was repeated five
times. Then, the full-cell was subjected to 200 charge—discharge cycles at 2 C to investigate the
cycling stability and capacity retention during high-rate cycling. In the rate performance tests,
the charge—discharge characteristics of the first cycle were targeted to evaluate the first CE,
initial charge—discharge operation, and stability. The specific energy (£) and specific power (P)
were calculated as follows using the third-cycle data at each C-rate in the rate performance

tests:

14 —
E =22 [wh kggl,), 4.1)

mc+A

P =W kgclyl

mc+A

(4.2)

where Ob is the discharge capacity, Vb is the average discharge voltage, mc+a is the total mass
of the cathode- and anode-active materials, and /p is the discharge current. All the

electrochemical measurements were carried out at 25 °C.
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4.3 Results and Discussion
4.3.1 Half-Cell Evaluation

Figure 1 shows the anode performance of the half-cell configuration. A graphite anode was used
for comparison. The lithiation and delithiation specific capacities were clearly enhanced at the
higher N-Si mass ratio. In the first cycle, the delithiation-specific capacity was lower than that
of lithiation. This was due to electrolyte decomposition at the anode—electrolyte interface,
where active Li ions were consumed by the electrolyte to form a stable and passive film, which
is often called a SEI film. The CE in the first cycle determines the degree of consumption of
active Li ions inside the cell. The graphite anode had a high CE of 84.5%, as well as a plateaued,
low-potential curve. However, the HC, which exhibited a slope-like potential curve, showed a
low CE of 68.9%. Moreover, blending the HC and N-Si improved the CE compared to that of
sole HC, yielding values of 74.6% for HC9/N-Sil and 73.3% for HC8/N-Si2. As the anodes
were composed of HC and N-Si, the shapes of the potential curves of the blended active

materials did not show significant changes compared with that of the HC.

By achieving first-cycle lithiation and delithiation after cell assembly, the anode was activated
to store full Li ions in the active material. In the third cycle, all the anodes exhibited a stable
specific capacity, with sole graphite and HC showing values of 311 and 188 mAh ga”!,
respectively, during the delithiation. The combination of HC and N-Si in the anode enhanced
the specific capacity; in particular, HC8/N-Si2 exhibited the maximum delithiation-specific
capacity among the anodes (531 mAh ga™'). As the C-rate was increased from 0.1 to 10 C
(Figure 1d), the blended active materials exhibited higher specific capacities. Even at 2 and 5
C, their delithiation-specific capacities were higher than those of the sole active materials. The
maximum specific capacity of HC9/N-Sil was similar to that of graphite at <0.5 C but increased

thereafter. A comparison between graphite and HC9/N-Sil suggests that the current rate

dependence of the former was inferior to that of the latter [6, 9, 16].

79



Akita University

Chapter 4, Effects of Excessive Prelithiation on Full-Cell Performance of LIBs with a HC/N-Si Composite Anode

3.0 100
(a) 1st0.1C (b) 1st0.1C

H : i — Graphite
. R

tdon ||

insertion H ! — HCB8IN-Si2
/ i Li-ion i

extraction

25 |

20 |

Coulombic efficiency / %
(%)
o
T

Electrode potential vs. Li/Li* / V

0.0 . - 0
0 100 200 300 400 500 600 700 800 900 Graphite HC HC9/N-Si1 HCB8/N-Si2
Anode specific capacity / mAh g,
3.0 600 r
(c) 3rd0.1C N (d) $0_1 C-rate !
"o . :
> 25 | . . ' Se0 | HCBN-S2T :
+ H H i 2 o !
5 i 5 i E = 1
g 201 i — Graphite 240 : 00'53
5 i — HC g : ;
g 15 Lion | ; i i § 300 - Graphite ‘*:’ i1
° insertion | H ! — HCB8IN-Si2 £ i o ?
o 10 H i Li-ion / 'S 200 | : i
- / i extraction 2 HC ¢ ! 2
g g 3 P % e to
ﬁ 0.5 e 2 100 | o
--------- < 8 5
---------- : T8 (<} 10
0 N T - n N N N 0 ! ' 0.4
0 100 200 300 400 500 600 700 800 900 0.01 0.1 1 10 100
Anode specific capacity / mAh g, C-rate /C

Figure 1. Performance of anode-active materials in the half-cell configuration. (a, ¢) Electrode potential as
a function of anode specific capacity at 0.1 C in the (a) first and (¢) third cycles. (b) Coulombic efficiencies
(CEs) in the first cycle. (d) Rate performance at 0.1-10 C. The data of the third cycle for each C-rate are

shown.

4.3.2 Physical Characterization of Materials and Electrodes

The physical properties of the active materials used to fabricate the anodes are summarized in
Table 1. Graphite and HC had micron-sized particles (10-16 pm) and lower BET-specific
surface areas (<8.2 m? g!) than that of N-Si (35.2 m? g'!). However, the evaluation of the
particle size of N-Si by laser-diffraction particle size measurement using a wet method was
difficult because the nanosized particles readily agglomerated in the solution. The measured
value (1.1 um) corresponded to the agglomerated N-Si particles; therefore, the true particle size

was determined to be 0.1 pum using specification-related data [42].

Table 1. Physical properties of the active materials used for anode fabrication.

Graphite HC N-Si
Dy* (um) 16 10 0.1[42]
Sper** (m* g!) 8.0 8.2 352

* Medium diameter, ** BET specific surface area
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The morphology, particle size, and elemental distributions for HC and N-Si particles were
analyzed using SEM and EDX elemental maps (Figure 2a). Although the N-Si was
agglomerated with several particles, the particle size was determined to be ~0.1 um with
spherical shape. The particle size of HC was ~10-um with angulated outlines. The elemental
mappings of C or Si, and O revealed the elemental distribution at the particle surface. In addition
to the main component of C or Si, a small amount of O was observed in the particles; other
elements were not detected in the EDX elemental maps. The HC8/N-Si2 composite anode,
which showed optimal anode performance among the investigated anodes, was analyzed by
SEM and EDX (Figure 2b—f). HC particles as large as 10 um were observed on the anode
surface. A sponge-like substance containing the conductive agent and PAA binder was firmly
attached to the HC particles. Moreover, a few voids were observed in the anode (red dotted
lines in Figure 2b), implying the creation of a void structure inside the coating layer of the
anode. In the cross-sectional analysis (Figures 2d—f), the distributions of C, O, and Si were
surveyed along the depth direction. Interestingly, C and Si mapping revealed that N-Si occupied
the space between the large HC particles. O was detected in the anode because of the oxidation

of the HC and/or N-Si particles.

4.3.3 Specific Capacity of HCS8/N-Si2 Anode

Figure 3 shows the acquired delithiation curves for the HC and HC8/N-Si2 anodes as well as
the specific capacity assignment of the HC and N-Si components of HC8/N-Si2. A half-cell
evaluation at 0.1 C in the third cycle yielded an effective specific capacity of 531 mAh ga™! for
the composite, with the HC-only anode showing a lower value of 188 mAh ga™!. The HC
accounted for approximately 80 mass% of the active material in HC8/N-Si2. Therefore, HC
contributed 80% of 188 mAh ga™! as the partial specific capacity to the blended active material,
with the rest being supplied by N-Si (381 mAh ga™'). The apparent specific capacity of N-Si at

full Li alloying was calculated to be 1905 mAh ga™!, which is approximately half the theoretical
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Figure 2. (a) SEM image and elemental mappings of HC and N-Si. SEM images of the (b) surface and (c)
cross-section of the HC8/N-Si2 composite anode, and elemental maps of (d) C, (e) O, and (f) Si in the
anode cross-section.

specific capacity of pure Si (4200 mAh ga™'). This was presumably related to the degree of
oxidation and morphology of Si, as well as electrode design aspects, such as the component
ratio of active and inactive materials and types of conductive agent and binder materials [28,

43, 44]. Therefore, the HC8/N-Si2 anode was estimated to have a specific capacity of 530 mAh
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Figure 3. Delithiation curves for the HC and HC8/N-Si2 anodes, and the specific capacity assignment of

HC and N-Si to that of the HC8/N-Si2 composite.

gAfl.

4.3.4 Anode Prelithiation and Full-Cell Assembly

Figure 4 shows a schematic of the prelithiation process and the corresponding results obtained
using the HC8/N-Si2 composite anode in a full-cell configuration. Prelithiation was realized by
operating a decomposable test cell with a Li metal foil and the HC8/N-Si2 anode (prelithiation
cell) electrochemically doped with certain Li ions. Subsequently, the anode was incorporated
into a full-cell with an NCM523 cathode (Figure 4a). The prelithiation capacity was controlled
by setting a cutoff anodic specific capacity (200, 300, 400, 500, or 600 mAh ga™'). The

prelithiation rate (RL) was calculated as follows:

R, =k (4.3)

where CL is the measured prelithiation capacity, and Ca is the anode capacity calculated using
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Figure 4. Prelithiation of the HC8/N-Si2 composite anode used in a full-cell configuration. (a) Illustrations
of the prelithiation strategy and full-cell assembly. (b) Anode capacity (Ca) and prelithiation rate (Rr)
corresponding to various cutoff anodic specific capacities. (c) Electrode potential as a function of anode

specific capacity during the prelithiation at different cutoff anodic specific capacities.

the estimated specific capacity (530 mAh ga™!) and mass of the anode-active material. All the
prelithiation cells showed similar Ca values of ~2.0 mAh. RL increased proportionally with
increasing cutoff anodic specific capacity from 200 to 500 mAh ga™!, and showed the highest
value (113%) at a cutoff anodic specific capacity of 600 mAh ga™!. At the electrode level, the

prelithiation process corresponding to 113% Rr allowed an excess of Li ions into the HC8/N-

Si2 composite anode.

The open-circuit voltage (electrode potential vs. Li/Li") was measured to be ~3 V for all the
prelithiated cells using a digital tester immediately after cell assembly. During the prelithiation

process, the voltage decreased until the cutoff anodic specific capacity was achieved. Similar
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potential profiles were exhibited by all the prelithiated cells; however, the electrode potential at
completion of the prelithiation was different. A reductive reaction associated with SEI
formation is known to occur between 0.4 and 1.0 V vs. Li/Li* for C, Si, and their composites
[19, 39, 45-48]. During prelithiation, the electrode potential decreased to 0.14, 0.07, 0.06, 0.04,
and 0.02 V vs. Li/Li" for the prelithiated cells with cutoff anodic specific capacities of 200, 300,
400, 500, and 600 mAh ga™!, respectively. These electrode potential at the end of prelithiation
indicate that SEI film formation was almost complete on the anode. Immediately after the SEI
film formation, the HC and N-Si likely stored residual Li ions that hardly reacted during the
film formation. The HC, which exhibited a slope-like potential below 1.5 V vs. Li/Li" during
Li-ion intercalation and de-intercalation, stored Li ions at the interlayer of randomly arranged
graphene sheets (high-potential region) and in micro-/nanopores (low-potential region) [22, 49].
The alloying reaction of Si typically occurs at <0.3 V, and the potential is higher than that of
Li-ion intercalation in graphite [44, 46, 47]. Thus, the unconsumed Li ions were mainly stored
in the interlayer of the graphene sheets in the HC and Si particles. Furthermore, the different
cutoff anodic specific capacities used for the prelithiation provided the HC with a varying

number of Li ions to store in its graphene sheets.

Table 2 lists the design parameters for full-cells constructed using an NCM523 cathode and an
HC8/N-Si2 composite anode with or without prelithiation (NCM523|HC8/N-Si2 cells). In these
experiments, the HC8/N-Si2 composite anode was paired with an NCM523 cathode with an
anode/cathode capacity ratio (Ra/c) of ~2.0. The cathode capacity (Cc) and Ca values were
calculated using the mass and specific capacity of the active materials (150 mAh gc! for
NCM3523 and 530 mAh ga™! for HC8/N-Si2). The active material loadings for the cathode (Lc)
and anode (La) were 3.9-4.0 and 2.2-2.3 mg cm 2, respectively. The thicknesses of the cathode
(tc) and anode (za) without the current collector were 38—60 and 70—-88 um, respectively. RL

and CL increased with an increase in the cutoff anodic specific capacity from 200 to 600 mAh
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Table 2. Design parameters for NCM|HCS8/N-Si2 cells.

NCM523|HCS8/N-Si2 cell
RLO RL38 RLS57 RL75 RL95 RL113

Cell parameter

Cc [mAh] .03  1.05 1.03 1.04 1.04 1.04
Ca [mAh] 213 209 208 211 217 2.10
Rarc 207 199 202  2.03 209 202
Lc [mg cm ] 390 395 390 390 391 3.92
La [mg cm™?] 227 224 222 225 232 225
tc [pum] 40 38 41 40 38 60
ta [um] 75 70 70 72 72 88
CLi [mAh] - 0.79 1.18 1.59  2.05 2.38
Ru 0 038 057 075 095 1.13
Max_Cii [mAh] 2901 2.11 1.71 134 096 054

ga . The NCM523|HC8/N-Si2 cells are denoted as RLx, where x represents the prelithiation

rate (RL).

In order to evaluate the prelithiation and its effect on the HC8/N-Si2 anode, the margin capacity

of the anode before the first lithiation (Max_CLi) was calculated based on following equation:

Ca
CEHCs/N-Siz

Max_Cy; = — Cpi[mAh], (4.4)

where CEncsn-si2 is the CE (73.3%) of HC8/N-Si2 anode at the first cycle in the half-cell
configuration. Until RL exceeded 0.95, the prelithiated cells had a margin of Max Cui to Cc,
and their anodes were not overcharged beyond the Max Curi. The Max_CLi of RL9S5 slightly
exceeded the Cc, whereas RL113 showed a Cc, which was approximately two-fold more than

Max_CLi. In these anodes, the overcharge was considered during the first charge.

4.3.5 Full-Cell Evaluation

Figure 5 shows the full-cell performance of the NCM523|HC8/N-Si2 cells with different RL
values. In the first cycle, the cell voltage of RLO increased sharply until a specific capacity of
38 mAh gc! and then smoothly reached the cutoff charge voltage of 4.2 V. However, RL113

showed flat-type cell voltage behavior between 3.6 and 4.2 V, except for the initially precipitous
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drop at 1 mAh gc ™. The other prelithiated cells exhibited similar specific capacity—cell voltage
profiles during the first cycle. A spike-like variation was observed at 7 and 1 mAh gc! in the
profiles of the RLO and RL113 cells, respectively, which indicates the pristine Li-ion release
behavior of ternary LTMOs [50, 51]. However, the electrolyte decomposition associated with
SEI film formation (reduction reaction) occurred at the anode during the first charging. The
electrolyte decomposition during the first charging process occurred simultaneously at both
electrodes in RLO; in particular, the electrolyte decomposition reaction at the anode—electrolyte
interface was more active, that is, by floating the anode potential and lowering the cell voltage.
This behavior was hardly observed in RL113 because the electrolyte decomposition on the

anode side was achieved through prelithiation.

At the beginning of the first charge, a decrease in the cell voltage followed by a precipitous
drop was observed for the NCM523|HC8/N-Si2 cells with lower cutoff anodic specific capacity.
These voltage variations implied insufficient SEI film formation through prelithiation when the
cutoff anodic specific capacity was less than 300 mAh ga™!. The SEI film is generally formed
at 0.4—1.0 V vs. Li/Li" on the anode potential, as mentioned in the previous prelithiation section.
The anode potential operates around the reaction potential of SEI film formation, thereby
lowering the cell voltage, which was similar to the cell voltage behavior of RL0O. Conversely,
higher cutoff anodic specific capacity during prelithiation provided the NCM523/HC8/N-Si2
cells with higher operating cell voltage. The RL113 had a higher operating cell voltage than
that of RL38 (the difference in the voltage was ~0.1 V). During the subsequent discharge
(Figure 5d), all the prelithiated cells operated with average voltage of 3.5-3.6 V. Li plating on
the anode surface in full-cells commonly corresponds to charge or discharge voltage profiles
[33, 35]. An appropriate and undisturbed charge—discharge profile was observed for each

prelithiated cell. Thus, prelithiation with low to high cutoff anodic specific capacity is not likely
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Figure 5. Full-cell performance of the NCM523|HCS8/N-Si2 cells with different Ry values. (a, b) first-cycle

cell voltage curves of (a) RLO and (b) RL113, (c, d) a comparison of first-cycle profile for (c) charge and
(d) discharge, and (e) the corresponding CEs. (f) rate and (g) cycling performance of the NCM523|HC8/N-

Si2 cells.

to result in Li plating on the anodes. The prelithiated NCM523|HC8/N-Si2 cells showed higher
CEs (>83%) in the first cycle than that of the cell without prelithiation (RLO; 35.2%; Figure Se).

Therefore, prelithiation helped alleviate the Li loss on the HC8/N-Si2 anode, regardless of the
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cutoff anodic specific capacity during prelithiation.

A similar rate performance was observed for the prelithiated NCM523|HC8/N-Si2 cells in the
C-rate range of 0.1-10 C (Figure 5f). The discharge-related specific capacity at <5 C was
comparable with that of the prelithiated cells. At 10 C, all the cells showed different discharge-
related specific capacities; that of RL95 was the lowest among the delithiated cells. This can be
attributed to the severe operating condition under 10 C charge—discharge cycling for the
NCMS523|NC8/N-Si2 cells. The cycling performance tests revealed that RL95 and RL113
exhibited superior performance for 200 cycles at 2 C. The capacity retentions of the prelithiated
NCM523|HCS8/N-Si2 cells were 47.1%, 42.1%, 37.0%, 74.0%, and 62.3% for RL38, RL57,
RL75, RL95, and RL113, respectively. Despite the high discharge-related specific capacity
observed during the initial cycle, the charge—discharge cycling at 2 C damaged the prelithiated
cells with <0.75 Rr over 200 cycles. These prelithiated cells showed low capacity retention.
However, the capacity retention dramatically improved for R greater than or equal to 0.95. The
excessive pre-lithiation of the HC8/N-Si2 anode, which increased the number of Li ions inside
the cell, assisted in enhancing the cycling performance of the NCM523|HC8/N-Si2 cell. RLO
displayed a negligible rate and cycling performance owing to the significant consumption of

active Li ions caused by the SEI film formation on the anode.

Figure 6 shows Ragone plots of the prelithiation-free cell (RLO) and the NCM523/HC8/N-Si2
cell with optimal full-cell performance. The representative specific energy and specific power
data of previously reported cells were used for comparison [24, 48, 49, 52—-54]. Essentially, the
prelithiation of the HC8/N-Si2 anode enabled the NCM523|HC8/N-Si2 cell to exhibit higher
specific energy over a wide power range (35-3081 W kgc+a™"). High specific energies of 121
and 348 Wh kgc+a™! were exhibited at 3081 and 35 W kgc+a !, respectively. The
NCM523|HC8/N-Si2 cell showed a superior energy release capability until <1619 W kgca™,

compared with that of the previously reported cells with a single active material in the anode.
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Figure 6. Ragone plots of the NCMS523/HC/N-Si cell with optimal full-cell performance and the

prelithiation-free cell.

Considering the decrease in specific energy corresponding to specific powers of 35 to 3081 W
kgc+a~!, acceptable specific energies can be expected in the ultrahigh-power region (~10,000
W kgc+a™!). Consequently, the power capability can be further improved by replacing graphite
with HC8/N-Si2 and subjecting the anode to excessive prelithiation. In future studies, I will
attempt to develop an LIB with ultrahigh-power capability by pairing the excessively
prelithiated HC8/N-Si2 anode and a high-rate cathode based on LiNio.sMni.504, carbon-coated

LiFePOs or other surface-modified metal oxides.

4.3.6 Effects of Blend Ratio and Excessive Prelithiation on Performance of HC/N-Si

Composite
The HC/N-Si composite anodes exhibited higher specific capacities at the higher N-Si mass
ratio. The N-Si mass of ~20% yielded the HC8/N-Si2 composite anode that exhibited a
maximum specific capacity of 531 mAh ga! at 0.1 C. In the estimation of the specific capacity
of the composite anode, the specific capacities of HC and N-Si were determined to 150 and 381
mAh ga™!, respectively. The addition of a small amount of N-Si enhanced the specific capacity

of the anode. The rate performance was improved compared with that of graphite. HC, which
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has a disordered structure with several single graphene sheets, can rapidly and easily access and
store Li ions. Owing to the Li-alloying mechanism, N-Si stored numerous Li ions in the Si
particles, thereby offering a dramatically high specific capacity and severe volume expansion
during the lithiation, as well as low electrical conductivity. The low electrical conductivity and
poor electrical contact were improved by adding HC and acetylene black [25, 26]. Therefore,
the electrochemical properties of HC and N-Si and their lithiation mechanism helped boost the

performance of the HC/N-Si composite anodes.

SEM observations and EDX elemental mapping revealed the electrode structure and elemental
distribution of the HC8/N-Si2 composite anode. The composite anode was constructed using
two main active materials—0.1 pm-sized N-Si and 10 um-sized HC—and other inactive
materials (acetylene black and PAA binder). The large HC particles were dispersed in the
coating layer and surrounded by the nanosized materials (N-Si and acetylene black) and the
binder. Both the active materials were firmly joined through acetylene black and binder, as
revealed by SEM analysis. Additionally, certain N-Si particles were densely packed in the air
space created by the HC particles. During lithiation, the airspace helped alleviate the
mechanical stress caused by the volume expansion of N-Si. Moreover, the buffer effects derived
from HC and acetylene black during lithiation mitigated the severe volume expansion of N-Si.
Therefore, the use of two types of anode-active materials with different particle sizes and the
introduction of a combination of two carbon materials facilitated the creation of an electrode

structure with less mechanical stress and decent electrochemical properties.

Anode activation with the formation of the SEI film was preliminarily completed by conducting
prelithiation prior to full-cell assembly. Following the incorporation of the prelithiated HC8/N-
Si2 composite anode into the full cell, the NCM523|HC8/N-Si2 cells operated favorably in the
first cycle, as they exhibited higher CEs than the prelithiation-free NCM523|HC8/N-Si2 cell
(RLO). The Li ions injected via prelithiation reacted with the electrolyte at the anode—electrolyte

interface and negated the irreversible capacity drop that occurred during the first charging

91



Akita University

Chapter 4, Effects of Excessive Prelithiation on Full-Cell Performance of LIBs with a HC/N-Si Composite Anode

process. However, residual Li ions likely existed on the anode side; therefore, the full cell had
excess Li ions in either the cathode or anode. Furthermore, the prelithiated cells exhibited a
difference in Max CLi before the first charging process. At the start of the first charging process,
Li ions were already present in the anode, and the primary Li ions were transferred from the
cathode. In this storage state, the anode probably operated at a high utilization rate for Li-ion
storage. The utilization rate of the anode depended on the cutoff anodic specific capacity during
prelithiation; the higher the cutoff anodic specific capacity, the higher the utilization rate of the
anode. At Rt higher than 0.95, the anodes of RL95 and RL 113 were overcharged and could not
be confirmed to cause Li plating at the anode. In HC8/N-Si2 anode, HC and N-Si exhibited the
durability of Li plating owing to their physical property and electrochemical performance. The
former was indicative of the disorder of single graphene sheets, and the Li storage sites such as
micro-/nanopores and void spaces between the graphene sheets. Li plating hardly occurred
during charging at such storage sites. The latter could be explained using the Li alloying
mechanism, where the Si is alloyed with certain Li ions at high operating potentials versus
Li/Li" (~0.2 V vs. Li/Li") during the charging. The operating potential did not result in Li plating.
Therefore, all prelithiated cells could favorably operate at the beginning of the first charge—

discharge cycle without Li plating.

The RL95 and RL113 exhibited excellent capacity retention in the cycling performance tests
conducted for 200 cycles at 2 C. Their capacity retention was dramatically improved compared
with that of the other cells. This was due to the alleviation of the volume expansion of N-Si,
followed by anode operation limited by the high utilization rate. Song et al. reported that the
electrical conductivity of alloyed Si was higher than that of bare Si [29]. The alloyed Si helped
realize the high utilization rate of the composite anode. Thus, the HC/N-Si composite anode is
recommended for operation with a high utilization rate for Li storage. Moreover, the
electrochemical properties of HC assisted in retaining the specific capacity during the charge—
discharge cycling. Additionally, the Li storage in the interlayer of the graphene sheets and

micropores in the randomly arranged sheets inhibited the volume expansion of N-Si in the
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anode. While the cycling performance improved, the rate performance was independent of the
anode utilization rates, which were varied using different cutoff anodic specific capacities
during prelithiation. Compared with the prelithiation-free cell (RLO), the discharge-related
specific capacity was boosted with the application of prelithiation, regardless of the cutoff
anodic specific capacity. Preliathion enhanced the specific capacity of the NCM523/HC8/N-Si2
cells, and the Li ions injected via prelithiation rarely affected their rate performances. Thus,

prelithiation affected only the cycling performance of the NCM523|HC8N-Si2 cells.

4.4 Summary

Blended active materials were prepared by mixing HC and N-Si during anode fabrication. In
the half-cell evaluation, excellent rate performance and enhanced specific capacity (531 mAh
ga™") were obtained for the anode prepared at an HC/N-Si mass ratio of 8:2. The electrode
structure, which comprised 10 um sized HC and 0.1 um sized N-Si, provided buffer space
during Li-ion uptake and release. Prior to full-cell assembly, anode activation with SEI film
formation was achieved by conducting prelithiation in an HC8/N-Si2|Li half-cell intended for
prelithiation. During prelithiation, the lithiation capacity was controlled by setting the cutoff
anodic specific capacity (200-600 mAh ga™'). The prelithiated NCM523|HC8/N-Si2 cells
operated effectively in the first cycle, during which the CE was boosted to >83%. In contrast,
the NCM523|HCS8/N-Si2 cell without prelithiation did not work favorably in the galvanostatic
charge—discharge tests. The cycling performance of the NCM523|HCS8/N-Si2 cells was affected
by the anode utilization rate, which was dominated by the prelithiation process conducted at
different cutoff anodic specific capacities. The excessive prelithiation of the anode (RL > 0.95)
and the consequently achieved higher anode utilization rates assisted in realizing a high capacity
retention (>62.3%) for 200 cycles at 2 C. The rate performance was independent of the anode
utilization rate. The prelithiated NCM523|HC8/N-Si2 cell with an RL value of 1.13 showed
optimal energy-release capability over a wide power range (35-3081 W kgc+a™!), compared
with that of previously reported cells. Therefore, the excessively prelithiated NCM523|HC8/N-

Si2 cell is anticipated to expedite the development of high-power LIB cells with graphite-
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replacement materials.
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Chapter 5

Role of SiO, in Rice-Husk-Derived Anodes for LIBs

5.1 Introduction

Approximately 150 million tons of RH are generated annually and globally as agricultural waste
[1]. RH is composed of approximately 80 mass% organic material (lignin, cellulose,
hemicellulose, and others), and the rest are mainly silicon oxides (SiOx, 0< x <2) [2]. Rice, a
silicicolous plant, adsorbs Si(OH)4 from the soil for growth and accumulates SiOx in its husk
[3]. RH is not preferred as a fuel because it produces a large amount of SiOx-derived ash during
combustion. Thus, the utilization of RH has been limited to agricultural applications such as
fertilizer additives, stockbreeding mats, and bed soil. On the other hand, RH, being intrinsically
a composite of organic material and inorganic SiOx itself, can be easily transformed into a

C/S10x composite through simple heat treatment under inert conditions (carbonization).

LIBs have been used as power sources in various industrial applications, such as smartphones,
industrial robots, electric vehicles, and grid-scale electricity storage systems. Graphite, HC, Si,
and SiOx have been used as anodic active materials (AMs) in LIBs [4—-10]. Anodic AMs operate
using several Li storage mechanisms (insertion, conversion, and alloying reactions) [8, 11-14].
Intercalation compounds, such as carbon materials, follow the intercalation mechanism, which
facilitates Li-ion insertion (reduction) and extraction (oxidation) [11]. This mechanism provides
a good conductive pathway, smooth Li-ion transport, and strong robustness during cyclic Li-
ion insertion and extraction. Alloying compounds, such as Si and Sn, follow the alloying
mechanism when they react with Li, which can lead to dramatically higher specific capacities
for Li storage than those for the insertion mechanism [14]. High specific capacities are also
obtainable by the conversion mechanism associated with the reactions of transition metal oxides
and Li. However, large irreversible capacities and positive anode potentials are induced by this

mechanism compared to the other mechanisms.
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Low electrode potential, high specific capacity for Li-ion uptake and release, good cycle
stability, low toxicity, low cost, and natural abundance are required for anodic AMs. Graphite,
which follows the insertion mechanism, is still mainly used in commercial LIBs because of its
low and flat potential profile, low irreversible capacity, low cost, and accumulated experience.
However, it has drawbacks, including a limited specific capacity of 372 mAh g ™!, small margin
for Li deposition or dendrite formation, and moderate cycle life [11, 15]. Si, which follows the
alloying mechanism, is anticipated to supersede graphite because of its very high specific
capacity (4200 mAh g! at full Li alloying) [14]. However, it undergoes a large volume
expansion during Li-ion uptake and release (~280%) [16], causing the cracking of Si particles
and thus, repeated formation of a SEI. Repeated SEI formation consumes Li ions in the
electrolyte and increases the irreversible capacity of the Si anode. Moreover, cracking can
induce the delamination of Si particles from the electrode, leading to capacity fading of the cell.
Therefore, the sole use of Si in LIB anodes is still rare for commercial LIBs. However, the use
of SiOx has been an alternative countermeasure to increase the anode capacity of cells. High
specific capacities of 1965 and 2043 mAh g™ ! were obtained for SiO2 and SiO, respectively [7,
17]. The reduction reaction of SiOx with Li ions can produce lithium silicate (LixSiOy) and
lithium oxide (Li20), leading to a smaller volume expansion at succeeding cycles of Li-ion
uptake and release and thus, higher cycle stability [17]. However, SiOx has a lower electrical
conductivity than C and Si, requiring a high-level conductive agent (e.g., carbon black) to
fabricate the anode. Thus, C/SiOx composites have attracted much attention as anodic AMs for

LIBs [18-21].

For sustainable development goals, biomass-derived materials are viable options for next-
generation LIB anodes that require high environmental compatibility. As mentioned above,
C/SiOx composites can be readily produced from RH via simple carbonization. RH-derived
C/SiOx composites have been investigated for application as LIB anodes. Ju et al. stated that

RH-derived C/SiOx exhibits a large irreversible capacity of 46.7% CE at the initial Li-ion
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insertion and extraction [22]. Kumagai et al. also reported ~53% CE at the initial Li-ion uptake
and release [17]. The large irreversible capacity of RH-derived C/SiOx has been demonstrated
elsewhere [15, 20-23]. In addition, the Li-ion insertion and extraction properties of carbon
materials produced by removing almost all SiOx from carbonized RH were also evaluated [24,
25]. Although SiOx undergoes reduction reactions with Li ions and thereby increases the
irreversible capacity, the CE of the carbon material is not high (~60%) [15, 18]. SiOx in RH acts
as a template to produce micro- and mesoporous structures in the resultant carbon material [26].
The passivation of Li ions in the produced pores, as well as SEI formation on the increased
surface area, is responsible for the large irreversible capacity [20, 23]. To overcome the large
irreversible capacity of RH-derived C/SiOx, a pre-lithiation process that provides sufficient Li
ions to the anodic AMs can be a realistic choice [27-32]. Up to now, the Li-ion insertion and
extraction properties of RH-derived C/SiOx or C have been evaluated in the half-cell
configuration where infinite Li ions can be provided by the Li metal electrode (counter and
reference electrodes). However, for actual LIB full-cells, the large irreversible capacity of the
anode has a decisive effect on the charge-discharge performance because a significant amount
of Li ions can be consumed within and on the anode, and additional Li ions cannot be supplied
from the outside. Although several studies have focused on the feasibility of RH-derived C/SiOx
as a LIB anodic AM, its electrochemical performance in a full-cell configuration has not been

reported thus far. The role of SiOx in LIB full-cell performance is also unknown.

In the present study, C/SiOx was produced by heating RH under N2 and then immersing the
carbonized RH in NaOH solution. By adjusting the immersion temperature and time, C/SiOx
composites with different SiOx contents were prepared as LIB anodic AMs. The physical
properties of the prepared samples were evaluated by thermogravimetric analysis, particle size
analysis, and N2 adsorption-desorption porosimetry. CR2032-type half-cells and full-cells were
assembled to evaluate the Li-ion insertion and extraction properties of C/SiOx. Pre-lithiation
was performed prior to the LIB full-cell assembly. Full-cells with a pre-lithiated or pristine

C/Si0x anode and Li(Nio.sC002Mno3)O2 (NCM) cathode were assembled, and their rate and
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cycle performance were evaluated. Finally, the role of SiOx in the C/SiOx anode in the rate and
cycle performance of the assembled full-cells was discussed. To the best of our knowledge, the
performance of LIB full-cells with pre-lithiated C/SiOx anodes has been evaluated for the first
time in this study. Revealing the roles of the pre-lithiation process and SiOx removal in the
anode on the performance of LIB full-cells is scientifically novel and industrially and
environmentally significant. The knowledge provided in this study is expected to promote the

development of eco-friendly LIBs and the effective use of agricultural waste.

5.2 Experimental
5.2.1 Preparation of C/SiOx AMs and Their Characterization

Raw RH (Akitakomachi rice) was provided by a rice farmer in Senboku City, Akita Prefecture,
Japan with his permission and used as feedstock for RH-derived C/SiOx AMs. The raw RH was
dried at 100 °C for 10 h to determine the initial mass. Pre-carbonization was conducted in a
tubular furnace by heating the raw RH at 600 °C for 1 h under N> gas flow at 1 L min™!. The
pre-carbonized RH was then immersed in a 1 mol L™! NaOH solution under the following two
conditions: (A) immersion temperature: 25 °C, immersion time: 22 h for half-elimination of
SiOx and (B) immersion temperature: 80 °C, immersion time: 10 h for complete elimination of
SiOx. The mass ratio of pre-carbonized RH to the solution was 1:20. The pre-carbonized RH
immersed in NaOH solution was rinsed with distilled water until the pH of the used rinse water
was reduced to <9. For the pre-carbonized RH that was not immersed in NaOH solution, the
rinse consisting of distilled water was also prepared. All rinsed samples were dried at 100 °C
for 10 h. For the main carbonization, they were heated to 1000 °C, and the temperature was
maintained for 1 h in a similar manner to the pre-carbonization. Grains of the carbonized RH
were pulverized using a planetary ball-milling machine with a zirconia vessel and balls (P-6,
Fritch Japan Co., Ltd., Japan) at 400 rpm for 20 min, finally providing C/SiOx AMs with

different SiOx contents.

The production mass yield was calculated based on the masses of the dried raw RH and prepared
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Table 1. Physical properties of the C/SiO; active materials.

C/Si0+-45 C/Si0+-24 C/Si0x-5
Production mass yield (mass%) 355 25.7 21.1
Average particle diameter (um) 4.6 4.2 4.5
Brunauer—Emmett—TezlleE 1spemﬁc 44 125 193
surface area (m* g™ ')
Total pore volume (cm? g!) 0.07 0.17 0.23
SiOx content (mass%) 44.6 23.6 4.8

C/Si0x AMs. The average particle diameters of the C/SiOx AMs were measured using a laser
diffraction particle size analyzer (SALD-200V, Shimadzu Corp., Japan). The specific surface
areas of the C/SiOx AMs were measured using a gas adsorption analyzer (Autosorb-3B,
Quantachrome Instruments Inc., USA). The BET specific surface area was calculated from the
obtained nitrogen adsorption-desorption isotherms at —196 °C. The total pore volume was
measured using the volume of adsorbed nitrogen at a relative pressure close to 1 as reference.
A thermogravimetry system (Thermo Plus EVO TG8120, Rigaku Corp., Japan) was used to
heat the C/SiOx AMs up to 850 °C under air flow (200 mL min™'). The SiOx content was
calculated from the mass of C/SiOx at 140 and 850 °C. The physical properties of the three
types of C/SiOx AMs are summarized in Table 1. The C/SiOx AMs are denoted as C/SiOx-45,
C/S10x-24, and C/S10x-5 based on the SiOx content. The production mass yield decreased with
the SiOx content and was reduced by ~14% owing to complete SiOx removal. The particle sizes
of the C/Si0Ox AMs were adjusted to 45 um. The removal of SiOx increased the specific surface

area and total pore volume, which is related to the decrease in the production mass yield.

5.2.2 Electrode Fabrication

To fabricate the anode, 80 mass% C/SiOx, 10 mass% conductive agent (acetylene black, Denka
Co., Ltd., Japan), 7.5% sodium carboxymethyl cellulose (Cellogen 7A, DSK Co., Ltd., Japan),
and 2.5 mass% styrene—butadiene rubber (TRD2001, JSR Corp., Japan) were dispersed in
distilled water and mixed using a planetary centrifugal mixer (AR-100, Thinky Corp., Japan).
The uniformly dispersed slurry was coated onto a Cu foil (no surface treatment, 220 pm, Hohsen
Corp., Japan) using an applicator and dried in an oven at 100 °C for >6 h. The cathode for the

full-cell assembly was also fabricated. A ternary LTMO (LiNio.sC002Mno.302, NCM, Beijing
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Easpring Material Technology Co., Ltd., China), acetylene black, and PVDF (KF polymer F
#9130, Kureha Corp., Japan) were mixed at a mass ratio of 80:10:10 in N-methylpyrrolidone
(Tokyo Chemical Industry Co., Ltd., Japan). The cathode slurry was coated onto an Al foil (no
surface treatment, 120 pm, Hohsen Corp., Japan) and dried in an oven at 100 °C for >6 h. Both
dried electrodes were punched out into ¢15-mm disks and dried at 140 °C under vacuum for 3
h. The loading masses of the AMs in the cathodes and anodes were respectively 5.57-5.61 and
2.15-2.31 mg cm%; hence the electrode loading masses were 6.96-7.01 mg cm 2 for the NCM
cathode and 2.69-2.89 mg cm 2 for the C/SiOx anode. The coating thicknesses of the cathode

and anode layers on the current collectors were 42—44 and 3143 pum, respectively.

5.2.3 Half-Cell Assembly and Pre-Lithiation of the C/SiOx Electrodes

The half-cell consisting of the C/SiOx electrode and Li metal foil (¢15 mm, 0.2 mm, Honjo
Metal Co., Ltd., Japan) was assembled using a CR2032 coin cell (Hohsen Corp., Japan) in an
argon-filled glove box. The electrolyte used was 1 mol L™! LiPF¢ dispersed in 1:1 v/v% ethylene
carbonate/diethyl carbonate (Kishida Chemical Co., Ltd., Japan). The two electrodes separated
by a polypropylene separator (418 mm, 2500, Celgard LLC, USA) were installed in the coin
cell after dipping the electrodes and separator in the electrolyte for ~5 s. A Li-ion insertion-
extraction test was performed on the coin-type half-cells using a battery charge-discharge
system (HJ1020mSD8, Hokuto Denko Corp., Japan). The electrode potential range was 0-2.5
V vs. Li*/Li, and the current density was 20 mA gam ', where gawm is the unit of the mass of the
C/SiOx AM in the electrode. The Li-ion insertion-extraction process was repeated five times.
The specific capacities of the C/SiOx AMs were determined using the half-cell test results as
the reference. The cycling stabilities of the C/SiOx AMs were then evaluated by repeated (100-
times) Li-ion insertion-extraction at a current density of 200 mA gam ! in a similar potential

range.

5.2.4 Assembly of the Full-Cells with Pre-Lithiated C/SiOx Electrode and Their Evaluation

The specific capacity of the employed NCM AM was 150 mA g~' based on the previous test
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results obtained using a half-cell configuration [28]. According to the specific capacity of the
C/SiOx AMs determined in the coin-type half-cell tests, the capacity ratio of the anode to the
cathode in the full-cells was adjusted to 1.0—1.1. The pre-lithiation of the C/SiOx electrode and
NCM+C/SiOx full-cell assembly is illustrated in Figure 1. To prepare the pre-lithiated anode, a
half-cell with the C/SiOx electrode was separately assembled using an SUS304 stainless steel
flat-type cell (HS Flat cell, Hosen Corp., Japan). The flat-type half-cell consisting of the C/SiOx
electrode, the above-mentioned Li metal foil, separator (¢23 mm), and electrolyte (1 mL) was
assembled. The C/SiOx electrode was pre-lithiated in an assembled flat-type half-cell. The
potential of the C/SiOx electrode decreased at a current density of 40 mA gam ™!, delivering Li
ions to the C/SiOx AM. The pre-lithiation sequence was stopped when the electrode potential
reached 0 V vs. Li*/Li. Following pre-lithiation, the flat-type half-cell was introduced into an
argon-filled glove box. The pre-lithiated C/SiOx electrode was carefully extracted from the flat-
type half-cell. Coin-type full-cells were then fabricated using the NCM cathode and pre-

lithiated or unlithiated C/SiOx anode in a similar manner to the coin-type half-cells.

The C-rate was employed to represent the current density of the full-cells. 1 C is defined as 150
mA gcam |, where gcawm is the unit of the mass of the cathodic AM. The cell voltage range used
for the charge-discharge sequences of the full-cells was 2.5—4.2 V. Charge-discharge cycling at
0.1 C was first performed three times for cell stabilization. Following cell stabilization, the rate
performance of the full-cells was evaluated, during which the C-rate was increased stepwise

Half-cell assembly

Cell body ———
(upper part)

Pre-lithiation Disassembly Full-cell assembly

Cell body
(upper part)
Pre-lithiated C/SiOx anode

- /Washer
Li metal — Electrolyte < > space
Separator/© / — ,M,
C/SiOx electrode —— —d .
Gasket - CQ)\‘—NCM .
=
Cell bod Extraction ‘\Gask t
ell body
(lower part) ) ’ \
Cion-type cell Cell body

Flat-type cell (lower part )

Figure 1. Pre-lithiation of the C/SiO, anode and Li(NigsCo0.2Mng3)O2 (NCM)+C/SiOy full-cell assembly.
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from 0.1 to 10 C, and then decreased to 0.1 C. The charge-discharge process was repeated five
times at each C-rate. The cycle performance of the full-cells was then evaluated by repeating
the charge-discharge cycles at 2 C. The full-cell performance was represented by the cathode
specific capacity (time integral of the cell current divided by the mass of cathode AM in units

of mAh gam™).

5.3 Results and Discussion
5.3.1 Li-ion Insertion and Extraction Properties of C/SiOx AMs

Figure 2 shows the initial Li-ion insertion and extraction properties of the C/SiOx AMs at 20
mA gam !, and their cycling stabilities at 200 mA gam ! in the half-cell configuration. In the
first cycle, C/SiOx-5 exhibited the highest Li-ion insertion specific capacity of 752 mAh gam .
A comparative Li-ion insertion specific capacity (~650 mAh gam ') was observed for C/SiOx-
45 and C/Si0x-24. All C/SiOx AMs displayed a Li-ion extraction specific capacity of <410 mAh
gam !, which was much lower than those for Li-ion insertion. The initial CEs of C/SiOx-45,
C/S10x-24, and C/Si10x-5 were 63.0%, 54.1%, and 50.2%, respectively, indicating that the initial
CE decreases with decreasing SiOx content. The CEs increased with the number of cycles. In
the fifth cycle, C/SiO«-45 had the highest Li-ion extraction specific capacity (420 mAh gam '),
while C/SiOx-24 had the lowest one (298 mAh gam ). C/SiOx-5 displayed a maximum specific
capacity of 380 mAh ganv . The apparent specific capacity of the C/SiOx AMs was determined
as 400 mAh gam !. These results demonstrate that SiOx is beneficial for increasing the specific
capacity of C/SiOx AMs. On the other hand, partial removal of SiOx is detrimental to
maintaining the specific capacity. Then, the cycling stabilities of C/SiOx AMs were evaluated
at 200 mA gam '. The specific capacities for Li-ion extraction from all C/SiOx AMs decrease

significantly within the initial 10 cycles in the half-cell configuration where ample Li-ions are
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Figure 2. Initial Li-ion insertion and extraction properties of (a) C/SiO,-45, (b) C/SiO,-24, and (c) C/SiO,-
5 in a coin-type half-cell configuration at 20 mA gam ', and (d) their cycling stabilities at 200 mA gam ' in
the half-cell configuration in the 0-2.5 V (vs. Li"/Li) electrode potential range.

delivered, after which they plateau during the remaining 100 cycles.

5.3.2 Pre-Lithiation of the C/SiOx Electrodes

The C/SiOx AMs were pre-lithiated prior to full-cell assembly. The Li-ion insertion profiles of
the C/SiOx AMs in the flat-type half-cells are shown in Figure 3. C/SiOx-45 and C/SiOx-24
displayed a similar Li-ion insertion specific capacity of ~680 mAh gawm !, while C/SiO.-5 had
a higher specific capacity of 832 mAh gam '. The C/SiOx AMs exhibited different profiles at
the first Li-ion insertion, and their potential levels decreased with increasing SiOx content. The
Li-ion insertion specific capacities of the C/SiOx AMs obtained here were higher than those
obtained using the coin-type half-cell, which can be attributed to the ample amount of

electrolyte (1 mL) covering the electrodes.
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Figure 3. Li-ion insertion profiles of the C/SiOx active materials during pre-lithiation.

5.3.3 Performance of the NCM+C/SiOx Full-Cells

Full-cells with the NCM cathode and pre-lithiated C/SiOx anode were fabricated. A full-cell
incorporating the unlithiated C/Si0x-45 anode (NCM+C/Si0x-45 without pre-lithiation) was
also fabricated and evaluated. The charge-discharge specific capacities and CEs of the full-cells
during the initial three cycles at 0.1 C are summarized in Table 2. In the first cycle, a large
difference between the charge and discharge specific capacities (176 and 17 mAh gcam ',
respectively) and a very low CE of 9.6% were observed for NCM+C/Si0Ox-45 without pre-
lithiation. Even after the succeeding cycles, the discharge specific capacity was ~20 mAh
gcam . By pre-lithiating the C/SiOx anodes, the CEs of the full-cells significantly increased up
to ~85 % in the first cycle. All full-cells with pre-lithiated anodes (pre-lithiated full-cells)
exhibited stable charge-discharge profiles and very high CEs during the initial three cycles. In
the 2nd cycle, the discharge specific capacities of the pre-lithiated full-cells reached the

apparent specific capacity of the NCM cathode (150 mAh gcam™ '), indicating negligible loss of

Li ions from the cathode.
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Table 2. Charge (Cc) and discharge (Cp) specific capacities and Coulombic efficiencies (CEs) of the
Li(Nip.5C002Mng 3)O2 (NCM)+C/SiOy full-cells at the initial 3 cycles at 0.1 C.

Ist 2nd 3rd

Sample Ce Cp CE Ce Cp CE Cc Cp CE

(mAh geam™') (mAh geav™!) (%) (mAh geam™') (mAh geam™') (%) (mAh gcam™) (mAh geam™') (%)

NCM+C/SiO,-45 158 135 85.4 149 147 98.7 151 149 98.7

NCM+C/SiO,-24 169 143 84.6 150 148 98.7 152 149 98.0

NCM+C/SiO,-5 168 143 85.1 154 152 98.7 156 153 98.1
NCM+C/SiO,-45

without pre- 176 17.0 9.7 30.1 19.6 65.1 28.6 20.9 73.0

lithiation

Following the initial three cycles, the rate performance of all full-cells was evaluated at a current
density of 0.1-10 C and is shown in Figure 4. Except for NCM+C/SiOx-45 without pre-
lithiation, the full-cells displayed similar levels of discharge specific capacity up to 2 C. At
higher current densities (5 and 10 C), a higher SiOx content led to a higher discharge specific
capacity. The discharge specific capacities of NCM+C/SiOx-45, NCM+C/SiOx-24, and
NCM+C/SiOx-5 at 10 C were 60, 43, and 31 mAh gcam !, respectively. The CEs of the pre-
lithiated full-cells were ~100%, except during the first cycle at each C-rate. The discharge
specific capacity of NCM+C/SiOx-45 without pre-lithiation was much lower than those of the
pre-lithiated full-cells throughout the rate test. The cell voltage-specific capacity profiles of
NCM+C/Si0x-45 and NCM+C/Si0x-24 exhibited slope-like variations, while NCM~+C/S10x-5
maintained a higher cell voltage (allowing narrow plateau regions) than the others at low current
densities (up to 2 C). Maintaining a high cell voltage increases the density of the energy
delivered during the charge and discharge processes. At high current densities (>2 C), the

residual SiOx in the anode was effective in sustaining the cell capacity.

The cycling performance of the full-cells at 2 C is shown in Figure 5. The highest discharge
specific capacity was displayed by NCM+C/Si0x-45 in the 1st cycle and NCM+C/SiOx-5 in the
final cycle. All full-cells showed a gradual decrease in capacity with the number of cycles. The
capacity retentions of NCM+C/SiOx-45, NCM+C/Si0x-24, and NCM+C/SiOx-5 after 800
cycles were 47.5%, 61.7%, and 60.7%, respectively. The presence of SiOx in the anode led to a

~13% difference in the retention of the cell specific capacity. The largest decrease was observed
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Figure 4. Rate performance of the Li(Nip5C00.Mng3)O2 (NCM)+C/SiOy full-cells. (a) Discharge specific
capacity and (b) Coulombic efficiency at different C-rates. Cell voltage-specific capacity profiles of the
full-cells: (¢) NCM+C/Si0,-45, (d) NCM+C/SiO,-24, (¢) NCM+C/SiO-5, and (f) NCM+C/Si0O,-45
without pre-lithiation. The profiles of the 3rd cycle at each C-rate are shown. The cell voltage range was
2.5-42 V.
for NCM+8i0x-45, which has the highest level of SiOx. The discharge specific capacity of
NCM+C/Si0x-45 without pre-lithiation was negligible throughout the 800 cycles, suggesting
that pre-lithiation is essential for RH-derived C/SiOx AMs. Cycle aging was alleviated when

the SiOx in the anode was removed completely or partially. However, NCM+C/Si0x-24 showed
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Figure 5. Cycling performance of the Li(Nig5C002Mno3)O2 (NCM)+C/SiO; full-cells. The cell voltage

range was 2.5-4.2 V, and the charge-discharge current density was 2 C (300 mA gcam ).

an unstable variation in the discharge specific capacity up to the ~400th cycle.

5.3.4 Effects of SiOx in the Anode on the Full-Cell Performance
The number of oxygen atoms (x) in SiOx in the RH carbonized at 1000°C was found to be close
to 2 [17]. Under this assumption, the SiOx in C/SiOx AMs can react with Li ions according to

the following chemical formulae [Egs. (5.1) to (5.4)] [21]:

Reversible reactions (Li-ion insertion and extraction)
5Si0, + 4Li* + 4e~ & 2Li,Si, 05 + Si (5.1)

Si+ xLi* + xe™ & Li,Si (5.2)

Irreversible reactions (Li-ion insertion only)
Si0, + 4Li* + 4e~ - 2Li,0 + Si (5.3)

25i0, + 4Li* + 4e~ — Li,Si0, + Si (5.4)

In the half-cell configuration, the reversible (Li-ion extraction) capacities of C/SiOx-45 and
C/SiOx-5 were 420 and 380 mAh gam !, respectively. These results indicate that the specific

capacities of C and SiOr were 375 and 475 mAh gam !, respectively. Based on the specific
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capacity of SiO2 (1965 mAh g ') [7], the irreversible reactions in Egs. (5.3) and (5.4) dominate.
However, approximately one-quarter of SiOx was responsible for the reversible specific
capacity for Li-ion insertion and extraction via Egs. (5.1) and (5.2). On the other hand, C/SiOx-
24 had the lowest specific capacity of 298 mAh gam™'. Sodium silicates such as Na2SiOs are
likely produced during SiOx leaching, i.e., immersion in NaOH solution [20]. They are inactive
for Li-ion uptake and release, which reduced the specific capacity of C/SiOx-24. C/SiOx AMs
with a lower SiOx content exhibited a lower initial CE. The removal of SiOx from C/SiOx AMs
increased the specific surface area (44 m*> g ! for C/SiOx-45 and 193 m? g ! for C/SiO.-5)
because micro- and mesopores were produced at the trace of SiOx [26]. As pores develop in
RH-derived anodic AMs, more Li ions can be passivated within the pores [20, 23]. Thus, the

lower the SiOx content, the lower the initial CE.

The physical properties of the C/SiOx AMs affected the rate and cycle performance of the
NCM+C/SiOx full-cells. Pre-lithiation was demonstrated to be required for LIBs with RH-
derived anodic AMs. Owing to pre-lithiation, all full-cells displayed a high discharge specific
capacity of ~150 mAh gcam! at 0.1 C. At the increased C-rates of 5 and 10 C, the discharge
specific capacity was more retained when C/SiOx-45 was used as the anode, indicating that the
time response of the reversible reactions of SiOx with Li ions [Eqgs. (5.1) and (5.2)] is higher
than that of the remaining C component. During the cycle test, the full-cell with the higher SiOx
content could not retain the initial cell specific capacity, and unstable capacity variation was
observed for NCM+C/SiOx-24. Although the SiOx component in C/SiOx AM provided a higher
time rate for Li-ion insertion and extraction, the uptake and release of Li ions in SiOx [Egs. (5.1)
and (5.2)] seem to cause a large volume expansion, thereby leading to structural decay in the
anode. The unstable variation of NCM+C/SiOx-24 could be explained by the formation of

inactive sodium silicates during SiOx leaching.

The textural and electrochemical properties of RH-derived AMs intended for use in LIB anodes

are summarized in Table 3. The reversible specific capacities of RH-derived AMs produced in
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the present study are lower than those reported in the relevant literature. However, C/SiOx-45,
produced through two-step carbonization, exhibited the highest CE (63.0%) among all AMs,
and the CEs of C/SiOx-24 and C/SiOx-5 are also high compared to those of the other AMs. A
trade-off relationship between specific capacity and CE seems to be closely related to porosity,
which is represented by the specific surface area or the total pore volume of the AM. Pre-
lithiation was shown to be essential for the RH-derived AMs produced here when employed in
a LIB full-cell, suggesting that pre-lithiation is necessary for all anodic AMs produced from RH

for stable operation in LIB full-cells.

In the present study, the partial removal of SiOx using the NaOH solution likely produced a
sodium silicate byproduct, which is inactive for Li-ion uptake and release. This byproduct
formation rather destabilized the cycle performance of the full-cell. It was shown that the
specific capacity of the SiOr component was 100 mAh gam ' higher than that of the C
component in the RH-derived anodic AM. In addition, the time response of the SiOx component
for Li-ion uptake and release was also higher, thereby delivering the highest rate performance
to the NCM+C/SiOx full-cells. However, the SiOx component reduced the specific capacity
retention of the full-cells during the cycle test. Judging from the minor difference in the specific
capacity retention (~13% in 800 cycles), significant effort to completely remove SiOx, excellent
rate performance provided by SiOx, and formation of sodium silicate byproduct, it is not
strongly necessary to remove SiOx from the RH-derived AM intended for LIB anodes. The
important task of the present study was to develop sustainable and eco-friendly LIB anode
materials. In this sense, it is preferrable to preserve SiOx to avoid using a strong alkaline solution
for SiOx leaching and strong acid for neutralization. The high production yield due to SiOx
preservation (~14 mass% higher than that for SiOx removal) is also beneficial for industrial

applications.
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5.4 Summary

RH-derived C/SiOx AMs with 45, 24, and 5 mass% SiOx were prepared by heat treatment and
immersion in a NaOH solution. C/SiOx AMs that were pre-carbonized at 600°C, then subjected
to SiOx leaching, and finally carbonized at 1000 °C were evaluated as Li-ion battery anodes in
half-cell and full-cell configurations. The specific capacities of the C and SiOx components
were 375 and 475 mAh g, respectively, indicating that only about one-quarter of SiOx was
responsible for the reversible specific capacity for Li-ion insertion and extraction. C/SiOx AMs
with a lower SiOx content exhibited a lower initial CE for Li-ion insertion and extraction
because of Li passivation within the pores developed at the trace of the removed SiOx. Full-
cells with an NCM cathode and C/SiOx anode were assembled. Owing to the low initial CE
(<65%), pre-lithiation was essential to attain a stable anodic operation for the C/SiOx AMs. All
full-cells exhibited a high initial CE (~85%) and high discharge specific capacity (~150 mAh
geam ') at 0.1 C. At the increased C-rates of 5 and 10 C, a higher SiOx content in the full-cell
led to a higher cell specific capacity retention, revealing that the reversible reactions of SiOx
with Li ions are faster than those of the C component. The full-cell with C/SiOx-45 exhibited
the largest decrease in cell specific capacity (47.5% retention) during the cycle test, while the
other full-cells exhibited ~60% retention. All results indicated that the SiOx component in the
RH-derived AMs enhances the specific capacity and rate performance, while inducing
structural decay owing to the volume expansion of SiOx. Considering the higher production
yield, enhanced specific capacity and rate stability due to SiOx, acceptable cycle performance
degradation, and operational effort, cost, and eco-friendliness of SiOx removal, the preservation

of SiOx is recommended when carbonized RHs are utilized as LIB anodes.
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Chapter 6

Conclusions

6.1 Conclusions

The charging and discharging performances of advanced LIBs using eco-friendly and
economical active materials have been elucidated. The knowledge accumulated in Chapters 3—
5 can contribute to the development of academic fields associated with green concept LIBs.
The obtained results partially contribute to the realization of a carbon-neutral society due to the
sustainable approaches for electrode material preparations. In the following sections, the major

outcomes and conclusions from each chapter are summarized.

Chapters 1 and 2

The chapters presented the current state and challenges of active materials in LIB electrodes.
Focusing on material preparation for LIB electrodes, academic approaches needed to address
these challenges were considered. Research conducted on active materials in LIB cathodes and

anodes is described in the subsequent chapters.

Chapter 3

Using pyrolysis to recycle whole battery stacks without exposure to air, three rare metals (Co,
Ni, and Mn) were successfully recovered from waste LIB stacks. The recovered rare metals
were utilized to fabricate LIB cathodes, which were evaluated using LIB half- and full cells.
The recycled rare metals demonstrated acceptable performance, with slightly lower lithiation
specific capacity but much higher capacity retention than a commercial material of NCM523.
Chemical analyses revealed that the recycled active materials contained metallic impurities of
Al, Cu, and Fe, totaling 4 mass%, along with excessive Li and residual F. Surprisingly, co-
existing metallic impurities seemed to contribute to a partial improvement in performance,
although the lithiation specific capacity decreased slightly. This successful demonstration of

sustainable LIB fabrication through rare metal recycling provides valuable insights into reliable
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and efficient recycling methodologies and concepts for sustainable material supply.

Chapter 4

The effects of excessive prelithiation on an HC/N-Si composite anode in LIBs were investigated
by prelithiating the anode with different cutoff anodic specific capacities (200-600 mAh g ')
prior to full cell assembly. The full cells containing an NCM523 cathode and the prelithiated
HC/N-Si anode successfully operated during the initial charging-discharging cycle, regardless
of the cutoff anodic specific capacities. Higher cutoff anodic specific capacities in the
prelithiation resulted in higher anode utilization rates during full-cell operation. While higher
anode utilization rates, triggered by cutoff anodic specific capacities above 500 mAh g'!, are
likely to impact cycling performance, rate performance was independent of anode utilization
rates. These findings suggest that excessive prelithiation is an effective strategy for achieving

stable and superior operation of LIBs with 8:2 HC/N-Si composite anodes.

Chapter 5

Sustainable and eco-friendly fabrication of LIB anodes was achieved by utilizing agricultural
waste from RH with simple heat and chemical treatments. The RH was carbonized through a
two-step heating process, with SiOx removed by immersing it in a NaOH solution after the first
heating process to evaluate the anodic performance of RH-derived anodes with varying SiOx
content. The RH-derived anodes were successfully incorporated in LIBs and demonstrated
stable operation during long charging-discharging cycles, owing to prelithiation. The study
demonstrated the effectiveness of the C/SiOx anodes, with different SiOx contents affecting
current rate dependence and cycling behavior. Ultimately, the RH-derived C/SiOx was found to

be a valuable and sustainable active material for LIBs.

121



Akita University

Publications and Presentations Associated with This Dissertation

Publications and Presentations Associated with This Dissertation

[1]

Original Papers

QY. Abe, 1. Saito, M. Tomioka, M. Kabir, S. Kumagai, “Effects of excessive prelithiation
on full-cell performance of Li-ion batteries with a hard-carbon/nanosized-Si composite
anode”, Batteries, Vol. 8(11), 210 (17 pages), November, 2022.

QY. Abe, K. Sawa, M. Tomioka, R. Watanabe, T. Yodose, S. Kumagai, “Electrochemical
performance of LiNi13Co13Mni1302 cathode recovered from pyrolysis residue of waste Li-
ion batteries”, Journal of Electroanalytical Chemistry, Vol. 922, 116761 (11 pages),
October, 2022.

T. Eguchi, R. Sugawara, Y. Abe, M. Tomioka, S. Kumagai, “Impact of full prelithiation of
Si-based anodes on the rate and cycle performance of Li-ion capacitors”, Batteries, Vol.
8(6), 49 (14 pages), May, 2022.

QY. Abe, M. Tomioka, M. Kabir, S. Kumagai, “Role of SiOx in rice-husk-derived anodes
for Li-ion batteries” Scientific Reports, Vol. 12, 975 (10 pages), January, 2022.

S. Kumagai, Y. Abe, M. Tomioka, M. Kabir, “Suitable binder for Li-ion battery anode

produced from rice husk”, Scientific Reports, Vol. 11, 15784 (13 pages), August, 2021.

Review Paper

Wi

LELRE, REATIA (2022.4) [ AikHk C/SiOc BB A WS YV F v 444+ v iE
) T7 70 N44] 6 & 45 pp.73-77. ALFERE

p=}

International Conferences

Y. Abe, M. Nemoto, M. Tomioka, S. Kumagai, “Rice husk as a worthful source of battery

materials for high-performance Li-ion battery anodes”, The 9th International Conference

122



Akita University

Publications and Presentations Associated with This Dissertation

2]

[3]

[4]

[9]

on Materials Engineering for Resources (ICMR2021), B-5, Online, October, 2021.
K. Sawa, Y. Abe, S. Kumagai, R. Watanabe, T. Yodose, Electrochemical performance of
NCM cathode recycled from waste lithium-ion batteries, The 9th International Conference

on Materials Engineering for Resources (ICMR2021), CP-20, Online, October, 2021.

Domestic Conferences

RE&As, RERFE, ERAEL, RERWIE [N =y ARV F U LA+ vEl
SBT3 IEMEYE B LE O SEEA A 5 FERESEEKRES, AhEKRY,
Y ET (2023.3)

FEEh, miEELsl, B, RENTNh, FEHESEK, WEED (Bl Y 5
7 LA F vEMD L FAE L Z2AMYIEE NCM111 BRI R 55 63 &k
alEme, fERERRSEY, ERT (2022.11)

EAEHE), EEA, B, ERHERL, RERWNE [V Y4 2 VIR R E B
72V F U LAFEMOFTMEREFE 6 MHE 2 —< v - T3 L X A,
F V74 v (2022.8)

FEEh, miEEsl, EEE, RENeh, EHESEK, ED [HAIESBMICE
\F 25 Li 86D Li 4 A4 v EOFEBEREIC T8 | 2022 FEEQBRYE
SHALEEA RS, v T4 v (2022.8)

WIE R, LHE B, =M., fEniis [ Si EMmoMmsZ o Li 4 4 v
WOB R R I ST 308 | HARZFMYIMEA S 4 45 (BB 32 [) F4, 4 v
54 v (2022.6)

EfEEEs), EEMG, LEEEE, Rein, FEESK, EEED [EY Fvait
VEM» LEAELZZICREEM O ) 77 L EFEN Z OBLRACFREIC RIS T
B HABMPIEE DM 4 FE GB32M) F2, £V 74V (2022.6)
FEEh, EAEREsl, LEEEE, RERUL, BT, JEEED [HELi 4 4 v &b
2 A L 72 SR IERM % v 3 Li 4 o v Eih o T ER: ] HARBZM Y+
SO 4FE GE32M) F5, Av 74V (2022.6)

RERI&Ay, L HEE, SN, RERais INimeERESSERIYIcs T 28
MELERE D 7' L A E N BRI ERE IR T E | HAREMYIME S 4 F
JE (B 3208) 4, v T4V (2022.6)

LB, RIS, ERIELL, AERHNE [HREERIC X2 =R L4 4V
Bt B o I EREREAT | B ARZM YA S 4 £ GE 32 1) Fx, AV 7
1V (2022.6)

(101 B, KR, BEQain, JEsek, ElEd T LA A vEib» o mHEL

7= LiNii3Co1sMn1302 D ESALFFHE] F1 4 FEKRFSEEKRE, v 74 v

123



Akita University

Publications and Presentations Associated with This Dissertation

(2022.3)

[ &R, RAER, ZrHEL, ARG [~—T7xere Tt X3 Li44
v o b Ak ARl 2021 FEESRER AR HEA RS, A v T4
¥ (2021.8)

[12]KFEHE—R, e, L5, =EREL, RRaWIA INCA EflzHwzY) 5 v
rAFvE RO S LavF 4 az /77,<#F HARZEMYMEA S 3 F8E 8
31[E) L, v I 4 v (2021.6)

[13]&ERFEE, WA, =EHE5L, EAHG [dARIKEH VWS LiA4 A&7 L
YL DORILEREICKITT > ) h O | HARBMYIE S S5 3 F 4 (GF 31 [0)
L, AV T4 v (2021.6)

Related Presentations

[1] ERESERER, RZEREE, ZSHHEL, BERHA [BRESERENC X 2 B8 _EE
* v 8y ZEMROFCAE | 5F 5 FERFREE RS, AHEKRY, 4dERD
(2023.3)

[2] MEAR—HE, ZEHHEE, =AML, s [EEE M$J%%®%%~$E#
X XU BZDA V=K v AR 2022 FEEABEGESEIEA KRS, 4

54 v (2022.8)

[3] EREERER, RiREE, ZEMHEL, BERHA [BESNWR 2R L 285 EE
#%ﬂvﬂﬁﬂ@%@&ﬁjmmﬁﬁ%ﬁ%%?%ﬁ%i% HARE, v IA
¥ (2022.8)

[4] FEAR—IH, REHBHEE, SRIMEL, BENHE [A4 4 vilikz ERRICHWS &I
X3EBREEF v SV 2 OEIT AN X —FE] HAREMYMESS 4 FE
(3 3200) L, FvIF4 v (2022.6)

[5] ERESEARRR, ZERFHH, EH%% RE ke [ 7 2 M OGBSI F W

Z2ER[_HEEF v N X OFERE] BHARFEMYMEAS S 4 FE (G 32 [)
L, AV T4V (2022.6)

mzb

1]

Related Papers Previously Published by the Author

[11 Y. Abe, N. Hori, S. Kumagai, “Electrochemical impedance spectroscopy on the
performance degradation of LiFePOu4/graphite lithium-ion battery due to charge-discharge
cycling under different C-rates”, Energies, Vol. 12(23), 4507 (14 pages), November, 2019.

[2] S.Kumagai, Y. Abe, T. Saito, T. Eguchi, M. Tomioka, M. Kabir, D. Tashima, “Lithium-ion

124



Akita University

Publications and Presentations Associated with This Dissertation

[5]

capacitor using rice husk-derived cathode and anode active materials adapted to
uncontrolled full-pre-lithiation”, Journal of Power Sources, Vol. 437, 226924 (14 pages),
October, 2019.

Y. Abe, T. Saito, S. Kumagai, “Effect of prelithiation process for hard carbon negative
electrode on the rate and cycling behaviors of lithium-ion batteries”, Batteries, Vol. 4(4),
71 (16 pages), December, 2018.

Y. Abe, S. Kumagai, “Effect of negative/positive capacity ratio on the rate and cycling
performances of LiFePOa4/graphite lithium-ion batteries”, Journal of Energy Storage, Vol.
19, 96-102 (7 pages), October, 2018.

T. Saito, H. Fujiwara, Y. Abe, S. Kumagai, “Hard carbon/SiOx composite active material
prepared from phenolic resin and rice husk for Li-ion battery negative electrode”,
International Journal of the Society of Materials Engineering for Resources, Vol. 23(2),

142-146 (5 pages), September, 2018.

125



Akita University

Acknowledgement

Acknowledgment

This dissertation is based on the research outcomes of the author’s graduate studies at the
Graduate School of Engineering Science, Akita University. The completion of this doctoral
dissertation was made possible with the significant contributions of numerous individuals who

were involved in this research.

I am deeply grateful to Professor Seiji Kumagai, my supervisor, for providing me with the
opportunity to pursue this study. His guidance throughout the two-and-a-half years of research
has helped me grow into a full-fledged researcher. I firmly believe that, without his guidance,
this dissertation would not have been completed, and the academic achievements would not
have contributed to the development of the field of electrical engineering. I would like to

express my gratitude to him once again.

I would like to acknowledge Professor Katsubumi Tajima, Professor Okawa Hirokazu, and
Associate Professor Mahmudul Kabir for their valuable advice and guidance in writing this
dissertation. Additionally, I would like to express my gratitude to Mr. Ryoei Watanabe and Mr.
Tatsuya Yodose from DOWA ECO-SYSTEM Co., Ltd. for their assistance in preparing samples
and conducting chemical analyses, which were crucial for research presented in Chapter 3. This
research was a collaborative effort between Akita University and DOWA ECO-SYSTEM Co.,
Ltd. and was financially supported by the Dowa Techno Fund. Finally, I acknowledge the donor
of the farm family in Senboku City, Akita Prefecture, for generously providing rice husks as the

starting material for research presented in Chapter 5.

I would like to express my gratitude to Lecturer Yukihiro Yoshida from Akita University and

Lecturer Masahiro Tomioka from the National Institute of Technology, Nagano College, for

126



Akita University

Acknowledgement

their valuable comments and advice throughout my research. I would also like to thank
Assistant Professor Takuya Eguchi from Nihon University, who was a former graduate of the
doctoral course at Akita University, for his daily stimulating discussions and encouragement
during my time in the laboratory. Finally, I acknowledge Mr. Akihiro Nakajima, a technical

staff, for his technical support during the research process.

I am grateful to the electrical engineers at TAIHEITYO CEMENT Corp., where I worked from
2019 to 2021, for their invaluable coaching and guidance in acquiring practical skills and
knowledge related to electrical engineering. Their guidance not only helped me grow as a
specialist with work experience but also complemented the research capacities I developed at

Akita University.

Finally, I would like to express my sincere gratitude to my family for their unwavering physical
and psychological support, as well as their financial assistance, over the past 29 years. Their
unconditional love and support allowed me to pursue my academic and professional goals with
confidence. [ am grateful for their constant encouragement and for trusting me to make the right
decisions for my career. Without their support, I could not have accomplished what I have today.
I dedicate my academic achievements as an expression of gratitude and a testament to their

unwavering support and belief in me. I am proud to be their son. Thank you very much.

£ B L ¥]

%48 2D

127




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




