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Abstract

Nowadays, the popularity of lithium-ion batteries (LIBs) has surged across various
sectors, from consumer electronics to electric vehicles and even higher-capacity
stationary energy storage. Among the different types of cathode active materials for LIBs,
Ni-rich oxides, have gained prominence in LIBs technology due to their cost-
effectiveness and high energy density. Various dopants for Ni-rich cathode materials
further enhance their electrochemical performance. In this research work, an initial
investigation is carried out to explore and approximate the potential for the dopant's
detection when adding various compounds to the Ni-rich precursor.

This study employs the identification of the crystal structure of NMC811(OH).
precursor and precursor mixed with compounds was investigated using X-ray diffraction
(XRD) and Raman spectroscopy. To investigate the precursor more in detail, in-situ high
temperature XRD (in-situ HT-XRD) was utilized to study the phase transformations and
crystallization processes of the precursor during temperature increasing from 25°C to
900°C in the air atmosphere. Then, four compounds were investigated (mixing with
precursor), MoO;, Al(OH);, Zr(OH),, and Mg(OH),. The preliminary XRD pattern
supports the NMC811(OH). precursor’s strong crystallinity. The precursors in-situ HT-
XRD analysis reveal the development of new crystallites from nickel (Ni), manganese
(Mn), and cobalt (Co) hydroxides to oxides. When precursor mix with compounds,
according to research findings from XRD, for MoO; and Al(OH); case, the best secondary
phase detection happens when a compound is added to the precursor at a concentration
of roughly 1% by weight, giving information on the compound’s doping potential. As for
Raman, Ni, Mn, Co, and OH functional groups were found in the precursor. When
precursor mixed with MoO; (1% by weight), Raman peaks were strong, evident, and
matched the XRD findings. However, AI(OH); had weak Raman signals, which cannot
be detected when mixed with the precursor. For Zr(OH), as it has an amorphous
structure and the secondary peaks were not detectable by XRD; and Mg(OH). XRD
pattern match close to the precursor XRD, which is hard to be distinguished, so both
Mg(OH). and Zr(OH), were not investigated further.

A detailed characterization by using XRD, in-situ HT-XRD, and Raman
spectroscopy can offer possibilities for learning about Ni-rich precursors, complex
chemical interactions, phase transformation, and secondary phase detection. The
knowledge gained holds the potential to serve as a valuable guide for enhancing the
development of future doping Ni-rich cathode materials for LIBs.

Keywords: NMC811(OH). precursor, XRD, In-situ HT-XRD, Raman
spectroscopy, Secondary phase.
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1. Introduction

Modern technology relies heavily on batteries, which are essential for
powering our devices. However, over time, these batteries degrade, leading
to reduced energy storage capacity and efficiency. To meet the growing
demand for longer lifespan and more efficient energy sources, it is crucial to
develop batteries with significantly improved energy density and durability.

Batteries are classified into two main categories: primary batteries, which are
disposable and offer a single discharge cycle; and secondary batteries, which
can be recharged multiple times. Historically, primary batteries have been
used to provide short-term, grid-independent power to portable devices. In
contrast, secondary batteries, particularly those based on lithium-ion (Li*
ion) technology with high nickel content, have gained prominence in recent
years. These energy-dense secondary batteries have played a pivotal role in
the acceptance in various automotive sectors due to improved performance
and reduced reliance on critical elements like cobalt.

LiNio.sMno.:C00.:02 (L-NMC811) cathode materials are distinguished among
many battery choices because of their superior energy density and
economical price. Nevertheless, it poses many difficulties like safety issues
and durability that need to be resolved. In addition, compared to other
cathode materials, the durability of L-NMC811 may be compromised when
working at higher voltages. In industry and academy, the L-NMC811 cathode
material usually synthesized from Ni-rich precursors.

Unfortunately, there is little information available about the testing and
analysis of the Nio.sMno.1Coo.1(OH)> precursors (P-NMC811), specifically
about its crystal structure, secondary phases, and imperfections, which
would be affect the cathode materials’ properties after their lithiation. P-
NMC811 testing and investigation of its crystal structure, secondary phases,
and defects are, nonetheless, areas where there is a noticeable lack of
information.

On the other hand, the introduction of various compounds (dopants) into the
positive electrode of the battery has proven to enhance the electrochemical
performance of the LIBs. Currently, there are a plethora of studies including
the dopants of Ti [1] [2], Al [3] [4], Zr [3], Mg [4] and W [5], Mo [6], and
more. Therefore, in this research work an approximation to the doping is
done by just mixing and incorporating compounds like MoOs3, Al(OH)s,
Mg(OH)-and Zr(OH)4, into the Ni-rich precursor and detecting if there is any
secondary phase. Using XRD and Raman spectroscopy at various
percentages by weight of these compounds, intending to investigate the
secondary phases detection limits and limitations of these instruments and
also identify the secondary phases present in these compounds while mixed
with precursor. The inclusion of dopants at different stages of cathode

9
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manufacture, such as during the precursor stage or at the lithiation stage, has
been the subject of numerous studies to enhance the cycling performance of
nickel-rich cathode materials. Therefore, this research may offer some
information regarding the detection capacities of these equipment and the
amount that may be added at various stages of positive electrode
development. Besides, this research could help to promote the development
of LIB technology by deepening the understanding of the structure and
properties of the precursor, paving the way to enhanced performance, cost-
effectiveness, stability, and reliability. Also, hoping that this research will
help to clarify the complexity of cathode materials development and progress
LIB technology as we pursue more effective, secure, and long-lasting energy
storage solutions.

10
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2. Literature review

Several research endeavours delving into the importance and necessity of
energy storage for achieving extensive decarbonization tend to neglect the
vital aspect of ensuring a balanced relationship between energy density and
power output [7]. Battery storage systems can affect the whole system when
we use different types of batteries and use different amounts of renewable
energy for various applications. Battery voltage comes from the cathode and
anode's electrochemical potential difference. Higher cathode potential and
lower anode potential make for a higher voltage battery [8]. A battery's
capacity and voltage are predicated on the type of active material employed
in the cathode because the cathode is one of the key components that
determine the overall performance and energy storage capabilities of a
battery [9]. The identification and exploration of cost-effective substitutes for
the cathode, involving novel materials, represents a crucial aspect of the
deployment of electric vehicles (EVs) [10].

LIBs have emerged as a widely sought-after energy storage solution on
account of their environmentally friendly nature, possessing a remarkable
energy density and exceptional cycling proficiency [11]. The three most costly
parts of a LIBs are the cathode, separator, and electrolyte [10]. Li* ion
migrates during charge and returns during discharge, Li+ ions movement
enables the flow of electric current and the generation of electricity. This
makes LIBs rechargeable [9]. Rechargeable batteries are essential for
electrochemical energy storage through electrodes [11]. The first commercial
LIB, LiCoO-: (LCO), has good cation ordering, structural stability, and high
Li+ion and electrical conductivity, but suffers from oxygen gas release at high
voltage and only delivers half of its theoretical capacity [12]. To meet various
energy storage needs, safe cathode cycling at high voltages is crucial [12], as
LCO has a faster discharge rate for high loads [13]. However, progress is
hindered by a lack of understanding of how material characteristics affect
reactivity among the current LIBs technology. Because of its 200 mAh g
specific capacity and low Co content, the Ni-rich cathode materials [14], for
example, L-NMC811 is the one that is most frequently mentioned for high-
performance LIBs [12] [15] [16].

There are different synthesis methods to obtain Ni-rich cathode materials.
Solid state method [17], sol-gel method [18], and co-precipitation then with
solid state method [19], among them, co-precipitation with solid-state
method are widely used in industry. In specific Li-NMC-O2 (lithium
transition metal oxide powder) cathodes are usually synthesized by blending
a lithium source with a Ni-Co-Mn precursor and heating in an oxygen
atmosphere to produce lithium transition metal oxide powder, which has a
stoichiometry of LiMO- (where M is the transition metal consisting of Ni, Co,
Mn) [20]. Mixed transition metal precursors are used at the atomic scale for

11
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NMC cathode preparation, typically in the form of MCO; carbonate form, or
its oxidized form MOOH or hydroxide form M(OH)- hydroxide form [20].
NMC cathode crystal has a layered structure with Li and M layers in the R-
3m space group [20]. NMC is a mixed metal cathode material that requires
well-mixed Ni, Mn, and Co cations within the Li-M-O- crystal structure [20]
to function properly.

These materials do, however, have certain technical difficulties as over time,
L-NMC811 batteries' capacity may decrease, especially when operated at high
voltages. As a result, battery life may be shortened, and replacement
expenses may rise. Elevating the proportion of nickel content has the
potential to enhance the initial discharge capacity [21]; However, it also
results in significant decrease in the capacity as the electrode is subject to
successive cycles of charge and discharge [21]. Ni-rich NMC compounds
exhibit a proclivity towards undergoing thermal phase transitions to spinel
and rock-salt structures, accompanied by the liberation of oxygen [21]. The
process of oxygen discharge in batteries may result in the overheating of the
battery, particularly in the event of excessive charging [21]. The purity of the
L-NMC811 cathode precursor material is the key factor in the performance
and security of the cathode materials after lithiation [22]. Impurities (such
as S, Na) in the precursor material can cause problems with the cathode’s
structure, reduced capacity, and safety issues [22].

To solve these problems, doping is a strategy widely utilized in both academic
and industry. Where doping in short, is a method of modifying electrode
material properties. Cationic doping is one of the doping types [23]. This
means we replace some of the metal ions in the material with different
elements. Currently, a significant volume of research explores the
incorporation of minor dopants into the Li-NMC811 structure, investigating
their positive impact on crystal structure, electrochemical performance,
thermal stability, and safety attributes. These positive effects enhance the
suitability of the L-NMC811 structure as an appealing option for employment
in high-performance LIBs. The administration of performance-enhancing
substances has been shown to augment the electrochemical characteristics of
the Li-NMC811 cathode, increasing its capacity, cycling stability, and rate

capability [3].

Therefore, research on the cathode precursor material P-NMC811 is crucial
to develop new and better cathode materials for a variety of applications as
well as to improve the performance, cost-effectiveness, and safety of the L-
NMC811 cathode materials [22]. This literature review section provides a
comprehensive analysis of battery chemistry fundamentals, with a particular
focus on several types of LIBs additionally, the current state of the battery
market, and an analysis of the current structure and bonding of P-NMC811
by using XRD and Raman spectroscopy.

12
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2.1 Fundamentals of battery chemistry

The LIB, which has the potential to revolutionize the world of energy in the
twenty-first century, was commercialized in 1970s, even though we live in a
time of constant invention and technological advancement. A battery is a
mechanical system that converts chemical energy into electrical energy by
storing it [24]. In general, active components mainly include the electrolyte,
cathode, and anode. When the battery is connected to an external circuit,
chemical processes take place in all of these variously constructed
components. Also, as shown in Fig. 1, LIBs come in different configurations
based on their geometric shape, like, a) cylindrical cells, b) coin cells, c)
prismatic cells, and d) thin and flat cells [25].

a Liquid electrolyte Cc
)
2 Cell can
I8 eparator o
Liy, Mn 07 AT == o
Separator :‘_T": Ligquid elecirolyle
(..drbcn&‘
= <+ Cell can
1 340w
+ 4 .
1358:;‘ @ f\ﬁl\\l\ Separator 1.1 Ah %
: Carban Liv, Mna0y T
Separator
b d Al Mesh
Liquid " il 2" +Plastic elecirode
clectrolyte *_\_h‘ Aer = (Cathode)
Carbon P =~ Plastic electrolyle
2 -~ Plastic electrode
~ Separator {Anoda)
“ i Cu mesh
~ 3TV =\
5 \ Liy, Mn,0, ‘ 0.58 Ah _& -
— ]

Cell can

Figure 1: LIBs different configurations [25]

When classifying batteries for various applications, and in comparison, to
lead-acid batteries, LIBs typically necessitate less maintenance. While it is
accurate that LIBs often exhibit a longevity of over 4,000 charge-discharge
cycles [24], it is essential to acknowledge that the specific cycle life can vary
contingent on the battery's chemical composition and operational
conditions. Furthermore, LIBs are renowned for their higher energy
efficiency during the recharging process, resulting in lower energy
requirements for efficient recharging. Additionally, they possess a superior
energy density, enabling them to store a greater amount of energy and
operate for extended durations between recharge cycles [24].

LIBs continue to outperform other battery technologies due to their excellent
energy density and high charge/discharge efficiency, maintaining peak
performance over extended periods [26]. However, their lifespan depends on
various factors, including usage conditions and application complexity. To
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address this, electric vehicles (EVs) batteries can find a second life after their
initial purpose is served. As many EV batteries are retired, repurposing them
can enhance the cost-effectiveness of energy storage. Even if these reused
modules may not perform optimally under all conditions, they can still serve
auxiliary purposes. Additionally, repurposing these batteries can contribute
to efficient energy storage in locations where traditional utilities and power
systems face challenges [26].

2.2 LIB positive electrode chemistries

A common configuration for LIBs is the inclusion of multiple electrochemical
cells that are electrically interconnected. When the battery is plugged in with
an electric supply, the Li* ions tend to move from the cathode to the anode
through the electrolyte as shown in Fig. 2. This is known as charging the
battery. During the discharge phase of the battery, the movement of the Li*
ions get reversed from anode to cathode through the electrolyte medium, and
the electrical energy gets transmitted to the attached load. LIBs enable the
conversion of chemical energy to electrical energy during discharging
whereas, during charging, it transpires in the reverse direction via redox
reactions [27].

\.
Discharging

fCunml e 1 Charging

Current
1 | 2 ]
| B |
]

Electrolyte 40 4

Separator J Separator

Figure 2: LIBs charging-discharging current flow [27]

The topic of which LIB type is superior and by what standards is then raised.
Not all LIBs are made equal because there are numerous chemical
combinations of lithium with other materials that have varied attributes such
as specific energy, safety, performance, cost, specific power, and lifetime.
Among the many different kinds of LIBs are those made of lithium nickel
cobalt aluminium oxide (LiNiixyCoxAlyO2, NCA), lithium cobalt oxide
(LiCoO2, LCO), lithium magnesium oxide (LiMn-O4, LMO), lithium iron
phosphate (LiFePO,4, LFP), lithium nickel manganese cobalt oxide (LiNii-x-
yMnxCoyO2, NMC), and others as shown in Fig. 3. It is possible to analyze the
strength and improvement area for each cathode materials. For instance, in
applications demanding high energy density and power density, cathode
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chemistries such as NMC and NCA are considered optimal. However, if
added safety and cost-effectiveness are prioritized, NMC holds a slight
advantage over NCA. When selecting batteries for diverse applications, a
thorough analysis based on these parameters is instrumental in determining
the most suitable choice for the intended application.

Specific energy Specific energy Specific energy
Cost Specific Cost Specific
power power
Life span ) Safety | | Life span Safety Life span Safety
Performance LCO Performance LMO Performance NCA
Specific energy Specific energy
Cost Specific Cost Specific
power power
Life span Safety Life span Safety
performance NMC Pesformance LFP

Figure 3: LIBs positive electrode chemistries and their features [28]

2.2.1 LCO battery

The composition of the battery is comprised of a cathode consisting of LCO
and an anode made of graphite carbon. During discharge, the flow of lithium
ions from the anode toward the cathode can be attributed to the layered
structure of the cathode. Upon the initiation of charging, the direction and
rate of the flow undergo alterations. The LCO batteries exhibit a specific
energy around 150-200 Wh/kg [29]. Fig. 4 shown below is the layered crystal
structure of LCO. With this configuration during cycling, Li+ ions are
removed and added to create vacancies in lithium planes. These batteries are
known for their ability to provide sustained electric power over extended
periods. However, they can face challenges when subjected to high-load
conditions. Notably, LCO batteries offer a distinct advantage with their
significantly higher specific energy when compared with lead acid batteries
for example, allowing for continuous energy supply even during periods of
reduced demand. Nevertheless, the declining popularity of LCO batteries can
be attributed to several notable limitations, for example the energy density is
not enough to be used for EVs. It has been noted that LCO batteries have a
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relatively short lifespan, usually lasting 500 to 1,000 cycles, however,
considering the amount of cobalt required is not feasible for EV applications
[30].

layered L:'Cr::n:?:2

Figure 4: Crystal structure of LCO [31]

On the other hand, the element cobalt is recognized to exhibit a considerable
level of economic significance within the contemporary market. Procuring
expensive batteries with restricted longevity is not a fiscally feasible
alternative [29]. Although initially popular, the demand for Li+ion batteries
containing cobalt has declined due to the high cost of cobalt and safety
concerns. Consumers are increasingly showing interest in alternative
variants of LIBs, consequently leading to their growing popularity. The
employment of LCO batteries is a widespread practice in portable electronic
equipment, including but not limited to, cameras, tablets, laptops, and
smartphones [30].

2.2.2 LFP battery

In LFP batteries, lithium iron phosphate serves as the cathode material, while
a carbon-based electrode, often graphitic carbon, functions as the anode. The
LFP batteries exhibit desirable thermal stability and electrochemical
performance, rendering them suitable for extended usage owing to their
prolonged life cycle. The structure has a distorted hcp oxygen framework
with Li, Fe, and P ions occupying various sites as shown in Fig. 5. The FeOe¢
octahedra are distorted, resulting in a lower symmetry. This figure shows
channels for removing lithium ions. FeOs octahedra are linked in the bc-
plane, while LiOs octahedra form chains along the b-axis. The PO4 groups
connect layers of FeOs octahedra through shared edges with one FeOs and
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two LiOs octahedra [31]. The energy density of LFP is around 90-160 Wh/kg
[29]. LFP battery cells are equipped with a nominal voltage of 3.2 V [30]. As
a consequence of this, LFP batteries represent the predominant type of
lithium battery utilized as a substitute for lead-acid deep-cycle batteries.
Despite being charged to full capacity, LFP batteries have been found to
possess exceptional safety characteristics as compared to other lithium-
based batteries owing to their high thermal runaway threshold, which is
estimated to be around 518 °C [30]. However, the utilization of LFP batteries
is associated with certain imperfections.

fb o @ k4

2 @
o

olivine LiFeF-‘Dd

Figure 5: Crystal structure of LFP [31]

The degradation of the LFP cathode encompasses an extensive scope of both
chemical and physical processes. The most significant mechanisms of
degradation comprise the decay of active LFP and the deterioration of the
cathode-electrolyte interface (CEI) [32]. The primary drivers of the
aforementioned factors are the depletion of lithium supply, dissolution of
iron, cathode detachment, or loss of contact with LFP, all of which stem from
Al current collector corrosion, LFP particle cracking, and thermal gradients
[32]. LFP batteries may not inherently excel in specific high-cranking
applications due to their low specific energy along with decreased
performance in cold environments [32].

2.2.3 LMO battery

The LMO is classified as a member of the A[B-]O4 spinel-type crystal
structure, which is characterized by its arrangement of atoms. Specifically,
LMO adopts the Fd-3m space group and exhibits a cubic lattice parameter
with a value of a = 8.239 A. The structure of cubic spinel LMO has been
delineated, with Mn cations occupying the 16d sites and Li cations occupying
the 8a sites, as shown in Fig. 6. Additionally, the oxygen ions are arranged in
a nearly perfect cubic close-packed (ccp) sublattice, typically located on the
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32e sites. A three-dimensional (3D) framework comprising MnOs octahedra
that shares edges is formed as half of the octahedral interstices are occupied
by Mn ions. The tetrahedral sites are occupied by Li* ions, and these sites are
close to four neighbouring empty octahedral sites located at the 16¢ position
with which they share common faces. This particular lattice provides a
complex 3D structure consisting of 16c-8a-16¢ transport paths that enable
the diffusion of lithium ions during insertion and deinsertion reactions [31].

b
Sy
spinel L|Mn204

Figure 6: Crystal structure of LMO [31]

LMO batteries exhibit superior specific power and prompt charging
capability [31]. Hence, they possess the ability to furnish higher current
output in comparison to batteries employing LCO as the cathode materials.
An added benefit of LMO batteries is their capacity for adaptability. The
internal chemistry of LMO batteries can be adjusted to cater to applications
demanding high-load or extended lifespan [30]. The most significant
limitation of LMO batteries is their limited lifespan. LMO batteries are
known to possess a relatively shorter lifespan when compared to alternative
lithium-based battery types, with approximately 300-700 charge cycles
being the average [30]. LMO batteries are commonly utilized in various
modern applications including portable power tools, medical equipment, as
well as certain hybrid and electric vehicles [30].

2.2.4 NCA battery

LiNixCoyAl-O2, NCAs, with compositions where x > 0.8, and x + y + z = 1, are
commonly referred to as 'mickel-rich' cathode materials for LIBs. These
materials have gained significant attention and value in the battery industry
for several compelling reasons, primarily centered around the reduced cobalt
content they offer. This reduction in cobalt content makes these materials
more economically attractive for large-scale battery manufacturing. Thus,
the move towards cathode materials with lower cobalt content not only
benefits cost-efficiency but also promotes sustainability and ethical
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standards in the battery industry. The present study elucidates the structural
similarity between NCA and NMC, which exhibit layered a-NaFeO-
structures. Notably, despite a minimal variation in the ionic radii of Al3+ and
Mn3+ (0.0535 nm and 0.053 nm, respectively), the resulting NCA and NCM
compounds showcase remarkable homogeneity in terms of their structural
attributes. Based on pertinent scholarly studies, if the nickel concentration
remains constant, the structural stability of NMC outperforms that of NCA.
However, if the compositional ratio is LiNio.8Coo.15Al0.0502, NCA
demonstrates superior electrochemical performance [33] and the cell
structure of NCA with Co=0.15 is as shown in Fig. 7.
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Figure 7: Optimized unit cell structures of NCA with Co=0.15 [34]

Besides, as the nickel substance share increases, so does the voltage and in
this way the vitality that can be put away within the battery. The most notable
advantages offered by NCA batteries are their high energy density and above-
average lifespan. NCA batteries degrade and lose capacity/power when
cycled [35]. When a normal NCA battery is warmed to 180 °C, it'll thermally
run away [30]. NCA batteries are highly regarded in the electric vehicle (EV)
market due to their ability to endure high-stress applications and maintain a
significant amount of charge for extended periods. Tesla incorporates NCA
batteries alongside other battery types in their EVs [30].

2.2.5 NMC battery

NMC batteries possess the advantage of amalgamating the favourable
aspects of the principal components incorporated in the cathode, namely
nickel, cobalt, and manganese. NMC materials have a structure with layered
transition metal cations and lithium ions between them [36] as shown in Fig.
8. The types of NMC cathode materials are referred to as NMC111, NMC532,
NMC622, and NMC811. The numeric designation that succeeds the acronym
NMC denotes the relative mole concentration of nickel, manganese, and
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cobalt present within the cathode. The evolution of a cathode is contingent
upon the quantity of nickel present within its layer. Numerous original
equipment manufacturers (OEMs) have initiated the commercialization of
NMC cathodes that contain less cobalt [37].

TM slab

Li slab |

Figure 8: Crystal structure of NMC [38]

In comparison to LCO batteries, they exhibit superior thermal stability,
ultimately rendering them a safer alternative. NMC batteries are widely
utilized in the domains of power tools, electronic powertrains for e-bikes,
scooters, and a subset of electric automobiles. One significant distinction is
that NMC batteries tend to exhibit superior thermal stability compared to
LCOs, making them a safer choice for certain applications [31].

2.3 Synthesis methods of NMC cathode

The synthesis part is covered in this report to emphasize how these
approaches are significant as they enable the manufacturing of high-quality
NMC cathode materials with regulated morphology, particle size, and
composition, all of which are critical aspects of LIBs’ performance. There are
different methods to synthesize NMC cathode materials, sol-gel method [39],
co-precipitation method with solid-state method [39], solid-state reaction
[39], spray pyrolysis and also hydrothermal synthesis [39], as shown in Fig.

0.

Among the various methodologies available, co-precipitation method for
precursors is widely regarded as the preferred method due to its low cost,
ease of managing process parameters, and ability to achieve high tap
densities, and already widely used in industry [40]. The precipitation
reaction progress, the mixing speed, chelating agent concentration, pH level,
the around temperature are all variables that can greatly impact the shape
and composition of the particles during the co-precipitation process [40],
and after which NMC precursor materials are obtained. Then, precursor will
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be mixed with LiOH or Li-CO3 and calcine in high temperature to obtain
NMC cathode materials.

Solid state method is considered to be one of the earliest and simple
techniques recorded in the literature for the synthesis of active materials for
batteries [40]. This approach has garnered significant attention in the
industry for producing nanoscale NMC cathode materials owing to
economical equipment requirements and straightforward process
management. The process of synthesis is characterized by its simplicity,
whereby the fusion of transition metal oxides and Li salt occurs through
sintering at temperatures within the range of 800-1000 °C [40]. This method
presents a prominent benefit as it facilitates the attainment of precise
stoichiometry about lithium and transition metals. However, it entails
rigorous mechanical blending and prolonged thermal processing [40].

The spray pyrolysis technique represents a versatile approach for the
production of cathode materials based on NMC compositions on a large
scale, exhibiting a notably high level of reproducibility [40]. The
technological process known as spray pyrolysis is a continuous synthetic
technique that offers various advantages, such as a brief residence time, a
high degree of purity, and a limited range of particle sizes. Despite these
benefits, it is prone to the creation of hollow and shell-like particles, which
can significantly diminish the tap density. In general, co-precipitation is
found to be the optimal technique for batch manufacturing of NMC precursor
material, whereas spray pyrolysis is deemed as the most suitable method for
continuous production [40].
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Figure 9: Few of the NMC cathode synthesis methods a. co-precipitation, b.
solid state, c. spray pyrolysis [40]
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2.4 A comprehensive overview of the battery industry

Numerous studies that concentrate on understanding battery future trends
and how they will affect society while taking supply and demand and the
supply chain into account have been conducted for more than ten years. Since
my thesis work is related to NMC battery technology, the market study is
related to its advancement in raw materials available, and consumption rate
in the future. According to the projections of Bloomberg new energy finance,
a significant increase in the sales of electric vehicles is anticipated, with
figures predicted to exceed 60 million by the year 2040 and a staggering 190
million by 2050 [41]. The widespread utilization of LIB in portable devices
intended for consumer use has resulted in a remarkable increase in the
production of these batteries, as evidenced by the fact that in the year 2020,
the amount of these batteries manufactured exceeded 25 billion units,
occupying a weight equivalent to 500 thousand metric tonnes. Anticipated
are increased trajectories regarding the installation and sales of consumer
electronics and stationary energy storage (SES). Upon examination of the
extraction and processing procedures, it becomes evident that a majority of
the crucial elements are exclusively manufactured in a limited number of
select nations as shown in Fig. 10. In the year 2021, the total global cobalt
production amounted to 170,000 metric tonnes. Of this total volume, the
majority - approximately 71% - was obtained from mining operations in the
democratic republic of Congo [42]. Meanwhile, mining activities in Russia
contributed 4.5% of the total cobalt production, and the remaining 3.3% was
produced within the geographical confines of Australia. The majority of
cobalt is extracted as a secondary product during the mining process of
copper or nickel. It is a well-established fact that the majority of significant
cobalt-bearing deposits are situated within the central African copper belt
region. Over the years, numerous investigations have highlighted concerns
surrounding the risks inherent in the artisanal mining sector, particularly
concerning cobalt production in Congo, including the use of child labour. As
a result, scholars have called for the implementation of secure, transparent,
and verifiable supply chains and systems to effectively identify and address
such potential dangers within the socially conscious mining industry [43].
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| In 2021, 43 countries accounted for all global production of the key material in LIB:
¢ Cobalt (170,000 tonnes): 71% Congo (Kinshasa); 4.5% Russia, 3.3% Australia
k’} Lithium (100,000 tonnes): 55% Australia; 26% Chili; 14% China

Nickel (2.7 million tonne}: 37% Indonesia; 14% Philippines; 9% Russia

Manganese (20 million tonne): 37% South Africa; 18 Gabon, 16.5% Australia

Figure 10: The lithium battery elements' key location of mining and
extraction [43]

[44] The technical report on the battery market and forecast outlines the top
battery cathode chemistries, evaluate their characteristics, and examines the
market trends as shown in Fig. 11. The x-axis shows the amount of energy
required to be spend for the given applications and y-axis indicate the overall
performance rating. The automobile industry, which is predicted to have
89% of the market share by 2030, will continue to receive a lot of attention
from the battery industry, while grid applications will experience rapid
growth and more than quadruple their present market size to $10,8 Bn. The
improvement of batteries might also lead to the opening of new markets for
batteries, such as for electric airplanes, which might eventually experience
the quickest growth. NMC and LFP are the best options for meeting the
requirements of most electric vehicles, which include high energy density,
satisfactory cycle life, and affordable battery costs.
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Figure 11: Market size 2022 and forecast 2030 [44]

Based on the findings of the market analysis, it is apparent that the battery
sector exhibits significant growth opportunities. However, the application of
batteries is currently constrained by the availability of raw materials, as well
as the parameters surrounding their extraction and their ramifications on the
circular economy. At present, batteries maintain a highly competitive cost.
Nonetheless, they continue to exhibit limitations in several aspects, including
energy density, cycle life, and safety considerations. One significant challenge
confronting the battery industry pertains to the absence of an extensive
system for recycling. The expanding usage of batteries has generated an
increasing demand to devise resourceful and economical techniques to
recycle them. The supply chain for essential materials, particularly lithium,
cobalt, nickel, and manganese, poses a significant challenge [45]. The
acquisition of these resources is frequently restricted to a finite group of
nations, resulting in potential instabilities in supply chains and geopolitical
hazards. NMC811 batteries possess distinct advantages that render them
potential candidates for deployment in various applications in the future.
However, despite their relatively greater stability, these batteries still face
several challenges, including, but not limited to, the procurement of critical
raw materials. Consequently, a critical aspect in comprehending the nature
of NMC entails delving into battery cathode chemistry starting from the study
of precursor structural properties and gaining insights regarding its chemical
bonding and the inadequacies that exist within its present chemistry [45].

2.5 X-ray power diffraction

XRD will be one of the main technologies utilized in this study. A brief history
and theory behind the XRD origins and early applications is provided here.
The well-known experiment by Max von Laue, Friedrich, and Knipping in
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1912 showed the diffraction of X-rays by crystals [46]. This discovery served
as the starting point for later developments in XRD analysis. Renowned
researchers like William and Lawrence Bragg created the equation known as
Bragg's law that connects the angles of incidence and diffraction to the
distance between crystal lattice planes. The Braggs were awarded the 1915
Nobel prize in physics for their scientific discovery, which made it possible to
determine crystal formations. When XRD was originally used in the study of
minerals, it helped scientists identify and categorize various minerals
according to their crystal shapes. It also looks into the field of materials
science, where understanding the arrangement of atoms and molecules in a
variety of materials, such as polymers, metals, and ceramics, has been made
possible through XRD research [47]. Later, advances were made using XRD
techniques and technologies, such as the development of synchrotron
radiation sources that produce powerful X-ray beams for more precise and
complete analyses.

The concept of X-ray as shown in Fig. 12 goes like this, to bend
electromagnetic radiation, the spaces in the grating must be similar in size to
the wavelength. In crystals, the space between atoms is usually 2 to 34 [48].
This means that a certain type of radiation is best suited for studying crystals.
X-rays are a type of energy that can pass through objects. They are used in
medical imaging to see inside the body. So, X-rays can help us learn about
how crystals are built. Scientists study materials using neutrons and
electrons for diffraction.

Beam of electrons

Figure 12: Concept of X-ray generation [48]

XRD has become a prevailing method for investigating crystalline materials
[48]. The XRD method provides a valuable complement to a variety of
microscopic and spectroscopic techniques. To evaluate potential microscopic
observations made on a small scale, it is necessary to analyze the
corresponding microscopy data. This analytical approach can be considered
as an essential component of scientific investigation in various fields of study.
This method will be used for the study aiming to contribute to the broader
field of inquiry by shedding new light on the specific area under investigation,
and by providing a basis for further research and exploration [49].
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An image of the PANalytical scanning diffractometer is shown in Fig. 13a.
The detector revolves around the sample. The position of the detector is
recorded using the angle 2 theta (20). The device counts the number of X-
rays that are detected at various 2 angles as shown in Fig. 13b. The quantity
of X-ray intensity is often expressed in terms of "counts" or "counts per
second." To keep the X-ray beam in the right focus, the sample will also spin.
The Bragg-Brentano technique of para-focusing geometry is used by several
powder diffractometers. Both the incidence angle omega (°) and (20) must
be adjusted for the X-ray beam to be oriented correctly. A general overview
of how exactly XRD data can be evaluated is explained here using a reference
from a presentation made available by the Massachusetts institute of
technology [50].

Detector

Figure 13: a. PANalytical scanning diffractometer X’pert Pro MPD alpha
[51]; b. Bragg-Brentano para focusing geometry [49]

Fig. 14 a displays the XRD patterns of quartz, cristobalite, and glass, which
are made up of several SiO- phases [50]. Despite having nearly identical
chemical properties, they differ in their atom arrangements, which can be
explained by the diffraction pattern. High crystallinity is demonstrated by the
sharpness of the quartz pattern, and the amorphous nature of glass-like
substances that do not create sharp diffraction patterns is revealed. It is also
feasible to tell how many crystalline phases are present in the combination
and whether any amorphous material or compound is present by looking at
Fig. 14b, which shows the copper's XRD pattern.
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Figure 14: a. Different diffraction patterns of materials; b. Sample XRD plot
of copper (Cu) [50]

The actual phases are typically determined by comparing the experimental
pattern to a reference pattern. The peak positions of the reference pattern
should also match the data; however, a slight experiment-related error is
acceptable. The experimental data should also include all of the peaks from
the reference pattern. The locations of the diffraction peaks can be used to
calculate the dimensions of unit cells. It is feasible to convert the measured
peak locations, 20, into dnk values using the previously mentioned Bragg's
law. With this information and understanding other literature was looked
into to understand how this technique was used to study and analyze the
battery cathode materials, especially the L-NMC cathode chemistries.

As an example, Fig. 15 shows the XRD patterns of synthesized L-NMC811,
and commercial L-NMC811 cathodes. It shows the lattice plane (003) has the
highest peaks, the high-intensity peaks suggest crystalline phases with well-
defined structures and precise atom arrangement. The intense signal
indicates strong diffraction in highly crystalline material with many
scattering centres. The XRD patterns' peak splitting validates the structure's
layers [52].
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Figure 15: The XRD pattern of a Li-NMC811 cathode materials [52]

A study that aimed to study the co-precipitation of the NMC811(OH)- as a
precursor was recently published [53]. XRD was used for analysing the
crystal structure, crystallographic phases, lattice parameters, and
crystallinity of the co-precipitated precursor material. In the literature, the
data were analyzed using XRD, and some insightful conclusions were
reached as a result. The author identifies the formation of secondary particles
in the supersaturated solution during the synthesis of the P-NMC811. The
XRD data was used to compare the diffractograms of the synthesized crystals
and compared to the different total flow rates during the metal feed
concentration of 1 M and [M2+]:[NH3] = 1:1. The XRD features include, a
PANalytical X'Pert Pro (Cu Kq radiation, k = 0.154187 nm) diffractometer
equipped with a 2D solid PIXcel detector. The author compiled the following
findings using the XRD data from Fig. 16 a,b. The diffractograms of the three
largest total flow rates were compared, and it is evident that as the flow rate
rises, the XRD peak sharpness decreases, some peaks widen, and the
crystallinity of the sample decreases. Additionally, the pure Mn(OH)- peaks
at 28.6° and 54.04° of the precursor XRD peaks were missing, and the
diffractogram resembles that of Ni(OH).. The author infers from references
that Mn2+ substitutes for Ni2+ atoms arbitrarily in the Ni(OH)- lattice. And
noticeable the XRD peaks of Co(OH)- was comparable with Ni(OH). which
made it difficult to justify the presence or absence of the Co2* like Mn2+ [53].
Another inference that might be made from the analysis of the XRD is that
the varied synthesis circumstances resulted in distinct crystalline structures
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for beta-Ni(OH)- and alpha-Ni(OH). 0.75 H20. The crystalline size of
Ni(OH)., peak broadening, stacking defects, and deviations in peak positions
were all evaluated by the author using OriginPro software and the X'Pert
HighScore Scherrer calculator's half-maximum intensity (FWHM). The
research continued with the Ilatest literature on evaluating the
electrochemical performance with the structural design of the NMC811(OH)-

precursor [54].
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Figure 16: a. XRD patterns for synthesized crystals of NMC811(OH)- at
various total flow rates of a) 33 mL/min, b) 70 mL/min, ¢) 105 mL/min,
and d) 169 mL/min; b. XRD pattern of synthesized crystals compared to

Mn(OH): and Co(OH)= [53].

Another research paper was published by researchers on the synthesis of P-
NMC811(OH)- and the electrochemical performance upon lithiated L-
NMC8110: [55]. In this case, the XRD experiments were carried out on a
diffractometer D/max 2550 X (Rigaku, Japan), using Cu Ka radiation
(wavelength=0.154056 nm, voltage 40 kV, and current 300 mA), with a step
size of 0.02° and a recorded range from 10° to 80°. The results obtained are
as shown in Fig. 17, which show the highly crystalline peaks of the lithiated
sample without any secondary peaks, and all peaks are indexed as hexagonal
a-NaFeO. structure with a space group of R-3m.
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Figure 17: Li-NMC811 XRD pattern of samples prepared at 750°c[55]

There has also been research on the co-precipitation approach for the
synthesis of NixMn;x(OH)- mixed hydroxides as shown in [56]. The sample
was created using several co-precipitation procedures, and XRD was utilized
to analyze the sample structural analysis. The presence of air during the co-
precipitation process, results in the creation of complex structures of layered
double hydroxide (LDH) which are layered materials that contain positively
charged metal hydroxide layers interlaced with anions and Mn3;O,4 phases.
Using XRD data, the sample’s structure was able to detect the arrangements
of the atoms in each sample leading the way for further analysis as in Fig. 18.
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Figure 18: XRD pattern of NixMni-x(OH)=samples [56]
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A good takeaway from these reviews of the kinds of literature is that the XRD
is a useful tool for examining the crystal structure and phase composition of
a specific precursor throughout its synthesis conditions and providing
essential information about the crystalline phases present. Also, upon the
investigation of the lithiated sample, the secondary phases and defects can
be investigated. Most of the research work was published based on the
findings of the lithiated samples and very limited data is available related to
the study of precursor and its properties and structure evaluated using XRD.

2.6 In-situ HT-XRD

In this section, the cathode precursor materials for LIB cells have been
studied for structural alterations using in-situ HT-XRD, which is a significant
tool and technology. It provides valuable information about the traits and
behaviour of the material under various conditions. When employing in-situ
HT-XRD to conduct experiments, the sample is subjected to conditions like
alterations in the gas environment, pressure, and temperature, while the
XRD data is continually gathered. These observations aid in the research and
analysis of the modifications to crystal structure brought in by these
conditions.

To illustrate its significance and characteristics, a study that used in-situ
diffraction to look at the structural evolution of various lithium-deficient
NMC cathode materials is provided as an example [57]. Fig. 19 shows the in-
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situ HT-XRD plotted as a function of temperature for the P-NMC811 while
heating in the presence of lithium.

The hydroxide precursors underwent the in-situ HT-XRD considering the
following temperature profile. The test was conducted for the 26 range of 15°
to 68° and a temperature range of 0 to 900°C. Throughout the entire heat
treatment, diffraction measurements were taken in the 20 range of 15° to 68°
at intervals of 5 minutes. The final temperature was attained by gradually
heating the precursor powders in an air environment at a rate of 4°C per
minute, following a previous heating process in the air at a rate of 5°C per
minute until reaching 450°C. Each pattern was measured with a step size of
0.0394° 20 and a count time of 47.7 s per step. In the case of NMC811, the
reaction pattern seems to involve the progressive conversion of metal
hydroxides to metal oxides and then to complex metal oxides [57]. The
disintegration of the LiOH precursor starts at 210°C and ends with the
synthesis of LiOx at 418°C. When the temperature reaches 503°C, the
complex metal oxides react with the liquid oxygen to form LiMni.34 Coo.66 O4
and Lio.28Nio.72O [57]. Also, it was noticed that there has not been much
literature related to in-situ HT-XRD being used to analyze the NMCS811
precursor and related.
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Figure 19: In-situ HT-XRD of NMC811 precursor heated in the presence of
lithium source [57].

2.7 Raman spectroscopy

Raman spectroscopy assesses a material's energy modes using light, named
after C. V. Raman and K.S Krishnan observed Raman scattering in 1928. S.
Krishnan. Raman spectroscopy provides chemical and structural

32



Aalto-yliopisto
Aalto-universitetet
l Aalto University

information and identifies compounds by their unique Raman "fingerprint"
through the detection of Raman scattering.

In this concept, as shown in Fig. 20 a photon turns a molecule polar,
transferring energy in the process, and forming a transient complex known
as the virtual state. The photon is swiftly reemitted as dispersed light because
the virtual state is unstable [58]. The energy of the molecule typically stays
constant. Therefore, the input photon's energy and wavelength are carried
over into the scattered photon. The energy of the scattering particles is
preserved in Rayleigh scattering. Rarely, energy is transferred between
molecules and photons during a process called Raman scattering. When a
molecule gains energy, the scattered photon experiences Raman scattering,
which results in a loss of energy and an increase in wavelength.
Approximately 1 in 10 million photons experience Raman scattering [58]. If
the molecule relaxes and loses energy, the scattered photon gains energy and
its wavelength shortens, a phenomenon known as Anti-stokes Raman
scattering when molecules are excited from their ground state to a virtual
state and then relax into a vibrationally excited state, they exhibit the
spontaneous Raman effect, which is represented by Stokes Raman scattering

[58].
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Figure 20: Systematic diagram of Raman spectrometer instrumentation
[59]

The Raman spectrum is characterized by the presence of multiple peaks that
provide information regarding the intensity and position of the wavelength
of Raman scattered light. Each zenith is linked with a specific chemical
bonding vibration, comprising solitary bonds such as C-H, N-O, C=C, and C-
C along with bond groups such as the benzene ring's respiration mode,
polymer chain oscillations, lattice modes, and others [60].
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Currently, Raman spectroscopy finds widespread use in the field of
chemistry, where it is applied for the investigation of structural features,
purity assessment, and monitoring of chemical reactions. Additionally, its
utility extends to the realm of pharmaceutics, where it is employed for the
study of content uniformity, component distribution, and related
applications. Furthermore, Raman spectroscopy is utilized for the analysis of
carbon materials for purposes such as examining the structural and
compositional purity of nanotubes, and detection and characterization of
disorder, etc.

Fig. 21 shows the Raman spectroscopy developed by Renishaw; features
include Raman microscopy that could distinguish chemical structures with
high spatial resolution. Microscope techniques including brightfield,
darkfield, and polarization contrast with reflected and transmitted light.
Particle analysis uses image recognition algorithms and instrument control
to characterize distributions and many more [61].

Figure 21: Raman spectroscopy by Renishaw [61]

A study was conducted to understand the Raman shift and analyze the
spectrum of Li-NMC111 chemistry [62]. The Raman spectrum, which can also
determine the existence of impurities or secondary phases, is used to
determine the purity of the phases in Li-NMCi111 samples. It is typical to
discover impurities or secondary phases that exhibit various Raman peaks
from Li-NMCi11 [62]. Typically, it is found that the size of the particles in the
sample has an inverse connection with the width of the Raman spectra. In
this case, as shown in Fig. 22, two broad Raman bands of the carbon caused
by MWCNTs are associated with the D-band, G-band, and 2D-band at 1380,
1589, and 2700 cm, respectively. The Ni-O mode at 471 cm and the
broadband at 599 cm are vibrational features of Li-NMCi111 [62].
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Figure 22: NMC111 powder Raman spectra [62]

Raman spectroscopy has also been used in the battery manufacturing
industry to detect the presence of contamination during the battery
production process [63]. In this case, Raman spectroscopy was used to
compare batches of battery-grade lithium hydroxide salts to check for
carbonate impurities. In Fig. 23, the red Raman spectrum shows that there
is no presence of any impurities, whereas in the plots that belong to the
spectra blue, green, and violet indicate the presence of carbonates at a shift
range below 200 and above 1000 cm. So, this brings us to a point to show
how these spectra images can interpret the data to showcase the presence of
secondary particles in a given sample. Besides, when using Renishaw Raman
spectroscopy for testing, it's important to remember that sensitive samples
can easily get damaged when the laser power is not controlled [64]. By
increasing the energy of the laser beam that is used, the Raman signal that is
produced can be made stronger. There is different strength of lasers in
Raman system. By choosing the weaker lasers, it can prevent sample damage.

35



' Aalto-yliopisto
Aalto-universitetet

B Aalto University

700

327,76

650

600

327,96

550

71088,38

500

T 9473

w0 |

618,50
192,08
155,27

400

~1089.20
297.86 28628 297,68

95,15

350

Raman intensity

300

617,97
297,93
193,03
155,40

250 |A|

125,52

200

6822
84,80

g
7~ 108834

1200 1000 800 600 400 200
Raman shift (cm'!)

Figure 23: Raman spectroscopy that was used to compare different batches
of battery-grade lithium hydroxide salts [63]

The utilization of XRD facilitates comprehension regarding the crystal
structure, lattice parameters, and phase purity of P-NMC811. Similarly,
Raman spectroscopy can offer insight into the vibrational modes and thermal
stability of the aforementioned material. Collectively, these methodologies
exhibit potential for enhancing the synthesis and processing of L-NMC811
cathode materials [62], as well as appraising their performance in LIBs. This
inquiry pertains to the potential outcomes that could be achieved through the
execution of these studies for a thesis, including the examination of the P-
NMC811's features and composition, and the exploration of ways in which it
can be enhanced through this investigative process [62].

In this section, the literature review of LIBs, cathode materials for LIBs, and
the utilization of XRD and Raman spectroscopy in cathode materials are
involved. However, it is worthy to mentation that there is no research related
to Raman spectroscopy usage to analyse the P-NMC811. And there is very
limited information about the P-NMCS811 using XRD, therefore, it is
necessary to investigate P-NMC811 properties by XRD and Raman
spectroscopy.
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3. Experiment methodology

The main objective of this thesis work is to investigate the precursor
properties. In specific limitation to detect the P-NMC811 secondary phases
by utilizing the laboratory's XRD and Raman spectroscopy equipment.
Following that, a mixture comprising a range of quantities of MoO3 (99.5%,
Alfa Aesar), AlI(OH); (Merck), and Zr(OH), (97%, Sigma-Aldrich)
compounds will be combined with the precursor substance, and the existence
of compounds and the secondary phase will then be examined. For Mg(OH)-
(99%, Sigma-Aldrich) , only the XRD spectrum was captured and was not
mixed with precursor for investigation. It is because the precursor XRD
peaks match closely with peaks of Mg(OH)-, so it was difficult to detect the
secondary phases. The sample lists are in Table 1. Also, all these samples were
prepared for the same 1-gram quantity of precursor.

Table 1: Sample list of sample preparation

Precursor + Precursor Compounds Representation

Sl.no Compound () (g) for Analysis
Nio.sMno.1C0o. NMC811
1 (OH). (P- 1 -
NMC811) precursor/NMC811
2 Mg(OH). - 1 Mg(OH).
0.98 0.02 (2%) 27Zr(OH),-NMC811
3 P ;II}\(/IOCEI;I * 0.95 0.05 (5%) 5Zr(OH),-NMC811
4 0.5 0.5 (50%) 50Zr(OH),-NMC811
0.99 0.01 (1%) 1MoO5;-NMC811
4 P Nl\l\ffg 1+ 0.995 0.005 (0.5%) 0.5Mo00;-NMC811
3 0.999 0.001 (0.1%) 0.1M00,;-NMC811
0.99 0.01 (1%) 1A1(OH);-NMC811
5 P Zl\(/IOCI% 1+ 0.995 0.005 (0.5%) 0.5A1(OH);-NMC811
3 0.9975 0.0025 (0.25%)  0.25A1(OH);-NMC811

3.1 Sample preparation

The compounds are chosen to have their melting point near the lithiation
temperature of 750 to 850°C [65], in this case, MoO3; (Melting point of 795°C
[66]), Zr(OH), (melting point of 550°C [67] , AI(OH)3 (melting point of
300°C) [68] , and Mg(OH)> (melting point of 350°C) are chosen for the
investigation. The melting points are specified because they significantly
affect how dopants can blend and infiltrate the precursor during lithiation
stage. These factors are vital for consistently and effectively altering the
material's properties.
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The P-NMC811 material is then combined with a small quantity of the
aforementioned compounds using mortar and pestle as shown in Fig. 24
Standard procedure used for mixing all the sample is 30 min. By hand-grind
with a mortar and pestle, a sample of a mixture is first examined to determine
whether any secondary phases are present. The target is to identify the
secondary phase of the precursor, and the selection of additional compound
quantity based on the XRD detection.

Figure 24: Mortar and pestle [69]

3.2 Structure of precursor studied using PANalytical X’pert
Pro MPD Alpha 1

The initial step is to identify the amount of sample that could be tested in the
X’pert XRD as shown in Fig. 25, by checking the sample holder weight with
the sample minus the weight of the holder. In this case, it’s measured to be 1
gram of the sample that is needed for testing and kept constant. Set X-ray
wavelength (Cu Ka), scan range (20), and speed. For the testing, the
following settings were used, start angle =10°, end angle = 90°, step size =
0.01313°(20), at 40 kV and 40 mA, time per step =130.05 s, scan speed =
0.0257 °/sec, total number of steps = 6092. Data is then analyzed with
software Match 3 [70] to identify the crystal phases and the plotting graphs
using Origin 2023 [71] for the NMC811 precursor by comparing obtained
diffractogram with reference patterns, crystallographic open database (COD)
[72] and international centre for diffraction data (ICDD) database [73].
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Figure 25: PANalytical X" pert Pro MPD Alpha 1 — RAMI

3.3 Structure of precursor studied using PANalytical X pert
Pro MPD powder - RAMI

This technique of a high-temperature in-situ XRD (HT-XRD) instrument as
shown in Fig. 26a (by, Malvern PANalytical) is used to explore how phase
changes in precursor during temperature increasing from 25°C to 900°C.
With the Pixel 1D detector and high-temperature stage, the X'pert Pro MPD
powder can quickly measure (usually in less than 20 minutes) for the
determination of crystal structure, phase identification and quantification,
crystalline size, and residual stress analysis from room temperature up to
1200°C and the tube is made of copper (Cu). The atomic and molecular
composition of a crystalline substance can be determined using this effective
analytical approach. HT-XRD is performed in a specific heating chamber or
furnace that can reach high temperatures in a controlled environment. For
this study, the following setting was used, start angle = 10°, end angle = 70°,
min step size 20: 0.001°; Goniometer - PW3050/60 (0 / 0) and sample stage
- AP HTK-1200N oven; and overall duration including heating and cooling
of testing approximately hours.

In this case, the sample is put on a high-temperature ranging from 25°C to
900°C with precise temperature control, heating rate is 10°C/min. The
temperature starts from 25°C, then stepwise increased to 90, 140°C, 190°C,
240°C, 290°C, 340°C, 390°C, 440°C, 490°C, 600°C, 700°C, 800°C, 900°C.
It is held at each of these temperature values for 5 minutes before a 30-
minute waiting period, after which the temperature is increased further.
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Finally, the sample is cooled down to 25°C, as illustrated in Fig. 26b. The
overall time for completing the XRD measurement was close to about 16 h.
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Figure 26: a. PANalytical X" pert Pro MPD powder — RAMI; b. XRD data
input profile

3.4 Secondary peaks analyzed using Rigaku SmartLab X-ray
diffractometer

The XRD machine as shown in Fig. 27, is an effective instrument for
examining the crystal structure, phase identification, and physical properties
of materials due to its adaptability, and precision features. Core attributes-3
kW sealed X-ray tube, CBO optics, D/teX Ultra 250 silicon strip detector,
core options-PhotonMax high-flux 9 kW rotating anode X-ray source, in-
plane arm (5-axis goniometer), HyPix-3000 high energy resolution 2D
HPAD detector, Johansson Ka1 optics [74]. The sample types it can handle
include powders, thin films, and bulk materials. This XRD is able to provide
higher resolution and lower noise signals, smaller peaks can be detected
better than PANalytical XRD. The settings that were used for detecting the
0.5% and below mix of MoOs; with the precursor (the reason will be
introduced more detail in results and discussion section). The settings are as
follow: Tube voltage — 45 kV; Tube current — 150 mA; Start angle — 10°; End
angle — 90°. Scan axis — 6/20, Mode - continuous, Range — absolute, Speed
duration time — 3 sec. And the manual slits for the incident and detector side
can be chosen as per the guidance from the lab expert (Soller (deg)-5, IS L
(mm)- 10), Data acquisition mode — 1D, Detector setting — HyPix-3000H.
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=
Figure 27: Rigaku SmartLab X-ray diffractometer [77]

3.5 Sample preparation and testing method for Renishaw
Raman spectroscopy

To ensure the safety of the samples, laser settings, and power levels
underwent thorough testing across multiple cycles at various points. The goal
was to optimize the laser settings for the precursor materials, ensuring
reliable experimentation outcomes.

The instrument used for the Raman analysis is from Renishaw company as
shown in Fig. 28. A rectangular plate made of glass was used to hold the
sample for this test. The sample is placed on the holder. After the Raman
instrument has been adjusted for accuracy, the settings are chosen based on
the type of sample and information from published sources. The parameters
for the experiments are laser power = 1%, accumulation = 5 and 20 (in some
cases), exposure time = 1/sec, laser = 532 nm, grating = 830 I/mm, objective
= 20 X, 50 x(in some cases), and spectrum range = low to high from 99 to
3666. The reason for the selected values is explained in the results and
discussion section. Using these parameters and after adjusting the
instrument, the sample is carefully examined using different objective
settings. Then, measurements are taken to make sure the desired Raman
signals are received.
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Figure 28: Renishaw inVia™ confocal Raman microscope

Understanding the WiRE software setting, and configuration as shown in
Fig. 29, as well as the modes available to conduct experiments for the
precursor was crucial to comprehending the capabilities of doing analysis
linked to Raman spectroscopy. This section is discussed here to highlight the
significance of choosing the parameters, and how they became significant

when the sample was tested.
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Figure 29: Range tab from WiRE software [75]

e Grating scan type: There are 2 types, static and extended.
Depending on the wavelength and the grating being used, static
extends from 200 c¢m to 500 ecm on either side of the centre. The
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spectrum range options can be used to input the desired centre value.
The static scan is quicker than the extended scan as it only covers a
small area. When a static scan is unable to cover the necessary
wavenumber range, extended (synchro scan) scanning is utilized. It
scans between the top and lower boundaries entered in the spectrum
range.

Configuration: It allows the user to select the type of laser suited for
different samples, grating, and detector to be used. And value can vary
based on the settings of the instrument, in this case, it was: 532 nm
(green) and 785 nm (near infrared (NIR)). The grating can also be
selected for this instrument; as default: 1800 I/mm grating for 785
nm laser and 2400 I/mm and 830 I/mm for 532 nm laser.
Confocality: Using the confocality box, a user can choose between
high and standard confocal performance. The confocality determines
the sample volume from which the signal is obtained. The total Raman
signal is also diminished by lowering this volume and raising the
spatial resolution while selecting the high confocality option.

It's critical that one initially understands these settings when utilizing Raman
spectroscopy to determine how they may affect the sample's Raman
scattering and whether the signal agrees with published data. The inferences
and assumptions can go in the wrong way if these settings are not handled
correctly in Fig. 30.
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ﬂ Eile Eﬂmingz Advanced |

Range

Exposure time /s 1.00 2. Objective _| Cosmic ray remaval

Accumulations 1 = Laser power [ % | 100 f_‘ | Response calibration

Restore instrument

Live imagin
e imaging state on completion

Close laser shutter on
completion

Not using live imaging. — Minimize laser exposure

on sample

Title Simple mapping measurement 4
Description

This is a mapping measurement created by the map setup wizard

‘ OK H Cancel ] Apply | Help ‘

Figure 30: Acquisition tab from WiRE software [75]

Exposure time: The Raman signal is exposed to the detector for the
specified amount of time or exposure period. Better spectral signal-to-
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noise ratios are produced by longer exposure durations. A static
grating scan requires a minimum exposure period of 0.02 s.

e Accumulation: It represents the number of scan iterations. The
automatic co-adding of the accumulations results in spectra with
higher signal-to-noise ratios.

¢ Laser power: It is the amount of the maximum laser power that will
be employed for a scan. Depending on the laser being used, higher
power will improve the signal-to-noise ratio but may also harm some
samples.

While testing the sample, the settings for each of these factors are equally
crucial. Few trial-and-error tests will help to determine the proper settings
because there is limited information in the literature on the best settings for
each type of sample.

44



Aalto-yliopisto
Aalto-universitetet
B Aalto University

4. Results and Discussion

This section explains the outcomes of the XRD and Raman spectroscopy tests
performed on the samples. The primary goal of this section is to highlight the
findings and major lessons learned from this work while also highlighting the
paucity of relevant literature and research efforts to gather such information,
which might significantly improve the understanding link between precursor
and cathode materials.

4.1 Analysis of NMC811(OH). precursor using XRD

The analysis pertains to the measurements of the precursor taken at various
time intervals. Just to optimize the program for precursor as shown in Fig.
31 a demonstrates that when the time duration increases, the peaks become
more distinct and exhibit lower levels of noise when tested for 1 h and 2 h.
The diffractogram that was acquired displays a peak that is in closest
proximity to the reference pattern of Ni(OH).. The peaks were indexed to
hexagonal Ni(OH)- crystal structure (ICDD:04-012-5845) with lattice cell
parameters a=b= 3.1140 A, and c= 4.6170 A. Overall, there are 9 peaks visible
for this precursor for the axis range from 10° to 90°. The diffraction peaks
are visible at the peak position and corresponding planes as shown in Table
2,

a
I | =——=10min- NMC811 precursor
[
| |
_— l |! 1hr- NMC811 precursor
= I ||
\.i_‘,« JI _ Jlg__._»" Jﬂ"x__-'.'u AN —
.'Ed | s = HE 2hrs- NMC811 precursor
E | = |I o S - o= .
2 I | | = =2 §F %
= _ AN A L
o
———Ni(OH), reference
1 ,‘,hl L .
10 20 30 40 60 70 &0

50
20 (°)

Figure 31: a. XRD patterns for P-NMC811; b. Crystal structure of Ni(OH)-,
the green lattice plane is (010), brown is (001), the pink is (011)
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Table 2: P-NMC811 peak position and plane measured using XRD for 1h

Peak 19.1 33.0 38.4 51.9 59.2 | 62.0 69.7 73.1 82.7
position

@)

Crystal (oo1) | (100) | (0o11) | (012) (110) | (111) (200) | (201) | (202)
planes

Peak 1301 028 2000 | 667 461 294 126 154 88
intensity

The (001) lattice plane is the highest peak at 26 angle of 19.13°. The precursor
sample displays good crystallinity, which is evident from the pointed peaks it
exhibits, and it is similar to the peak from the literature reviewed [54].
Additionally, the crystal structure of Ni(OH)- is presented in Fig. 31b to
indicate the potential crystal planes.

Based on these results, all trials for this precursor are conducted for one hour
because there is little change from the 2 hrs plot all peaks are apparent and
there is less noise. And because all of the peaks are visible in this range, the
axis angles are set for the range of 10° to 85°.

4.2 Analysis of NMC811(OH). precursor using in-situ high-
temperature XRD (HT-XRD)

An XRD experiment conducted at high temperatures revealed significant
phase changes in the structure of the P-NMCS811. The detail of program
introduced in section 3.2. First, from 25°C to 240°C, the XRD diffraction
pattern displayed characteristic peaks that corresponded to the P-NMC811 as
also shown in the previous result in Fig. 31. However, upon heating,
noticeable shifts in the peak positions and changes in their intensity were
observed, indicating thermal expansion, lattice distortion, and also phase
change is happening, and the water content vanishes at temperature between
190°C and 240°C [57]. Additionally, the appearance of new diffraction peaks
after 190°C suggested potential phase transitions or the formation of
secondary phases [57].

The observed structural changes can be attributed to several factors,
including the thermal decomposition of precursor species, rearrangement of
metal cations within the crystal lattice, and diffusion processes. From Fig. 32
a, a few observations include the peak at (011) plane split to form new peaks
at 240°C and peaks at plains (012) and (110) at 20 angle of 50° and 60°
disappears.

46



Aalto-yliopisto
Aalto-universitetet
B Aalto University

Additionally, the peak data at 25°C before and after the XRD test show that
heating the precursor sample permanently altered the structure. The same
inference may be made from Fig. 32.b, where the scenario is presented
intriguingly by the heatwave. Up until 190°C, it can be observed that the
intensity is declining; however, once the bonds start to break at 240°C, it is
then possible to see that the intensity is growing and that the plot is shifting
to the left as the temperature rises, demonstrating formation of oxides.
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Figure 32: a. In-situ HT-XRD of P-NMC811; b. Heatwave plot of P-NMC811

To analyze what type of bonding is formed during this temperature range,
the data was analyzed using HighScore software [76] to check the peaks
match with various compounds and structures. The XRD patterns from the
analysis at temperatures of 240°C, 290°C, and 900°C, and a comparison
between 900°C and 25°C final temperature, are shown in Fig. 33. These
temperatures were chosen because they fall within a range where the
precursor's structural alteration is more pronounced. In Fig. 33 a, at 240°C,
some peaks still match Ni(OH)-, indicating the presence of the hydroxide
form of Ni is still intact. At the same time, some peaks match oxides of
manganese, cobalt, and nickel (NiO, ICDD: 00-001-1239; CoO, ICDD: 04-
005-4395; MnO-, ICDD: 00-044-0992) indicating that hydroxide started
breaking down to form its oxides. It's also noteworthy to observe that at
290°C as shown in Fig. 33 b, the peaks correspond to Ni, Mn, and Co oxides
(NiO, ICDD: 00-001-1239, MnO, ICDD: 04-006-0700, CoO, ICDD: 04-005-
4395), no Ni(OH)- peaks left at 290°C. Then, in Fig. 32 ¢, at 900°C, the peak
of the precursor is matching with the corresponding peaks of MnO, CoO,
NiO, and some additional peaks that belong to Mn30,4, Co304 (Co304, ICDD:
04-022-8335, Mn304, ICDD: 00-013-0162). Noticeably the precursor peaks
are sharper as they complete the formation of oxide compound from the
hydroxide form and are more crystalline compared to how it was at 240°C
and 290°C. Additionally in Fig. 32 d, the peak at 25°C is displaced to the right
even though the strength and peak generated remain the same once the
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temperature was reduced from 900°C to 25°C. Thus, it can be concluded that
the precursor structure from hydroxide has transformed to its oxide forms
during this progress.
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Figure 33: In-situ HT-XRD of P-NMC811 a. at 240°C; b. at 290°C; c. at
900°C; d. comparison at 900°C and at final temp of 25°C

4.3 XRD analysis of NMC811(OH):2 precursor mixed with
MoO:

To analyze the use of the compound MoOs first the XRD test was conducted
using only MoOj3 as shown in Fig. 34 a. After which the sample P-NMC811
mixed with MoOj3 by 0.5 by wt.% was tested using the PANalytical XRD, no
peaks were visible, after which the sample quantity the precursor mixed with
MoO; was increased to 1 wt %. While tested for XRD many new peaks started
to appear, as shown in the Fig. 34 b. The diffraction peaks of MoOs (in Fig.
34 a), along with their corresponding positions and planes, are detailed in
the Table 3 below.
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Figure 34: MoOj3 peak obtained from lab XRD; b. XRD spectrum of P-
NMCS811 mixed with MoO;

Table 3: The peak angles and peak planes of P-NMC811 mixed with MoO;

Peak position 12.67° 23.24° 25.61° 27.23°
Peak planes (020) (110) (040) (021)
Peak intensity 408 651 661 755

This result suggests that the relative abundance of different phases in the P-
NMCS811 in combination with MoOj3 (1 %) can also be estimated using XRD.
One can observe changes in the placement of the diffraction peaks, changes
in the intensities of the peaks, or the development of new diffraction peaks
corresponding to new phases. This test was done to reveal whether the crystal
structure of P-NMC811 or MoO; has changed due to contact or solid-state
processes. Also, if there are impurities or unexpected phases in the P-
NMC811in combination with MoO3; can be recognized and identified by
carefully studying the diffraction pattern. In this case, since the mixture is
prepared by hand mixing and tested, there are no new additional phases
other than that of precursor and MoOs;. The main idea here was to
understand how much percent of the MoOjz can be detected using
PANalytical XRD, and it is clear that the amount required was more than
0.5% by weight.

The results obtained when the same 0.5% by weight MoO3 was evaluated
using the Rigaku SmartLab X-ray diffractometer (HR-XRD) are shown in
Fig. 35. When the XRD used has a greater resolution, the background noise
decreases and some of the peaks become more noticeable. Hence to detect
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smaller peaks for future work, it is also a good idea to examine whether the
data can be processed with a higher power and resolution XRD to increase
detection limitation.
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Figure 35: Comparison of P-NMC811 mixed with MoO3 using different XRD

4.4 XRD analysis of NMC811(OH): precursor mixed with
Al(OH)3

When detected AI(OH)3; with precursors by using XRD, as shown in Fig. 36,
the findings were made similar to those for MoQO3. According to the data,
Al(OH);'s secondary peaks are still discernible when mixed with 0.25% of its
weight. The data was also tested for 0.1%, but no secondary peaks could be
seen, thus it was not included. The peak intensity is not as intense for AI(OH);
as it is for MoOs. Three peaks of AI(OH)3 can be seen visible close to 20 value
of 20°, which are at 18.28° 20.28° 20.52°, and the peak height
corresponding to these are 1000, 349.2 and 172. So, the one that has the
maximum peak height is 18.28°, which corresponds to the (002) plane. The
P-NMC811 has a peak at 19.13°, which corresponds to the plane (001), which
can be considered very close to the value of the highest peak of AI(OH); as
shown in Table 4.
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Figure 36: XRD spectrum of P-NMC811 mixed with Al(OH)3

Table 4: The peak angles and peak planes of P-NMC811 mixed with AI(OH)3

Peak position 18.28° 20.28° 20.52°
Peak plane (002) (100) (110)
Peak intensity 1000 349 172

When Mg(OH)-, was tested, the peaks were similar to this P-NMC811i,
therefore it was difficult to locate the peaks as shown in Fig. 37. Even though
some small peaks can be seen visible (103), and (004) lattice parameter. In
some circumstances, peaks can overlap, and as a result, the individual peaks
may not be distinguishable. Thus, further measurement is not for Mg(OH)2
compound.
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Figure 37: XRD spectrum comparison of P-NMC811 and Mg(OH)-

4.5 XRD analysis of NMC811(OH). precursor mixed with
Zr(OH)4

The P-NMC811 combined with Zr(OH); underwent an XRD examination.
The main purpose of the analysis of the findings was to determine how much
Zr(OH)4 mixture would be detectable of the secondary peaks from the P-
NMC811 peaks. When Zr(OH),4 peaks as depicted in Fig. 38 a, it is evident
that the peak's intensity and amorphous peak pattern are very different from
the crisp, highly crystalline peak pattern of the P-NMC811. To determine
whether the peak could be seen when evaluated using XRD, the mixture was
therefore added at a larger percentage (5%, 50% by weight). The results are
displayed in Fig. 38 b. The findings make it abundantly clear that even with
an addition of 50% by weight, which is never a realistic possibility, zirconium
hydroxide's amorphous peak height cannot be traced by XRD, due to
amorphous phase property.
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Figure 38 a. XRD peak of Zr(OH)4; b. P-NMC811 mixed with Zr(OH)4

4.6 Raman spectroscopic analysis of NMC811(OH)2
precursor

In the initial stages of the Raman spectroscopic assessment, the importance
of laser power was examined to see how the sample would behave at
increasing power output. The QONTOR inVia confocal microscope from
Renishaw [77] is used for all the testing of samples, and the specifications
suggest that this microscope has excellent special resolution, close to a
maximum of 1 um. Table 5 provides an actual representation of how laser
power may affect the powder-like sample P-NMC811. To observe the change
in Raman shift, a different laser intensity was given to the same sample point
in Table 5. The x and y axis of the shift may not be apparent in this image
since it simply serves to highlight how the overall shape of the plot varies with
power; a more thorough representation is given in the results that follow. It
is evident that when the laser power is too low, there is a lot of Raman shift
noise; however, when the power is increased by 1%, the shifts become clearer,
and the Raman peaks are now clearly identifiable. When evaluated at 5%,
shifts can then be shown to get sharper and peaks to become more obvious.
When the laser power was increased to 10%, a different result was obtained.
After the test was completed, it became evident that the sample's original
point of focus had disappeared, and some of the peaks themselves were no
longer visible and had altered their output. This observation indicates a
variation in the precursor sample due to changes in laser power percentage.
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Table 5: Raman shift for different laser power
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After this outcome, it is still important to test the laser power at various
particle sizes to determine whether the material will be affected by the greater
laser power. The sample was tested for laser power at 1% and 5% since it is a
more suitable condition to obtain detailed information. The outcomes
showed that, at 1% laser power across the board for all particle sizes, the
material remained stable, and Raman spectra were visible, but at 5% power
at specific particle size points are not stable, as shown in Table 6.
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Table 6: Raman images at laser power 5%

Image before Image after Raman shift
testing testing
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After optimized measurement parameters. Raman spectra from various
crystal phases may be distinctive, enabling identification and
characterization. Raman peaks that are distinctive to various functional
groups and crystal structures allow for the identification of the precursor's
chemical nature and structure. So, for obtaining the Ramen spectrum for the
P-NMC811 various references were scrutinized to understand the spectrum
range and information.

The Raman spectra for P-NMC811 were collected using a 532 nm laser line at
the grating of 830 I/mm, laser power of 1%, exposure time 1/sec,
accumulation 50, and spectra range between a low and high value of 97 to
3666 Raman shift/cm as shown in Fig. 39 b, more detail from 350 to 800
Raman shift/cm is shown in Fig. 39 a.
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Figure 39: a. Raman spectra of P-NMC811 peak enlarged between 350 and
800 cm; b. Raman spectra of P-NMC811

For analysis, various literature was referred [78] [79] as the information
available was quite limited regarding the Raman spectrum for P-NMC811.
According to the examination of the plots in Fig. 39, the vibrational modes of
Ni-O(H) are represented by the peak at 452 cm[80], and Mn and Co oxide
groups are represented by the peaks between 610 and 680 cm, respectively
as marked in Fig. 39 a [81]. Additionally, the OH group is represented by the
peak that is visible at a range of 3600 cm™ [82]. Here, different spots were
measured, and the results are reproducible and repeatable. These findings
imply that Raman spectroscopy can generate signals from these precursors,
and it is also apparent that the precursor required suitable laser power which
was limited investigated by others before.

4.7 Raman spectroscopic analysis of NMC811(OH):
precursor mixed with MoOs

The findings of the Raman spectroscopic study of MoO3; combined with P-
NMC811 are shown in Fig. 40. The peaks of MoO3 can be found using Raman
spectroscopy. It's fascinating to observe that the peaks become more
apparent as the combination percentage by weight of the compound was
increased with the precursor. Fewer peaks are seen when the compound is
blended at 0.5% by weight. And when tested for even smaller quantities like
0.25% and below there were no peaks available, because of which it was not
added to the result plots. The MoO; peaks match for Raman signals
compared to XRD data when the percentage is increased to 1%. Even though
there is limited literature to support these findings, the analysis may still be
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stated to be rational since, as can be seen on the MoOj plot in red, the OH-
Raman peak is not present when tested while all other peaks contain the
presence of an OH group that is a part of the precursor, and MoO3 peaks can
be seen distinctive to the precursors peaks, which are in the star and square
symbols. Also, it can be observed the Raman shift of MoOj is closer to the P-
NMCS811 peaks of the precursor. These results demonstrate that Raman
spectroscopy is a promising method to detect the precursor of secondary
compounds' functional group present while added to precursors.
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Figure 40: Raman spectroscopic analysis of P-NMC811 mixed with MoO3

4.8 Raman spectroscopic analysis of NMC811(OH):
precursor mixed with Al(OH);

The Raman spectroscopic analysis was conducted with an optimized
parameter setting. The result obtained as in Fig. 41 implies the absence of
Raman shift for the AI(OH)3. The test was conducted for different percentage
of the sample as shown before in Table 1, since there was no difference in the
Raman spectroscopy only 2 of the mixed plot is shown below. The sample
was tested for different particle sizes and tried to be analyzed with different
grating options still the secondary signals were not detectable.
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Figure 41: Raman spectroscopic analysis of P-NMC811 mixed with AI(OH);

Thus, to understand further various literature study was conducted to study
the Raman shift for AI(OH)s. According to the study, it was difficult to
produce the spectrum even after numerous failed attempts. However, these
works on literature still contain some Raman shifts, albeit the range is very
different [84] [85]. So, to do a more thorough analysis, I attempted testing
with various settings while solely using AI(OH); to check the peaks as shown
in Fig. 42. As can be seen at a higher laser power of 5% and 10%, a short
Raman shift close to 600 cm which is close to the peak from reference [83].
But at 1% laser power, the peak is very minimal which is not enough to be
seen when added to NMC811 precursor. Based on these results, AI(OH)3
mixed with NMC precursor is not suitable for detecting the secondary peaks
using Raman spectroscopy. One explanation for this phenomenon could be
that MoO3; has a more complex molecular structure compared to AI(OH)s.
Raman spectroscopy is sensitive to the vibrational modes of molecules within
a material. Since MoO3 has a larger and more intricate molecular structure
than AI(OH)s;, it may exhibit a greater variety of vibrational modes,
increasing the likelihood of detectable Raman signals.
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For Zr(OH), and Mg(OH)., the Raman spectroscopy analysis was not
performed. As a result of Zr(OH)4's amorphous nature, invisible peaks at low
concentrations, and undetectable spectra when only Zr(OH), was tested
using Raman, additional tests were omitted, and since Mg(OH)-'s peak
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Figure 42: Raman shift for AI(OH); at different settings
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position matched that of the P-NMC811, thus, it was decided not to invest

further.
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5. Conclusion

In this thesis, an effort was made to comprehend how the NMC811(OH)-
precursor could be detected using XRD and Raman spectroscopy when it was
mixed with additional compounds.

The initial experiments were started using PANalytical XRD to detect any
secondary phases in the P-NMC811 and were compared to the peaks of
Ni(OH): (ICDD:04-012-5845). The peaks obtained from the precursor
showcased high crystallinity. And for the results from the in-situ HT-XRD
pattern revealed the conversion of Ni, Mn, and Co hydroxide structures to
oxides in a temperature range of 190°C to 900°C. The analysis at 900°C
confirmed the presence of crystalline oxide peaks

The additional compound detection testing by XRD was conducted for four
compounds, MoOs, AlI(OH)3, Zr(OH)4, and Mg(OH).. The secondary peaks
after mixing with the precursor, the addition of compounds at a weighted
average addition rate of roughly 1% generally produced the secondary phase
detectable results for MoO3; and Al(OH)3 but not for Mg(OH)-, even though
Mg(OH)- showcased high crystalline structure, but the peaks were mostly
coinciding with the P-NMC811 peak positions. The samples were tested using
higher power instruments like Rigaku XRD the better identification of peaks
at 0.5% by weight of MoO3; was possible as explained in the results. For
Zr(OH),4 (peaks were weak) the peaks cannot be detected by XRD due to its
amorphous phase.

Developed the optimal condition of Raman signal for P-NMC811. Ni, Mn, Co,
and OH functional groups were detected using the Raman spectrum. In
general, various peaks of compounds were visible in the Raman signals when
mixed compounds made up 1% of the sample weight for MoOs. There were
few signals when the percentage by weight was less than or equal to 0.5%.
Peak strength for MoO3; was higher when compared to AI(OH)3's spectrum.
Additionally, with laser powers greater than 5%, there was only a minor peak
from AI(OH); that could be seen, which is not good for mixing with the
precursor. For Zr(OH); and Mg(OH)., Raman spectroscopy was not
investigated as results from XRD were not promising.

In general, the study done for this thesis was very helpful in understanding
the precursor material and the detection range when employing XRD and
Raman spectroscopy. The characteristics of the precursor can be further
investigated using in-situ high-temperature XRD analysis, and even though
the outcomes of mixing the precursor with compounds cannot be compared
directly to actual doping, the detection potential, and settings from this thesis
work for XRD and Raman spectroscopy, could be advantageous.
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6. Future research prospect

This study proves valuable for future research into functional group
identification. However, some compounds, such as Al(OH); or Zr(OH),
powder samples, exhibit weak Raman spectroscopy signals; this could
change when these compounds are introduced as a dopant, therefore the
potential for using Raman spectroscopy for future investigations cannot be
eliminated until further analysis. Also, focused studies can be conducted to
better analyze the temperature at which the crystal structure and crystal size
change, as well as identify any contaminants in the precursor. As evident
from these results, the data obtained provides a foundation for
approximating the actual doping strategy. This study may be valuable for
considering the potential use of these compounds or others in future
experiments as prospective dopants for Ni-rich cathode materials for
lithium-ion batteries.
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