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CHAPTER |
INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

Energy storage devices have received much attention in recent years due to their
great potential in a variety of applications, including the integration of renewable
energy sources, electric vehicles (EVs), portable electronics, microgrids, and backup
power systems. Batteries are one of the energy storage options that offer a number of
advantages, such as portability, efficiency, high energy density, quick response time,
scalability, environmental friendliness, long lifespan and safety improvements. Many
different battery technologies have been developed, such as lead-acid and nickel-
cadmium. Among these technologies, lithium-ion batteries (LIBs) are the battery
technology of choice and currently the leaders in the market due to their high energy
density, lightweight, low maintenance, long service life, and high efficiency. Many
portable electronics, such as digital cameras, mobile phones, and laptops, are now
powered by rechargeable LIBs, which are developing quickly. In addition, it is the most
promising candidate for next-generation energy storage devices for hybrid or electrical
vehicles (HEVs and EVs), which are expected to replace certain conventional cars and
aid in reducing air pollution and preventing climate change. (M. Balkanski, 2000 and N.
Terada et al., 2001) The comparison of LIB technologies with other battery technologies
is shown in Tablel.1.

The LIBs are an electrochemical cell which consists of two electrodes, anode,
and cathode. These electrodes have distinct chemical potentials that are separated
by a solid separator and are filled with an ionic conductive electrolyte (C. Daniel et al.,,
2015). The anode is typically made of graphite, while the cathode is lithium-based
layered metal oxides (LIMO,, where M is a transition metal ion such as Co, Mn, or Ni).
The battery performance is strongly dependent on the cathode materials. The
performances of the LIBs with different typed of cathode materials are listed in Table

1.2. Among the cathode materials, LiCoO, exhibits many distinctive advantages,



including high Li*/electron conductivity, high compacted density (4.2 ¢ cm™), and
excellent cycle life and reliability [Adv. Energy Mater. 2020, 2000982]. This cathode
material was first introduced as a lithium-ion intercalation material by Prof. John B.

Goodenough in 1980 and was firstly commercialized by Sony in 1991 (Y. Nishi, 2001).

Table 1.1 Comparison of LIB technologies with other battery technologies (Masaki
Yoshio et al, 2009).

Lithium ion Nickel Metal Nickel Lead acid
Hydride Cadmium

Working 3.7 1.2 1.2 2
Voltage (v)
Gravimetric 130~200 60~90 40~60 30~40
Energy Density
(Wh/Ke)
Volumetric 340~400 200~250 160~200 130~180
Energy Density
(Wh/L)
Volumetric 500 400 400 300
Energy Density
(Wh/L)
Self-discharge 5 35 30 10
rate
(% per month)
Energy 99% 70% 70% 75%
Efficiency
(dicharge
/charge)
Weight of the 1 2 25 4
material for the
same capacity
Memory Effect None 40% None None

Reliability High Low Average High




Table 1.2 Comparison of the performances of LIBs with different types of cathode

materials (I. Buchmann, 2019).

Type of cathode LiCoO, (Li(Ni,Mn,Co)O, LiMn,O, LiFePO,
Operating voltage 2.5-4.2 2.5-4.2 2.5-4.2 2.0-3.6
range(V)
Nominal cell 3.6-3.7 3.6-3.7 3.7-3.8 33
voltage(V)
Energy density by 175-240 100-240 100-150 60-110
Weight (Wh/kg)
Energy density by 400-640 250-640 250-350 125-250
volume(Wh/L)
Continuous 2-3 2-3 >30 10-125
discharge rate(C2)
Cycle life 500+ 500+ 500+ 1000+
Temperature range 0-45 0-45 0-45 0-45
of charge
Temperature range -20-60 -20-60 -30-60 -30-60
of discharge
Applications Mobile phones,  E-bikes, medical Power tools, Portable
tablets, devices, EVs, medical and
laptops, industrial devices, stationary
cameras electric needing
powertrains high load
currents
and

endurance




LiCoO, structure consists of layers of lithium (Li*) that are stacked between the
slabs of octahedral formed by cobalt (Co®") and oxygen (O%) atoms. It has two
crystallographic structures, depending on the synthesis temperature. A cubic spinel
structure is obtained at low temperatures (LT-LiCoO,), which transforms to a
hexagonal-NaFeO2 structure at high temperatures (HT-LiCoO,). The crystal structure of
LiCoO, strongly influences the performances of the LIBs. The HT-LiCoO, has been
reported to has better electrochemical performances compared to the LT-LiCoO,
(Wang et al., 2015). In order to obtain the desirable structure with high electrochemical
performances, many synthesis methods of LiCoO, have been studied and developed,
such as sol-gel, co-precipitation, hydrothermal emulsion, sonochemical and
combustion (Minki Jo et al., 2009). Many aspects of this technology are still being
researched, such as reducing costs, extending cycling life, and reduce the temperature
of the synthesis process. (M. S. Whittingham, 2008) A conventional solid-state reaction
method can be used to synthesize HT-LiCoO, with calcination temperature as high as
850-900 °C for several hours. This technique is highly potential for mass production,
but, it is difficult to control the impurities and morphology/particle size of the LiCoO,
powder (Antolini, 2004, Gim et al.,, 2020). The HT-LiCoO, formation can be also
prepared at the lower annealing temperatures when the different synthesis methods,
especially wet techniques, are proceeded. Co-precipitation technique is another
attractive technique for LiCoO, synthesis. This wet chemical technique has been,
generally, used to prepare nano powder of ceramics under ambient atmosphere and
temperature (Chang et al,, 2010; Dong and Koenig, 2020; Kim et al.,, 1999; Lala et al,,
2003). It is simple, cost-effective, rapid, scalable and particle morphology controllable.
However, the synthesized powder by this method yet needs to be calcined at high
temperature after the preparation for the amorphous to crystalline structures
transformation. Kim et al. synthesized the LiCoO, by the co-precipitation method based
on acetate solutions, lithium hydroxide and lithium peroxide solutions. The HT-LiCoO,
was observed after annealing at 900 °C for 3 days, yielding the highest capacity of,
approximately, 150 mAh/g in the range between 4.3-3.3 V (Kim et al., 1999). Chen et
al. prepared the LiCoO, nanoparticles by the co-precipitation method in ethanol

solution with lithium and cobalt salts. It was reported that the annealed sample at



600°C for 10 h showed the HT-LiCoO, structure with the best electrochemical
properties (Chen et al., 2002).

This thesis performed a fundamental study on structural characteristics of
LiCoO, powder which was prepared by co-precipitation method. Since, there were
scant reports of the investigations with this preparation method. The LiCoO, properties
prepared via co-precipitation method were systematically studied by using
Synchrotron-based X-ray techniques. The effect of thermal annealing on the structure
of the LiCoO, was also investigated by the synchrotron X-ray diffraction (Syn-XRD), X-
ray absorption spectroscopy (XAS) and Dispersive Raman spectroscopy (Raman)
techniques. Syn-XRD with intense X-ray beam can provide a greater signal to noise
ratio than the conventional X-ray diffraction (XRD) and it can avoid background
fluorescence by wavelength adjustment. Therefore, the structural investigation by
using Syn-XRD should reveal more precise and accurate information of LiCoO,
structures leading to better understanding. It should be noted that besides its
advantages, Syn-XRD technique still produces average structural information from the
crystalline phases with only long-range order. In addition, the investigations by the
Synchrotron X-ray techniques in this study included the X-ray absorption near-edge
structure (XANES) and the extended X-ray absorption fine structure (EXAFS). While
XANES reflected the oxidation state, electronic configuration and site symmetry of the
absorbing atom, the EXAFS gave structural quantitative information of short-range-
order parameters such as species and numbers of neighboring atoms, the interatomic
distances and Debye-Waller factor (Lin et al., 2017). The surface morphologies and
chemical compositions of the LiCoO, powders were also characterized by field-
emission scanning electron microscope (FE-SEM) and X-ray photoelectron
spectroscopy (XPS) techniques.

In addition to the LiCoO, powder prepared by co-precipitation method, this
thesis also performed the preliminary study on the preparation and structural study of
LiCoO, thin films fabricated by radio-frequency (RF) magnetron sputtering technique.
The LiCoO, thin films have become more attractive for use as cathode material for
thin film solid state lithium batteries. These batteries have advantages of low volume,

high energy density and good integration with micro-devices and micro-systems, such



as micro-sensors, smart cards, and micro-electromechanical system (MEMS) (Y. Wang
et al,, 2015). Similar to typical LIBs, the electrochemical performances of the thin film
solid state lithium batteries are particularly sensitive to the LiCoO, structure, which in

turn dependent on the fabrication conditions.

1.2 THESIS OBJECTIVES

The objectives of this thesis are listed below.

1. To study the preparation of LiCoO, powder via a coprecipitation method.

2. To study the structure of LiCoO, powders prepared by coprecipitation method
and the effect of annealing temperature on their structure by using synchrotron
radiation techniques, such as, XAS and Syn-XRD.

3. To study the preparation and structure of LiCoO, thin film via an RF magnetron

sputtering technique.

1.3 SCOPE OF THESIS

1. The LiCoO, powder is prepared by co-precipitation method.

2. The structure of the prepared LiCoO, powders is investigated by XAS and Syn-
XRD technique.

3. The LiCoO; thin films are prepared by RF magnetron sputtering technique.

1.4 OUTLINE OF THESIS

This thesis is divided into 5 chapters. Chapter | provides an introduction,
background information and motivation of the thesis. Chapter 2 gives a brief review of
lithium-ion batteries, and the properties, structure, and preparation of LiCoO, powder.
Relevant research and literatures are also provided in this chapter. Chapter 3 gives the
details on experimental methodology and experiments. It includes the preparation
processes and characterization techniques used in this thesis. Chapter 4 presents the
obtained results and discussion. Chapter 5 summarizes and concludes the study in this

thesis. The recommendation for future work is also outlined.



CHAPTER Il
LITERATURE REVIEW AND CHARACTERIZATION

This chapter provides a brief overview of the LIBs, physical properties, and
structure of LiCoO,. It also reviews the previous works on the structural study and
preparation processes of LiCoO,. The principle of advanced characterization

techniques used in this thesis are also briefly described.

2.1 LITHIUM-ION BATTERIES

An LIB is a type of rechargeable battery commonly used in portable electronic
devices, electric vehicles, and renewable energy systems. It demonstrates many merits,
such as high energy density, long cycle life, and low self-discharge rate. The LIBs
typically consist of two electrodes which have different chemical potentials as shown
in Figure 2.1. The electrodes are separated by a solid separator and filled with an ionic
conductive electrolyte. (C. Daniel et al,, 2015). The positive electrode or cathode is
made of lithium-based layered metal oxide (e.g., LIMO,, where M is a transition metal
ion such as Co, Mn, or Ni), while the negative electrode or anode is commonly made
of graphite of carbon materials. Current collectors are used for facilitating efficient
electron transfer between the electrode and the external circuit while also offering
mechanical support to the active layer of the electrode (Beguin and Elzbiet, 2009).
The anode and cathode ’s current collectors are usually copper and aluminum,
respectively.

The operation of LIBs involves the movement of lithium ions, which is
facilitated by the electrolyte consisting of lithium salts dissolved in organic carbonates.
The reactions occur during charging and discharging by following equations 2.1 (Linden

et al., 2002).



&
T e
a charging

=}
discharging

P
© 0 0 ouo

charge

aischarge .

LrQ
Q

Cathode Material Anode Material
(e.g. LiCoO,) Electrolyte (e.g. Graphite)

Figure 2.1 A schematic diagram of a typical LIB (Liu et al., 2011).
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, where LIMO, is transitional metal oxide.

When it is charged by an external source of current, Li ions from the LiIMO,
cathode diffuse through the electrolyte to the anode. This makes the cathode of LiIMO,
lithium-deficient while the anode is lithium-rich. As lithium is extracted from the
cathode, this process is also called delithiation. During the discharge process, Li ions
migrate through the electrolyte to the LIMO, cathode. As a result, electrons will flow
from the negatively charged electrode to the positively charged electrode. This process

is called lithiation because the cathode obtains Li ions.



2.1.1 Cathode materials

2.1.1.1 Lithium Cobalt Oxide (LiCoO,)- (LCO) LiCoO, was first
introduced by Prof. John B. Goodenough in 1980. It is in the family of transition metal
oxides which is widely employed in rechargeable batteries. LiCoO, has a stoichiometric
ratio represented as Li;,CoO,, where x denotes lithium deficiency in the crystal
structure. Its crystal structure adopts the alpha-NaFeO, structure, characterized by
layered arrangements of lithium and transition metal ions separated by oxygen layers,
facilitating lithium-ion intercalation and deintercalation during charge and discharge.
The operating voltage range of LiCoO, cathodes is typically 3.7 to 4.2 volts (vs. the
standard hydrogen electrode, SHE), enabling high energy density in lithium-ion
batteries. While the theoretical capacity is around 274 milliampere-hours per gram
(mAh/g), practical applications may exhibit slightly lower capacities[A8]. However, it has
limitations including limited load capacity, low thermal stability, and a relatively short

lifespan of 500-1000 cycles (Tarascon et al., 2001).

2.1.1.2 Lithium Manganese Oxide (LiMn,O,4) (LMO) LiMn,O, has a spinel
structure which enables the material to be discharged at high rates. LMO-based
batteries are ideal for use in high-rate applications. The lithium-ion cell using LMO as
the cathode material was first commercialized by Moli Energy in 1996. The three-
dimensional spinel structure of LMO can enhance the ion flow on the electrode,
resulting in decreased internal resistance and enhanced current handling. Their spinel
structure also provides additional advantages, such as high thermal stability and
increased safety. However, the cycles and calendar life of LMO based batteries are
both limited. Low internal cell resistance permits fast charging and discharging with
high current. LMO based batteries can be discharged at the currents between 20 and
30 A in an 18650 package with moderate heat generation. They are also feasible to
apply up to 50A load pulses for up to one second. A continuous high load at this
current would generate heat, and the temperature of the cell cannot exceed 80 ° C.
LMO based batteries are used in power tools, medical equipment, hybrid and electric

automobiles, and other applications (Buchmann, 2022).
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2.1.1.3 Lithium Nickel Manganese Cobalt Oxide (LiINiMNnCoO,) (NMC)
LINIMNnCoO,, commonly referred to as NMC, is a composite material consisting of nickel,
manganese, and cobalt oxides. The composition of NMC can be adjusted to achieve a
desired balance of energy density, power density, and stability. NMC cathodes have a
high energy density, which allows for the storage of a significant amount of energy in
a compact volume. Therefore, they are ideal for use in applications that require high
energy density, such as electric vehicles and g¢rid energy storage systems. NMC
cathodes also have relatively good thermal stability, which helps to mitigate the risk
of thermal runaway and enhance battery safety. However, NMC cathodes have certain
drawbacks, including high cost and a susceptibility to capacity fading, a phenomenon
that leads to a decline in battery capacity over time with repeated use. Furthermore,
NMC cathodes can be susceptible to "cobalt bloating," a condition in which cobalt
migrates from the cathode to the separator, leading to a reduction in overall battery

performance (Buchmann, 2022).

2.1.1.4 Lithium Iron Phosphate (LiFePO,) (LFP) LiFePQ,, also known as
LFP, is a widely used cathode material in LIBS. The material is characterized by a
layered oxide structure, where lithium ions (Li*) intercalate between iron phosphate
(FePQOy) layers, thereby facilitating efficient flow of electrical charge during charging and
discharging. LFP exhibits exceptional thermal stability, which minimizes the risk of
thermal runaway and enhances battery safety. Moreover, the material has a low
tendency for capacity fading, ensuring that the battery's capacity does not significantly
decrease with repeated use. Furthermore, LFP is a cost-effective alternative to other
cathode materials, making it a favorable choice for applications that prioritize cost.
However, the energy density of LFP is relatively low compared to other cathode
materials, which limits its capacity to store energy within a given volume (Buchmann,
2022).
2.1.2 Electrolyte
The proper operation of the Li-ion cell system, which involves
facilitating the high transport of Li*-ions between the two electrodes, imposes specific

requirements on the properties of the solvent and salt used. These requirements
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encompass factors, such as optimal conductivity, stability, compatibility, and ability to
mitigate side reactions, ultimately ensuring the reliable and efficient functioning of the

system.

2.1.2.1 Solvents The selection of a suitable solvent for utilization in an
LIB cell necessitates the presence of specific properties. These properties include the
ability to dissolve the lithium salt, which corresponds to a high dielectric constant, as
well as ensuring efficient ionic transport through a low viscosity. Furthermore, the
solvent must exhibit both chemical and electrochemical stability, maintaining a liquid
state across a wide temperature range. Lastly, it should be economically viable, safe,
and nontoxic, taking into consideration the overall practicality and environmental
impact (Sun et al., 2022). Differences in dielectric constant and viscosity are observed
between cyclic and acyclic esters, rendering them distinct compounds. Cyclic esters
tend to possess high dielectric constants and exhibit high viscosity, whereas linear
esters generally exhibit low dielectric constants and maintain a more fluid state. In the
context of Li-ion battery cells, the solvents most commonly employed are organic
carbonates, including ethylene carbonate (EC), propylene carbonate (PC), dimethyl
carbonate (DMQ), diethylene carbonate (DEC), and ethyl methyl carbonate (EMC).
These solvents have been extensively utilized due to their established suitability for
the desired application (Xu Kang, 2004).

The operation of current LIBs relies on maintaining kinetic stability through the
formation of a solid electrolyte interface (SEI) at the anode. During the initial cycles, a
small amount of electrolyte undergoes sacrificial decomposition, leading to the
formation of a protective film on the electrode surface. The composition of the SEl is
influenced by both the electrolyte and the substrate, as highlighted in the work
conducted by Peled et al. (Peled et al,, 2004). Their experimental investigations
revealed notable variations in the composition and morphology of the SEI formed on
the basal and edge planes of graphite. Specifically, the film on the basal planes
exhibited higher enrichment of organic compounds, albeit with a thinner morphology,
while the film on the edge planes predominantly consisted of salt-reduction products.

Functionally, the SEl acts as an ionic conductor and electronic insulator, facilitating the
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continuous intercalation and deintercalation of Li+-ions while effectively preventing
further electrolyte decomposition (Scrosati et al., 2010). The intercalation reaction in
LIBs is solvent-dependent, with ethylene carbonate (EC) forming a protective SEI layer
on the electrode surface, while PC fails to do so due to co-intercalation of PC
molecules, resulting in graphene structure destruction known as exfoliation. As LIBs
operate outside the stability range of organic solvents, SEl formation is crucial for stable
operation, establishing EC as the preferred solvent. Despite EC exhibiting a slightly
higher dielectric constant than PC, it has a relatively high melting temperature (~36°C)
and high viscosity. To address these limitations in EC-based electrolytes, the addition
of linear carbonates is crucial to expand the liquid range and reduce viscosity. This
combination of linear solvents and EC represents the current state-of-the-art Li-ion

battery electrolyte composition (Xu Kang, 2004).

2.1.2.2 Salt The salt used must meet specific requirements to ensure
the proper operation of Li-ion cells. It should readily dissolve and dissociate
completely in the solvents employed, allowing for efficient ion transport. The solvated
ions derived from the salt should exhibit high mobility to facilitate effective ionic
conduction. Moreover, the anions present in the salt should remain stable and not
undergo oxidative decomposition at the cathode. Additionally, the chosen salt should
be nontoxic and demonstrate chemical and thermal stability. Among the various
options, lithium hexafluorophosphate (LiPF4) has emerged as the preferred salt for
commercial Li-ion cells due to its well-balanced properties. However, it is crucial to
note that LiPF4 is highly sensitive to moisture, leading to the formation of hydrofluoric
acid (HF) upon exposure. This moisture sensitivity and subsequent generation of HF

can potentially contribute to cell degradation over time (Aravindan et al., 2011).

While LiPF4 is the preferred salt, alternative lithium salts such as lithium
hexafluoroarsenate (LiAsF), lithium bis(trifluoromethanesulfonylimide (LiTFSI), and
lithium bis(oxalato)borate (LiIBOB) have been investigated for their suitability in Li-ion
cells. Nevertheless, LiPFg retains its prominence due to its well-established balance of

properties. Researchers are actively exploring methods to miticate the moisture
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sensitivity associated with LiPF6 and are also exploring novel salt compositions as part

of ongoing efforts to further enhance the performance of Li-ion cells (Xu Kang, 2004).

2.2 STRUCTURE OF LiCoO,

LiCoO, has a cubic close-packed structure, where Co®* and Li* ions occupy the
octahedral sites between oxide ion layers in alternating positions. Co®* adopts a low
spin configuration (t2g6eg0) within an octahedral oxygen environment. The t,, orbitals
of Co®* and the oxygen 2p orbitals of Tt symmetry strongly overlap. If the t,JU orbitals,
which are energetically separated from the egc* orbitals, are fully occupied, then
LiCoO, exhibits semiconductor behavior. When lithium is extracted from LiCoO,, the a-
axis contracts and the Co-Co distance decreases from 2.83 A in LiCoO, to 2.81A in
Lip.sCoO,. The direct t,,-ty, Co-Co interaction across a shared octahedral edge becomes
critical at a distance of 2.82 A, leading to a narrow d-band. This electronic configuration
change is consistent with the observed transformation from insulator to metallic
behavior upon removing a small amount (10%) of lithium from LiCoO, (P.G. Bruce et
al., 1997).

Two crystallographic structures of LiCoO, have been reported, depending on
the temperature of synthesis. At low temperatures around 350 °C (LT-LiCoO,), a cubic
spinel structure is formed, which transforms into a layered trigonal (also called
hexagonal) structure at approximately 750 °C (HT-LiCoO,), (M.T. Czyzyk et al., 1992).
The hexagonal and cubic structures have the same oxygen sub-lattice and a distinguish
by the spatial arrangement of cations as shown in Figure 2.2. The HT-LiCoO, shows
better electrochemical performance compared to that with the LT-LiCoO, (C. Daniel
et al,, 2015).

Gummow et al. use the neutron diffraction data to demonstrate that the
structure of LT-LiCoO, is not perfectly layered. Furthermore, 6 percent of the cobalt
ions are found to dwell in the octahedral (8a) sites of the lithium layers. It is believed
that LT-LiCoO, has a spinel-relate structure (space group Fd3m), which is based on a
cubic closed-packed oxygen network with alternating cation layers composed of 0.75

Co, 0.25 Li, and 0.75 Li, 0.25 Co, which run perpendicular to each of the four cubic
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[111] directions (Rossen et al.,, 1993). The spinel has an aspect ratio that is very similar
to that of the ideal cubic close packed oxygen array (c/a = 4.899), which may be found
in the region of 4.900-4.914. (Gummow et al,, 1992). Efforts to obtain the ideal
Li,[Co,]O4 Spinel structure with a c/a ratio are not successful. It is referred to as a quasi-
spinel phase because the cation distribution in this compound is intermediate between

the layered and spinel structure (Gummow et al., 1992 and Rossen et al., 1993).

(b)

Figure 2.2 (a) Layered crystalline structure of the rhombohedral LiCoO,; (b)
representation of the octahedral CoOg structure; (c) stacking arrangement of the layers

(ABCABC) (Bruno G. A. Freitas et al., 2017).

In the most of LT-LiCoO, studies, the described product also contained HT
phase and unreacted, Li,COs;, or LiNOs;, depending on the starting materials and
synthesis process. The HT-LiCoO, has a trigonal structure (space group R3-m, O3 phase)
with the NaFeO, layered structure, where Co and Li planes alternate in the ABCABC
oxygen stacking (H.J. Orman et al.,1984). The cell parameters reported for the a-value
(intralayer metal-metal distance) are in the range 2.815-2.816 A, and those for the c-
value are in the range 14.05-14.08 A (interslab distance). The c/a ratio has a value in

the range 4.98-5.00, which is significantly greater than that of a perfect cubic closed-
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packed lattice (c/a =4.899). At first, LiCoO, was prepared by solid state reaction. In
solid state synthesis, the precursor is simply crushed and mixed together before being
calcined at temperatures ranging 850-900 °C. This method of producing ceramic
powder is both simple and cost-effective (Ermete Antolini, 2004). The preparation
methods and the phase composition and morphological characteristics of LT-LiCoO,
and HT-LiCoO, are reported in

Table 2.22 and

Table 2.2, respectively.

The HT-LiCoO, formation is also seen in the lower annealing temperatures
when the different synthesis methods, especially wet techniques, are proceeded. Co-
precipitation technique, hence, is another attractive technique for LiCoO, synthesis.
This wet chemical technique has been, generally, used to prepare nano powder of
ceramics under ambient atmosphere and temperature (Chang et al., 2010; Dong and
Koenig, 2020; Kim et al,, 1999; Lala et al, 2003). It is simple, cost-effective, rapid,
scalable and particle morphology controllable. However, the synthesized powder by
this method yet needs to be calcined at high temperature after the preparation for
the amorphous to crystalline structures transformation. Kim et al. synthesized the
LiCoO, by the co-precipitation method based on acetate solutions, lithium hydroxide
and lithium peroxide solutions. The HT-LiCoO, was observed after annealing at 900 °C
for 3 days, yielding the highest capacity of, approximately, 150 mAh/g in the range
between 4.3-3.3 V (Kim et al., 1999). Chen et al. prepared the LiCoO, nanoparticles by
the co-precipitation method in ethanol solution with lithium and cobalt salts. It was
reported that the annealed sample at 600 °C for 10 h showed the HT-LiCoO, structure
with the best electrochemical properties (Chen et al., 2002). In addition, Ekwongsa et
al. recently reported the structural investigations of LiCoO, powder which prepared by
the co-precipitation method from lithium and cobalt nitrate in ethanol solution
(Ekwongsa et al., 2020). They studied the structural transformation of the LiCoO,
powder by conventional XRD and in-situ XAS techniques. The HT-LiCoO, structure was
observed at 700 °C in their investigations. However, the nitrate by-products were not

removed from their powders after preparations, and they actually needed to be
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eliminated by deionized water. The washing process could deviate the investigation

results.

Table 2.1 Preparation methods, synthesis temperature and time, phase composition,

and morphological properties of LT-LiCoO..

Reagents Preparation method Phase composition and Ref.
and synthesis morphological characteristics
temperature and time
LiCl-Li,COs, Molten salt synthesis Mixed LT- and HT-LiCoO, (C.-H. Han
CoCl, 550 °C, 600 °C, 1 h 53% at 550 °C, 26% at 600 et al,,
°C, particle size 10.95um at 2001)
600 °C
Li and Co Sol-gel with maleic Polycrystalline LT-LiCoO,, (ILH. Oh,
nitrates acid, 500 °C, 1 h ultrafine particle size 0.03pm et al,,
1993)
Li,COs, Co Citrate sol-gel Mixed LT- and HT-LiCoO,, (S.G. Kang
(NO3), method 400 °C, 120 h particle size < 1um et al,,
1999)
LiOH, CoCO4 Solid state synthesis Mixed LT- and HT-LiCoO, (E. Rossen
400 °C, 90 h et al,,
1993)
LiOH, CoOCH Mechanical activation LT-LiCoO, (N.V.
400 °C, 4 h Kosova et
al., 2002)
Li,COs, Cos04 Citric acid in the solid Single phase LT- (K.
state reaction Li1+xCo02(x=0.2,0.0,0.2,0.4) Adhikary
300 °C,100 h BET surface area 19 m?g’ et al,,

1998)
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Table 2.2 Preparation methods and synthesis temperature and time, phase
composition and morphological characteristics of HT-LiCoO,, ordered with decreasing

synthesis temperature.

Reagents Preparation method and Phase composition Ref.
synthesis temperature and time and morphological

characteristics

LiOH, Co(NO,), Cobalt-organic acid omplexes Well-crystallized HT- (M. Yoshio et
route, 900 °C, 20 h LiCoO, al,, 1992)
Li2:04, Cos0,, Li/Co Hydrothermally precipitated Monodispersed HT-  (T. Nakamura
1.00-1.05 Co,0,, followed by solid state LiCoO,, particle size 3 et al,, 1999)
synthesis, 800-900 °C, 10 h um (Li/Co 1.00) to
8um (1.05)
Li and Co acetates Freeze drying synthesis 850 °C, Single phase HT- (O.A. Brylev
24 h LiCoO, et al. 2003)
Li and Co nitrates Polyacrylic acid sol-gel method, Monodispersed (Y.K.
750 °C,10 h rectangular HT- Sun,1999)

LiCoO,, particle size

0.5um
Li and Co nitrates Combustion synthesis with urea Single phase HT- (E.l. Santiago
600,700 °C, 12 h LiCoO,, particle size et al., 2003)

0.15um

Li and Co nitrates Sol-gel method with polyacrylic Ultrafine uniformly (Y.K. Sun et

acid 550 °C, 1 h sized HT-LiCoO,, al,, 1996)
particle size0.03-
0.05um
Li,COs, Co(NO,), Thermal pyrolysis of Co/Li HT-LiCoO,, particle  (E. Zhecheva)
citrate compositions, 400°C size 0.07-12um

LiOH and Co(NO5),  Precipitation process in aqueous Layered HT-LiCoO, (B. Garcia et
solution, 800°C, 2 h al., 1995)
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The presence of the hexagonal distortion leads to slight differences, most
noticeable in the splitting of the spinel (222) diffraction peak into the hexagonal (006)
and (012) peaks and also in the splitting of the cubic (440) peak into the hexagonal
((018) and the (110) peaks. In each case the sum of the hexagonal peak intensities in
the HT-LiCoO, gives the same total intensity as the single cubic peak in LT-LiCoO,. The
spinel (111), (331), (511) and (442) diffraction peaks are reflections of the superlattice
structure of the slightly disordered cation arrangement, with a 2x2x2 super structure
as shown in Figure 2.3. The spinel (222), (400), (440), (622) and (444) are independent
of cationic ordering. Hence, solely the latter are observed for a rocksalt structure with

random cationic occupation (M. Antaya et al., 1994).

14 »l

I 3 " a

Figure 2.3 Cationic positions and unit cell constants indicated for the hexagonal,

rocksalt spinel

spinel and rocksalt lattice structure (M. Antaya et al., 1994).

The behavior of electrochemical lithium insertion and removal in layered

LiCoO, is strongly dependent on the orientations of the crystal structure. The

crystallization of LiCoO, is more appropriate with the c-axis orientation due to the (003)
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plane having the highest atomic density and the lowest surface energy of all planes.
The c-axis oriented LiCoO, crystals were determined to be preferentially dominated
by (003) planes, and it was explained that a stronger (003) intensity led to a lower
degree of cation disorder. Therefore, it is important to investigate effect of c-axis
orientation on electrochemical performance of LiCoO,. However, the effect of the air-
controlled calcination process on the degree of c-axis orientation in LiCoO, has not

been investigated yet.

2.3 PREPARATION METHODS FOR LiCoO, POWDER

There are several methods that can be used to prepare the LiCoO, powder,
including solid-state synthesis, sol-gel synthesis, and precipitation method. These

methods are discussed in more detail.

2.3.1 Solid-state synthesis
In this method, the oxide powders prepared by the mixture of carbonate
or nitrate precursor and heated in a furnace at high temperature for long times (>10h)
to produce LiCoO,. The temperature and duration of heating can be adjusted to
control the particle size and crystal structure of the LiCoO, produced. Currently, this
method has gained significant interested in synthesizing sodium-based oxides, notably
Na,CoO, (Carlier et al., 2001), followed by an ion exchange in a hot lithium electrolyte

solution to obtain lithium-substituted oxides with meta-stable crystal structures.

2.3.2 Sol-Gel Method

The sol-gel method is employed to produce LiCoO2 in a gel-like solution.
This involves dissolving precursor materials, such as lithium nitrate and cobalt nitrate,
in a solvent, such as ethylene glycol or propylene glycol. Subsequently, the solution
is dried, typically through evaporation, resulting in the formation of a gel. To remove
the solvent and any other volatile components and achieve the desired LiCoO,
structure, the gel undergoes calcination at elevated temperatures. The sol-gel process,
known for its effectiveness in producing powders and coatings (Serebrennikova and

Birss, 1997), offers various advantages for oxide synthesis.
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One notable advantage of this method is the high porosity exhibited by the
resulting oxides, which enhances their intercalation capacity. For instance, V,Os
xerogels synthesized using the sol-gel method can accommodate 3.3 Li/V,05 instead
of the typical 1.5 Li/V,0Os. This increased intercalation capacity is likely attributed to
the "open contact" established between the oxide and the electrolyte solution. Unlike
solid-state reactions, the sol-gel process does not necessitate strict stoichiometric
quantities, making it particularly advantageous for preparing transition metal oxides
with  cationic ~ substitution.  Amine et al.  successfully  synthesized
Li1xMnp MyOy4 systems (where M=Ni, Fe and 0<y<0.5) using the sol-gel method. In
contrast, solid-state processing had resulted in the presence of NiO-phase impurities

(Amine et al., 1996).

2.3.3 Coprecipitation Method

In the coprecipitation method, the precursor materials are precipitated
out of solution by adding a suitable precipitating agent, such as sodium hydroxide. The
resulting precipitate is then calcined to form the desired LiCoO,. This method is often
used to produce LiCoO, with a well-defined crystalline structure and high purity. In a
recent study by Ekwongsa et al. (2020), structural investigations were conducted on
LiCoO, powder prepared using the co-precipitation method from lithium and cobalt
nitrate dissolved in an ethanol solution. The study revealed that the high-temperature

HT-LiCoO, structure was observed at 700 °C.

2.3.4 Hydrothermal Method

In the hydrothermal method, the precursor materials are dissolved in a
solvent and subjected to high-pressure, high-temperature conditions in a pressure
vessel. The high pressure and temperature conditions cause the precursors to react
and form the desired LiCoO,. The LiCoO, is then precipitated out of the solution. This
method is often used to produce high-quality LiCoO, with a well-defined crystalline
structure and high purity. Tarascon et al. successfully synthesized electrochemically
active LiCoO, and LiNiO, through the reaction of LiOH and H,MO, phases. The reaction
was carried out at a temperature of 160°C (or even 100°C) and a pressure of 60 bar for

a duration of two days. It was observed that longer reaction times resulted in powders
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with higher surface areas, leading to larger irreversible capacities during cycling. For the
improvement of electrochemical performance, annealing temperatures of
approximately 250 °C were found to be sufficient in removing carbonate impurities and
hydrolytic species. These annealing steps were crucial in enhancing the
electrochemical properties of the synthesized materials. However, it is worth noting
that ball-milling of the hydrothermally prepared LiCoO, powder was found to have a
detrimental effect on the reversible intercalation capacity. This milling process
significantly increased polarization, impacting the overall performance of the material

(Bouwman, 2002).

2.4 THIN FILM SOLID STATE LITHIUM BATTERIES

Conventional rechargeable batteries use liquid electrolytes which have several
limitations due to the presence of separators and liquid electrolytes, such as limited
safety, lower energy density, and restricted size design. Therefore, there has been an
attempt to develop all-solid-state micro-batteries, which can be conveniently
compacted and provide greater flexibility for the design of stand-alone microelectronic
devices. The working mechanism of the lithium solid state batteries is not significantly
different from that of other LIBs. A schematic diagram of a planar all-solid-state
microbattery is shown in figure 2.4. Similar to other typical LIBs, lithium microbatteries
consist of two current collectors, two electrodes, and an electrolyte in between. The
main difference between traditional lithium microbatteries and batteries is that the
liquid electrolytes are replaced by solid electrolyte (Y. Wang et al, 2015 and
J.Oudenhoven et al., 2011).Several families of solid electrolytes have been extensively
studied and proposed for various applications. These include oxide-based electrolytes
exemplified by garnet-type lithium lanthanum zirconium oxide (LLZO), which exhibit
high ionic conductivity and exceptional stability, rendering them suitable for high-
performance energy storage devices. Sulfide-based electrolytes, such as lithium
thiophosphate (LisPS4) and lithium garnet sulfide (Li;LasZr,S;,), have garnered significant

attention due to their impressive ionic conductivity and compatibility with lithium
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metal anodes. Polymer-based electrolytes, such as lithium-doped polyethylene oxide
(PEO) and polyacrylonitrile (PAN), offer favorable mechanical flexibility and
processability, making them viable for applications in flexible and thin-film batteries.
Garnet-type  electrolytes encompass materials such as  NASICON and
LigalasZri4Tag¢O1,, exhibiting high ionic conductivity and finding utility in various
battery chemistries. Furthermore, perovskite-based electrolytes, including strontium
titanate (SrTiO;) and barium cerate (BaCeOs), hold promise with their good ionic
conductivity and tunability through doping or composition modifications. Organic
compounds, such as ionic liquids and gel electrolytes, have been explored as solid
electrolytes, offering distinct advantages such as wide electrochemical stability
windows and the potential for high ion transport. Additionally, research focuses on
composite and hybrid solid electrolytes, combining diverse materials such as inorganic-
organic hybrids and composite structures to enhance overall performance by
capitalizing on the benefits of high conductivity and mechanical robustness from

different constituents (Zheng et al., 2018).

Packaging

Anode current collector _
"3\ - ey / BN
Solid electrolyte <20 um
Cathode
Cathode current collector

Substrate

Figure 2.5 A schematic representation of a planar all-solid-state microbattery.

2.4.1 Preparation methods for LiCoO, thin film
For lithium microbatteries, the LiCoO, thin films are usually employed as
cathode materials (Wang et al,, 2015). Preparation of the LiCoO, thin films has
therefore been the subject of numerous ongoing studies. Various deposition
techniques can be applied to fabricate the LiCoO, thin films for micro-battery, such as,

radio frequency (RF) magnetron sputtering, spray pyrolysis, pulsed-laser deposition
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(PLD), physical vapor deposition (PVD), etc. Each of these techniques is described in
further detail below.

2.4.1.1 Spray Pyrolysis Spray pyrolysis involves spraying a precursor
material solution over a heated substrate. The solvent evaporates, leaving behind a
thin coating of the desired substance. The process is repeated until the desired film
thickness is achieved. Spray pyrolysis is relatively simple and low-cost compared to
other techniques, but it has lower deposition rates and film uniformity (P. Fragnaud et

al., 1996).

2.4.1.2 Pulsed-Laser Deposition (PLD) PLD is a technique where a high-
power laser is used to ablate the target material, which then condenses on a substrate
to form a thin film. It has advantageous of ability to achieve precise control of the film
composition and thickness. It is particularly useful for depositing films with high

structural integrity (C.Julien et al., 2001).

2.4.1.3 Radio Frequency (RF) Magnetron Sputtering RF magnetron
sputtering is the most used technique for preparing LiCoO, thin films. This technique
can control the crystalline structure and surface roughness of materials with a similar
chemical composition to the target material. A schematic diagram illustrating the basic
components of a RF magnetron sputtering system is shown in Figure 2.7. In this
technique, the surface of the material (target) is bombarded by high energy ions such
as Argon (Ar*). Particles and atoms exchange energy and momentum, and the collision
of these ions onto the target results in the removal of target atoms. The released
atoms are ionic, traveling in an electric field, and they condense on the substrate as a
thin film with a composition similar to the target material. Magnetron sputtering
systems generate a strong magnetic field close to the target region, hence increasing
the ion concentration by increasing the charged particle travel distance. The Lorentz
force induces traveling electrons to spiral along magnetic flux lines near the target,
which affects the chance of this charged particle colliding with more valuable particles,
resulting in an adequate number of ions in the system. Moreover, with R.F. magnetron
sputtering systems, the generated electrons travel a longer range, which increases the

efficiency of the sputtering process. Although the basic concepts of operation are
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simple, the sputtering process mechanism is complex. Currently, the RF magnetron
sputtering is the method that is shown to be the most efficient for the deposition of a
diverse selection of thin film materials. In many cases, magnetron sputtered films

superior deposition compared with other techniques (B. Wanga et al.,1996).

Glow
discharge

Argon
ions

Figure 2.6 Schematic diagram illustrating the basic components of a magnetron

sputtering system.

Electrochemical properties of LiCoO, thin film strongly depend on the
sputtering conditions, such as gas flow rate, pressure, nature of the substrate, substrate
temperature, deposition rate and annealing temperature. The preferential orientations
of the LiCoO, thin film also relate to the lithium diffusion at the electrode—electrolyte
interface. There are three types of structural configurations (003), (101), and (104) as

shown in Figure 2.7.
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(003) (101) (104)

Figure 2.7 Schematic diagram showing the preferred textures for sputtered LiCoO,

films.

Grain orientation in the (104) and (101) direction favors the Li* ion transport,
leading to high discharge capacity, because of Li* ions can easily pass through the grain
boundaries. Trask et al. studied the structural configurations dependent on various
mixture O, and Ar gas of the deposition process. Grain orientation in the (003) was not
observed at 4% O, in Ar after annealing at 800°C for 1 h, resulting in high capacity
retention (Trask et al,, 2017). Yoon et al. prepared LiCoO, thin films on Li,O/AV/Si
substrates. The LiCoO, thin films were deposited by RF-sputtering at various substrate
temperatures to control the lattice orientations in order to maximize lithium-ion
diffusivity in film textures. The reduction of (003) peak intensity was observed when
the deposition substrate temperature was increased. The deposited substrate
temperature at 400°C showed no detectable (003) peak of the as deposited and after
annealing at 500°C for 2 h in air (Yoon et al, 2013). The reviews on experimental
conditions for the preparation of LiCoO, thin films by the rf-sputtering technique are
reported in Table 2.3.
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Table 2.3 Experimental conditions for the preparation of LiCoO, thin films deposited

by the rf-sputtering technique (Christian M. Julien et al., 2019).

Power(W)/
At Substrate/
Deposition- Structural/Electrochemical Properties Ref.
mosphere? Temperature
Rate (nm s71)
(Liao and
Si/SI02/Ti/PY/ T, = 700°C, Qg= 61Ah cm=2m~"; R. = 74%
9:3/12/5 100/- Fung.,
250°C after 50 cycles
2004)
/Ti/MGO/PY/ Ut Hioe-
Si/Ti/MgO/Pt T, =800°C, Qq = 7T0MLAh cm~?Um '@ 5HA
3:1/40/0.5 80/1.6 : o= TOH H H Seong
10°C cm?; R. = 30% over 40 cycles
Kim.,2004)
ALOS/Ti/AW/ T,=800°C, Qq = 60MAh cm~?Mm~t@ C/10; (Trask et
96:4/50/05  2.75/03 o 1 o= oM H
110°C R. = 95% over 100 cycles al,, 2017)
(H. Hakan
9:1/-/0.5 4.4°)/- Al foil/200°C T, = 700°C, Qg = 52PAh cm™?m™!@ 50MA Yudar et
al., 2018)
(Jung pil
Si/AVLI,O/ Qg = 46MAh cm~2m?
5:1/150/0.2 130/0.03 Noh et al.,
65°C 5MA cm% R. = 78% over 100 cycles
@ I“l c 0 OV Y 2012)
Stainless steel/  (101)-oriented; Qy = 40Ahcm~2hm~! (Yoon et
9:1/-/0.5 150/0.1
25°C @20JACm 2 R. = 78% @640MA cm? al., 2013)
3 . , (Ki-Taek
Qq = 44 MAh cm™?Um~! @10 MAcm™?;, R, =
4:1/150/0.27 130/0.05 Al foil/25°C ¢ K K H ‘ Jung et al,,
66% after 30 cycles
2013)
T, = 500°C, Q4 = 50MAh cm~?Mm~'@10MA (S. Tintigna
3:1/53/2.2 500/- Au/25°C i ‘ K M W
cm? R, = 80% after 800 cycles et al,, 2014)
T, = 250°C, T, = 600°C, Qg = 50MAh (C.L. Liao et
3:1/12/2 100/- Si/Pt/25-600°C
cm2PUm=t @10MA cm 2 al., 2006)
Sapphire/SiO /Al T, = 500°C, thermal conductivity 3.7 W (Jiung Cho
9:1/-/0.5 50/0.8
/25°C m-1K-for Liy,CoO, et al, 2014)
(Jong-Ki
Si/Si02/Pt/ T,=800°C, Qg = 27HMAh cm2Jim-! @50 A
9:3/12/0.5 50/0.02 Lee et al,
25°C cm~? after 150 cycles
1999)

a) Composition of the Ar:0, gas mixture/flow rate sccm/chamber pressure in P,; b)

Specific sputtering power in W cm™; ¢) T, = optimum annealing temperature;

Qq = specific discharge capacity; Rc = capacity retention.
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2.5 ADVANCED CHARACTERIZATION TECHNIQUES

2.5.1 X-ray absorption spectroscopy (XAS)

XAS is the powerful technique to investigate atomic local structure and
electronic states. When X-rays of intensity |, are incident on a sample, as shown in
Figure 2.7, electrons bonded within an atom interact with the oscillating electric field
of electromagnetic radiation. These electrons will either scatter the radiation or absorb

it and excite the electrons.

X
~ Auger
Scattered x-rays — Electron
g Photo-
electron
A

Incident x-rays Transmitted x-rays

> Ey

.- 8
I I
§ hy Fluorescent
Fluorescence x-rays Photon

I S

Photoelectrons

Figure 2.7 Schematic of incident and transmitted X-ray beam.

The electron X-ray absorptions can be explaining by following equations:

ux = In(ly/1,) (2.2)

A monochromatic x-ray beam of intensity Io pass through the sample, Ilis
transmitted light intensity, X is thickness of the sample and U is transmission
coefficient, which depends on the types of atoms. At certain energies where absorption

rises dramatically, an absorption edge is created.
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When X-ray energy is incident upon a material, surpassing the binding energy of a core
shell, it initiates a sudden and significant enhancement in the absorption cross-section,
resulting in the formation of an absorption edge. Each of these edges corresponds to
a distinct core-electron binding energy and is designated by the principle quantum

number. The symbol used to label the X-ray absorption edges is given in Figure 2.8.
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Figure 2.8 Diagram of the electron transition in inner shells (Thompson et al.,2001).
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For example, the K edge represents the n=1 shell, the L edge corresponds to
the n=2 shell, the M edge signifies the n=3 shell, and so forth. Throughout the process
of X-ray absorption, the incident photon energy is absorbed by the atom, leading to
the excitation of electrons within the inner shells, specifically the K, L, or M shells,
which undergo a transition to unoccupied valence bands situated above the Fermi
level. However, due to the instability exhibited by the excited electron energy states,
a subsequent transition occurs, whereby an electron from the subsequent energy state
replaces the initially excited electron, giving rise to the emission of fluorescence, as
illustrated in Figure 2.12. It is worth noting that while the core energy state tends to
stabilize, the subsequent state remains inherently unstable. Consequently, another
electron from the subsequent state undergoes a transition to the conduction band,

commonly denoted as an "Auger electron."

a) Photoionization b) X-ray emission c) Auger decay
continuum () continuum )
.e contmuum(‘)
T HET 33 b ———r——
. M M =============.'=:
—0—0—9— —)— =0
f ) —O=O—G— M
—6—630—L —O=040—1L —0—0——1L
v I 3 .‘
hv H e 3 hv '
3 L DY

Figure 2.9 Mechanism of the x-ray absorption (a) X-ray absorption (b) Fluorescent X-

ray emission and (c) Auger emission (Klysubun, 2006).

For instance, the Fe K-edge pertains to a transition where an electron is excited
from the 1s orbital to the 3d orbital. However, this transition is typically forbidden
according to the selection rule. Nevertheless, in the case of the compound FeO, the
bonding between Fe and O influences the splitting of the d-orbitals into t2¢ and eg

states. Subsequently, a mixing of d-p orbitals occurs due to the ligand field theory. As
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a result, the mixing of ligand p-character partially permits the previously forbidden
transition. Conversely, the initial peak on the main edge originates from an allowed
transition between the 1s and 4p bound states. On the other hand, the post-edge
region corresponds to unoccupied states in the conduction band and involves the
complete multiple scattering of spherical wave electrons with neighboring atoms.
Additionally, X-ray Absorption Spectroscopy (XAS) can be categorized into X-ray
Absorption Near Edge Structure (XANES), which concludes approximately 80-100 eV
above the edge, and Extended X-ray Absorption Fine Structure (EXAFS), which begins
approximately 50 eV above the edge, as depicted in Figure 2.10.
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Figure 2.10 Theoretical and algorithm for XANES and EXAFS spectra (Natoli et al., 2014).
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2.5.2 X-ray Absorption Near Edge Structure (XANES)

The X-ray absorption cross section, which can be expressed through the

absorption coefficient using equation (2.3), can be derived by applying Fermi's Golden
rule within the framework of the one-electron approximation (Sakurai, 1967,

Ankoudinov, 1996).

)
7 2e®7 )| 8(E; - B + hw) (2.3)

0(0) = 7o 21|

where |l) , |f) , Ei andEf represent the initial and final states and their
corresponding energies, respectively. The wave vector k, x-ray photon flux O 0 X

ray photon energy hw, x-ray polarization vector €, and Dirac delta function 5(E)

are also defined as per standard notation.

According to equation (2.xx), the absorption coefficient can be expressed in

terms of the Dipole operator (D) as.

- 2
u(E) o« 3| f4|D[0)| 6(E; = Ef + how) (2.9)

The relationship between the absorption coefficient and the transition rate of
photoelectrons from state |l) to the subsequent state |f) , corresponding to the
incident photon energy described by the Dirac delta function, is easily comprehensible.
Additionally, the amplitude is connected to the dipole transition in the inner atom.
However, in the XANES region, the absorption spectrum is predominantly influenced

by the multiple scattering of low kinetic energy photoelectrons. The photoelectron's
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associated wave propagates from the absorbing atom as a spherical wave, and this
oscillation extends several hundred eV above the edge due to the back scattering of

the outgoing spherical wave by neighboring atoms.

The photoelectron's scattering process can be characterized by employing the
spherical potential approximation, commonly referred to as the muffin-tin
approximation (Rehr and Albers, 2000; Kodre, 2002). Within this theoretical framework,
the photoelectron experiences a potential denoted as V, which arises from individual

contributions within distinct non-overlapping spherical regions of finite radius.

V= Z] Un(F) (2.5)

The term v, (7') represents the individual atom's contribution to the muffin-
tin potential. Consequently, the muffin-tin potential comprises distinct, non-
overlapping spherical areas. A visual representation of this potential can be observed
in Figure 2.11. Outside these spherical regions, known as interstitial regions, the
potential is set to zero. The determination of scattering amplitude and phase shift
parameters is conducted independently for each scatterer, making them intrinsic to

atomic properties.

Figure 2.11 The muffin-tin potential consist of non-overlapping spherical regions

(Kodre, 2002).
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2.5.3 Extended X-ray Absorption Fine Structure (EXAFS)

The extended X-ray absorption fine structure (EXAFS) refers to a
noticeable pattern of oscillations observed in the x-ray absorption spectrum. These
oscillations begin around 80 electron volts (eV) above the absorption edge and
continue up to an energy range of approximately 1,000 eV. After the absorption edge,
the incident X-ray photons transfer their energy to excite an electron, and any
remaining energy becomes the kinetic energy of the resulting photoelectron.

The photoelectron can be described as spherical waves originating from the
absorber atoms. When neighboring atoms are close to the absorber atoms, the
photoelectron undergoes scattering, which causes it to return to the absorber atoms
and significantly contributes to the overall EXAFS signal. This interaction between the
incident and scattered waves is illustrated in Figure 2.12. It's worth noting that atoms
located at the same distance from the absorber atom collectively contribute to a
specific part of the EXAFS signal, forming what is commonly known as a "shell." (Groot
et al,, 1994; Hench and West, 1990). It is important to understand that the phase of
the EXAFS signal changes depending on the wavelength of the photoelectron, which
is closely related to the exact distance between the absorber and backscattering
atoms. Additionally, the changes in backscattering intensity, observed as the energy of
the photoelectron varies, are directly linked to the specific types of atoms involved in
the backscattering process. Therefore, studying EXAFS comprehensively offers valuable

insights into the intricate atomic surroundings of the central atom.

backscatterer

wave vector of
photoelectron

[2m
k = ? (E = 80)

constructive destructive
interference

Figure 2.12 Interference of outgoing and backscattered photoelectron wave.
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The EXAFS measurement focuses on analyzing the oscillatory component of
the x-ray absorption spectrum beyond a specific absorption threshold. As a result, an
EXAFS function can be defined by responsible for XAFS oscillation. E = hw is
the incoming photon energy (Hippert et al., 20060).

X(E) — [U(E)— po(E)]

2.6
Atto (E) (26)

where  Ug is the background absorption coefficient. A.“O(E) is the
absorption edge jump. The EXAFS function is typically described using the
photoelectron wave number (k) instead of the energy of the incoming X-ray photon.

The simple relation between the two quantities is given by:

N ) 2m (E—EO)
NS /"T 2.7)

where EO is the edge energy. It is defined as the energy corresponding to the
first maximum of the derivative of the measured X-ray absorption spectrum (G. Bunker,
2010). By converting the EXAFS function from Y (E’) to y(k)it becomes applicable

for general purposes.

The (k) in the EXAFS equation can be understood in terms of the contributions
from all scattering paths of the photoelectron (Stern and Heald, 1983). In real systems,
there are typically multiple types of neighboring atoms surrounding a particular
absorbing atom. The XAFS formalism easily accommodates this by summing the
contributions from each scattering atom type, also known as the coordination shell or
scattering path. The measured XAFS is a sum of these contributions. In general, the

EXAFS equation expresses this summation of all paths (Stern and Heald, 1983s:
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SEN;

— |fi(k, m)|sin [2kR; + 0;(k)]e 27K e 2Ri/A0) (o)
;

x(k) = Zj

Each of the terms in the EXAFS equation is described below.

SSNJ- : These terms exert an influence on the amplitude of the EXAFS signal.
The subscript j denotes that this parameter can vary for each path of the
photoelectron. In the case of single scattering, N] corresponds to the number of
coordinating atoms within a specific shell. However, for multiple scattering, N]
represents the count of identical paths. S& (k) is the term responsible for amplitude
reduction, attributed to the many-body effect, and typically falls within the range of
0.7 to 1.0 (Li et al., 1995). Moreover, Sg (k) varies among different elements, although
its value is generally transferable among different species of the same element and at

the same edge.

fj(k, ) : This parameter represents the effective scattering amplitude within
the context of the EXAFS analysis. In the case of a single scattering path, it corresponds
to the atomic scattering factor. However, for multiple scattering events, fj(k, )
denotes the effective scattering amplitude expressed using the single scattering
formalism. Notably, this term characterizes the element sensitivity inherent in EXAFS

measurements.

1/R]2- : This expression signifies the contribution arising from a group of atoms

situated at a distance that diminishes as the distance from the absorber increases.

Sin[ZkRj + @; (k)] ; This term explains the oscillations observed in the
EXAFS signal, with the phase being determined by 2KR; + ¢; (k). The path followed
by the photoelectron is represented by ZR]- (indicating the distance to the neighboring
atom and back to the absorber atom), and this value is then multiplied by the
photoelectron wave number Kk to derive the phase. Additionally, oy (k) represents a
phase shift experienced by the photoelectron due to its interaction with the nuclei of

the absorber atom and the nuclei of the coordinating atoms along its path.
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—202Kk2
Za]k

e : Since not all coordinating atoms within a shell are consistently

positioned at a distance Rj from the central absorber atom, the parameter a?
quantifies the interatomic distance disorder. Specifically, it represents the mean-square
displacement of the bond length between the absorber atom and the coordinating
atoms within the shell. This term encompasses contributions arising from both dynamic

(thermal) disorder and static disorder (structural heterogeneity).

~2Rj/A(K) . his exponential factor relies on A(k), which signifies the mean

e
free path of the photoelectron, denoting the average distance the photoelectron

traverses following its excitation.

Consequently, investigations of the EXAFS spectrum yield valuable insights into
the quantity, identity, and inter-atomic distances of neighboring atoms relative to the
absorbing atom. Nonetheless, within the EXAFS analysis, the parameter X(k) can be

represented as a Fourier transform (FT) in R-space and expressed as follows:
1 ,oo ,
X(R) == [ k? x()W (k)e* R dk 2.9)

To analyze and improve the EXAFS with the high k region, the plot
)((k) X k2 is taken into consideration and subjected to windowing through the

application of a Hanning window W(k)

2.5.4 X-ray diffraction (XRD)

XRD is an analytical technique which is widely used for identifying the
phase of crystalline materials and providing information on unit cell dimensions. XRD
based on the constructive interference between monochromatic X-rays and a
crystalline material. These X-rays are collimated and concentrated on the sample that
cause the X-ray waves to be scattered from lattice planes, which causes constructive

interference from a separated of waves at an interplanar distance of d. The detector
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which travels in a circle around the sample records the number of X-rays that are

observed at each angle 26. when conditions satisfy Bragg’s Law equation is
nd = 2d sin 6 (2.10)

where 0 is the scattering angle, n is a positive integer and A is the wavelength
of the incident wave. Bragg’s law relates the wavelength of electromagnetic radiation

to the diffraction angle and the lattice spacing in a crystalline sample.
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Figure 2.13 A schematic of XRD pattern and information obtainable

(https://nptel.ac.in/courses/115103030/3).

The characteristic x-ray diffraction pattern produced by a typical XRD
examination provides a "fingerprint" of the crystals present in the sample. This
fingerprint identifies the crystalline structure when correctly understood by comparison
with conventional reference patterns and measurements. The determination of
crystallite size and unit cell parameters can be calculated by Rietveld refinement. This

method employs a least squares approach to iteratively adjust a theoretical line profile
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until it closely aligns with the measured profile. The fundamental concept underlying
the Rietveld method revolves around minimizing the sum S of squared differences
between the intensity values of each point [ in the pattemn (yl-o) and the

corresponding values in the calculated profile (yic) as:

S = XiwiWio — Yic)? (2.11)

where W1 is the statistical weight quality which is equal to 1/yi0 and Yic

is the net intensity at point L.

The characterization of individual peak profiles in this study relies on common
peak shape functions, predominantly the pseudo-Voigt or Pearson-VIl functions. The
pseudo-Voigt function is a linear combination of Lorentzian and Gaussian components
(McCusker et al.,, 1999). To optimize the model function, the Rietveld algorithm
minimizes the weighted sum of squared differences between observed and calculated
intensity values, represented as the S value. The best fit between the raw and
calculated diffraction patterns is evenly attributed both above and below the zero-
difference line. For the structural model, the crystallographic information file (CIF) is
commonly employed. The quality of the structural refinement can be assessed using
various residual functions, such as the profile factor (R,), Weighted profile residual (R,,),

Expected R-value (R.,,), and Goodness of fit (GOF) (Toby, 2006).

__ 2i=1,nlYio—VYicl
Rp _
Yi=1nlYiol

(2.12)

1
R = Yi=1nWiVio—Yic)? |2
wp Yi=1,nWiVio?

(2.13)
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1
2
= 2.14
exp [Zl lle] ( :
R
GOF = [ Wp] (2.15)
Rexp

The GOF is the ratio between R,,, and Re,, should be not lower than 1, which the good

refinement should be give GOF values lower than 2.

In addition, the structural information, the determination of crystallite size can
be calculated from the broadening of peak in a diffraction pattern by using the

following Scherrer’s equation.

KA
D= —— (2.16)
FWHM cos 6

The value of Kin the equation is influenced by the morphology of the particles.

For instance, K equals 0.89 when dealing with spherical-shaped grains, whereas it is

0.94 for cubic-shaped ones. The symbols A, 6, and FWHM represent the wavelength
of X-ray radiation, the diffraction angle, and the full width at half maximum of the X-
ray diffraction (XRD) peak, respectively.

2.5.5 X-ray photoelectron spectroscopy

XPS is an surface analysis technique that can provide information on the
chemical composition of a material. In this technique, a sample of interest is irradiated
with a monoenergetic soft X-ray, such as Mg KO (1253.6 eV) and Al KQL (1486.6 eV).
This results in the emission of free electrons, which is called photoelectron, due to
the photoelectric effect. These photoemitted electrons are then collected and their

kinetic energies are measured by a detector as shown in Figure 2.14.
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Figure 2.14 A schematic diagram of typical XPS experiment.

The kinetic energy of the photoemitted electrons, Ek, is related to the binding

energy of electrons, EB, in the following equation:
P O\ S h— B (2.17)

Where: RV s photon source energy.

@ is work functions of probing element.

As the energy of the X-ray photons and the spectrometer work function are
known, the binding energy of the emitted electrons can be simply calculated. The XPS
spectrum is a plot of the number of photoelectrons as a function of their binding
energy as shown in Figure 2.15, These provisions relating information on the distribution
of electron energy in a material.  Each element generates a characteristic peak of
binding energy values which correlate to the electron configurations of the atom's
electrons, such as 1s, 2s, 2p, etc. The peak shape and precise position provide
chemical state information since the binding energy is dependent on the chemical

environment.
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Figure 2.15 XPS spectrum of lead showing the schematic of an electronic structure

of LiCoO,.

The peak areas can be used, with appropriate sensitivity factors, to determine
the relative amount of the element represented by that peak present in the sample.

The number of atoms per area N can be estimated by the following equation:
I, = NOAK (2.18)

Where The peak area (1)) of the peak j is expressed by:

O; = Photoelectron cross-section (Scofield factor)

as expressed by peak j

/11 = Inelastic mean free path of a photoelectron
as expressed by peak j

K = All other factors related to quantitative
detection of a signal (assumed to remain

constant during experiment)
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From the Equation (2.19), the Relative atomic concentration of element / is

expressed by

i ZN‘ Z:L/o-ij/”tij (2.19)

2.5.6 Raman Spectroscopy

Raman spectroscopy is a scattering and interference method used to
examine rotational, vibrational, and other low-frequency modes in a system. It is
extensively used in chemistry to generate a fingerprint spectrum that may be used to
identify compounds. It is based on the inelastic scattering, or Raman scattering, of
monochromatic light, often from a near-infrared, visible, or near-ultraviolet laser. As
laser light interacts with molecular vibrations, phonons, or other excitations in the
system, the energy of the laser photons is pushed upwards or downwards. The energy

shift offers information on the vibrational modes of the system.

Typically, Raman system is mainly divided into two parts, input system and
output system. The input system mainly consists of excitation laser source (hvi), and
output system consists of scattered radiations (hvz). Figure 16 represent the principle
of atomic vibration by transition state. The major elastic scattering is represented by
the Rayleigh pattern. While scattering can occur from atoms or molecules, scattering
between molecules can be inelastic due to a change in the molecule's rotational
energy which was called Raman scattering. This inelastic pattern can arise for two mains
type which are Stoke Raman scattering (higher own state) and anti-Stoke Raman
scattering (lower own state). The interaction can be explained by using the following

equations which are typically reported in wavenumbers:

1 1 _
= — Av (2.20)

ARaman Aiinicident
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Figure 2.16 Basics principle of state diagram of scattering pattern.

Stoke Raman scattering Vs = U} — AU
Anti-Stoke Raman scattering Vg = U + AU

Where: Vg = Frequency of scattered photon (cm™)

VU; = Frequency of incident photon (cm™)

Av

Frequency of Raman shift (cm™)
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CHAPTER IlI
EXPERIMENTAL METHOD

This chapter provides information on the experiments conducted for this thesis.
The details on materials, chemicals, and preparation of LiCoO, powder and LiCoO, thin
film are given. The materials characterization with various techniques consisting of XRD,

XAS, XPS, RAMAN and SEM are also described in this chapter.

3.1 PREPARATION OF LiCoO, POWDER

In this work, the LiCoO, powders were prepared by the co-precipitation method
in ethanol solution and reacting with KOH solution. Briefly, 1.1 of LiNO;.6H,0 and 1M
of Co(NO3),.6H,0 were dissolved in 100mL ethanol, and the mixture was stirred at
room temperature for 1 h. 100mL of the mixture solution was precipitated in 3 M of
KOH (dissolved in 500 mL ethanol) by rate value of 1 drop per second, and the mixture
was stirred at room temperature for 1 h to promote LiCoO, precursor solution. The
precursor solution was separated by centrifuge at 7000 rpm for 10 min, then washed

powders with ethanol until free from hydroxide ions and dried at 50 °C.

3.1.1 Effect of thermal annealing temperature

The effect of thermal annealing on the structural properties of the
prepared LiCoO, powder was studied. The prepared LiCoO, precursor was calcined at
300 °C, 400 °C, 500 °C, 600 °C, and 700 °C in air for 10 hours to obtain the LiCoO,
crystal. The obtained powders were washed with deionized water to remove
potassium and nitrate and then dried at 100 °C. The structure of the annealed LiCoO,
powders were systematically studied by Syn-XRD, XAS, and dispersive Raman
spectroscopy techniques. The Syn-XRD experiments were carried out at BL1.1W, SLRI,
Thailand, while the XAS measurements were performed at BL5.2: SUT-NANOTEC-SLRI
XAS, SLRI, Thailand. The surface morphologies and chemical compositions of the

LiCoO, powders were also characterized by FE-SEM and XPS techniques.
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3.1.2 Influence of thermal annealing ambient
To study the influence of thermal annealing ambient, the dried LiCoO,
precursor was thermally annealed at 400, 500, 600, and 700 °C for 10 h under the flow
of N, (100 sccm) and the mixture of O, and N, (20 and 80 sccm, respectively). The final
products were washed with deionized water until free from potassium nitrate (KNO3),
and subsequently dried at 100 °C. The annealed LiCoO, powders were characterized

by XAS, XRD and SEM.

3.2 PREPARATION OF LiCoO, THIN FILMS

In this work, the LiCoO, thin films were prepared by RF magnetron sputtering
technique on the in-house system as shown in Figure 3.1. The system consists of
turbomolecular and roughing pumps, compact full-range gauge (Pfeiffer Vacuum PKR
251), placed sputtering magnetron gun with a ceramic target, movable deposition
stage, acooling system for the magnetron gun, and aset of power supplies connected

with a matching box.

Figure 3.1 Photograph of the in-house sputtering system used in this thesis.
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In the deposition, a 3-inch commercial target of LiCoO, (Kurt J. Lesker, 99.9 %
purity) bonded to copper plates was used. The LiCoO, films were deposited onto glass
slide substrates. Prior the deposition, the glass substrates were cleaned with ethanol
and DI water and completely dried at 80 °C. The targets were pre-sputtered for at least
30 minutes to remove surface contaminations. The depositions were carried out under
a working pressure of 2.6 Pa, which is required in order to ignite plasma. The distance
between the substrate and the target was 5 cm and the RF power employed was fixed
at 100 W. The mixture of argon (Ar) and oxygen (O,) was used as the process gas. The
flow rate of pure Ar was fixed at 20 sccm, while that of O, was varied between 1 to
7 sccm to study the influence of the process gas, and the deposition rate of LiCoO,
thin films is approximately about 6.7 nm/min, yielding the deposited thickness of
approximately 800 nm for 120 minutes. No substrate heating was used in any of the
experiments. The as-deposited LiCoO, thin films were annealed at 500°C. The obtained

films were preliminary characterized by XRD.

3.3 CHARACTERIZATIONS

3.3.1 Syn-XRD

The Syn-XRD measurements were performed at BL1.1W: Multiple X-ray
techniques at the Synchrotron Light Research Institute (SLRI), Thailand. This beamline
utilizes the monochromatic synchrotron X-ray radiation energy of 12 keV and
converted wavelength of 1.5409 A, The photograph of the powder X-ray diffraction
end-station of BL1.1W is shown in Figure3.2. The prepared LiCoO, powders were
packed in Kapton capillary (diameter = 0.3 mm). The Syn-XRD data were collected in
the 20 scan range of 20-80° at room temperature and the capillaries were spun at
200 rpm during the measurements. The obtained patterns were refined by using the

Jana2006 program.
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Figure 3.1 A photograph of powder X-ray diffraction (PXRD) end-station of BL1.1W,
SLRI.

3.3.2 XRD
The XRD experiments were performed using a Bruker D2 Advance
diffractometer with Cu-Kg radiation at scanning rate of 0.02°/min in the 20 range from
10° to 80° A freely available of JANA2006 program was used for the structural
refinement. The crystallographic orientation of cathode thin films was characterized
by X-ray diffraction using a Rigaku Ultima IV with Cu-Kg radiation. Data were collected

in the 20 scan range of 20-80° at room temperature.

3.3.3 XPS
The XPS spectra were collected by using a PHI5000 Versa probe Il (ULVAC-
PHI, Japan) equipped with a hemispherical electron energy analyzer, at the SUT-
NANOTEC-SLRI joint research facility, SLRI, Thailand, as shown in  Figure3.3.A

monochromatic X-ray (AL KQU) with an energy of 1486.6eV was used for excitation.



Figure 3.3 A photograph of XPS of BL5.3, SLRI.

The XPS survey scans were collected between 0 and 1400 eV using a pass
energy of 117.40 eV and an energy step of 1.0 eV. The high-resolution XPS spectra of
elements of interest were collected with a pass energy of 46.95 eV and an energy step
of 0.05 eV. The XPS spectra were analyzed by PHI Multipak XPS software. All XPS
spectra were calibrated using the Cl1s peak at 284.8 eV as the binding energy standard.
For peak deconvolution, the Sherly background subtraction and combinations of

Gaussian-Lorentzian line shape were used.

3.3.4 XAS

In this thesis, the XAS experiments were carried out at two beamlines.

BL5.2: SUT-NANOTEC-SLRI XAS The XAS experiments, including XANES
and EXAFS, were performed. The measurements at the Co K-edge were collected in
transmission mode XAS. The intensities of the incident x-ray photon beam (I;) and the
transmitted x-ray photon beam (I) were measured using ionization chambers. These
measurements were taken after modulating the energy of the incoming X-ray photons
using an X-ray double-crystal monochromator. The monochromator employed Ge(220)

crystal pairs at room temperature
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BL1.1W: The measurements at the Co K-edge were made in FL mode using

double crystal monochromator (DCM) at room temperature.

The EXAFS spectra were converted from k space to real space by applying
a k3-weighting factor and a Hanning window in the Fourier transformation process. In
this study, the spectra obtained from XANES and EXAFS experiments were analyzed
and compared with calculated spectra. Two software programs within the package
were utilized for this purpose: 1) ATHENA, a tool designed for fundamental analysis of
XAS spectra, and 2) ATHEMIS, a program specifically developed for the analysis of
EXAFS data, including fitting experimental spectra with theoretical models provided by
FEFF.

3.3.5 Raman spectroscopy
The Raman spectra was collected using an area-scan dispersive Raman

microscope (SENTERRA, Bruker). The Raman scattering was captured from 25 points on
a sample, with an excitation wavelength of 532 nm, power of 25 mW, and 25 Um

x1000 Mm slit. The spectra were collected in a range of 50-1520 cm™'with Raman shift

resolution of 0.5 cm ™.

3.3.6 SEM
In this work, the SEM images were taken by using FE-SEM (Carl Zeiss-AURIGA) to

investigate

the morphology including shape and size of the samples.



CHAPTER IV
RESULTS AND DISCUSSION

4.1 EFFECT OF THERMAL ANNEALING ON THE STRUCTURE OF LiCoO,
POWDERS PREPARED BY CO-PRECIPITATION METHOD

In this section, a fundamental study on structural characteristics of LiCoO,
powder prepared by co-precipitation method were performed. The effect of thermal
annealing on the structure as well as the effect of washing process with deionized
water on its chemical compositions of the LiCoO, was investigated by Syn-XRD XAS,

Dispersive Raman spectroscopy, FE-SEM, and XPS techniques.

4.1.1 XRD

The Syn-XRD patterns of the prepared LiCoO, powders after washing with
deionized water were shown in Figure 4.1. The patterns of the prepared LiCoO,
powders matched well with the hexagonal-NaFeO, structure, COD-1550397 (space
group R-3m). The second phases of Co;04 and chemical residuals, such as, KNOs, were
not detected in the patterns. Hence, the HT-LiCoO, phase acquisition was affirmed
throughout the annealed temperature range. However, the splitting doublets of the (0
0 6)/(1 0 2)and (1 08)/(1 1 0) peaks which were at around 37° and 67°, respectively,
were hardly observed at 300 °C. Those doublets were used to identify the HT-LiCoO,
structure. The broadening of diffraction peaks was due to the crystallite size effect
which will be discussed later. The two doublets started to be distinguishable with the
annealing temperatures of 400 °C which clearly indicated the existence of HT-LiCoO,
phase at the annealing temperature as such. The observation of HT-LiCoO, phase with
this annealing temperature was in good agreement with Chen, et al. and Akimoto, et
al,, (Akimoto et al., 1998; Chen et al., 2002). The observation was also lower than the
reports by Kim et al. (900 °C), Chen et al. (600 °C) and Ekwongsa et al. (700 °C) (Kim et
al.,, 1999; Chen et al., 2007; Ekwongsa et al., 2020).
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Figure 4.1 Syn-XRD patterns of the prepared LiCoO, powders annealed at different

temperatures for 10 h.

As mentioned above, the Syn-XRD patterns showed HT-LiCoO, phase at the
annealing temperature range of 400-700 °C. The crystallite size and hexagonal unit cell
parameters of those annealed samples were calculated by Rietveld refinement as
listed in Table 1. The average crystallite sizes were 45.9 + 2.7 nm, 44.3 + 2.4 nm, 89.98
+ 3.0 nm and 140.2 + 5.7 nm which were obtained from the annealed samples at

temperature of 400, 500, 600 and 700 °C, respectively. It was clearly seen that the



52

crystallite size tended to increase with the increase of the annealing temperature.
Moreover, peak broadening is generally related to the crystallite size decrease.
Therefore, the broad peaks were usually observed at lower annealing temperature
due to the smaller of atomic diffusion. The Syn-XRD pattern of the annealed powder
at 300 °C which should possess the smallest crystallite size, hence, revealed the
noticeable broad peaks and the miserably observable splitting of the (0 0 6)/ (1 0 2)
and (1 0 8)/(1 1 0) doublets.

The lattice constant A, c and c:A ratio of the annealed LiCoO, powders at 400,
500 600 and 700 °C were (2.8185 A, 14.0419 A, 4.98204), (2.8171 A, 14.0558 A, 4.98946),
(2.8168 A, 14.0542 A, 4.98942) and (2.8165 A, 14.0534 A, 4.98967), respectively, which
were not significantly different. These lattice parameters were also close to those
obtained in previous reports by Lee et al. (2.8134 A, 14.050 A and 4.994), Gummow et
al. (2.8179 A, 14.0597 A and 4.99) and Sun et al. (2.8134 A, 14.0411 A and 4.9908)
(Gummow et al., 1992; Lee et al., 2008; Sun, 1999).

As seen from the syn-XRD patterns, the highest intensity was from the (003)
reflection followed by the (104) and (101) reflection, as expected from the diffraction
data of pure LiCoO, (mp-2485). The strong intensity of the (003) peak suggested that
the samples exhibited a well-developed layers structure and preferred c-axis
orientation (Weiping et al,, 1998). The relative intensity ratio between (0 0 3) and (1
04) peak (logs/1104) Was used to determine the degree of c-axis orientation (Weiping et
al,, 1998; Gao et al., 2015). As seen from Table 1, the LiCoO, powders obtained from
this work exhibited a significant low lggs/l104 Value compared to the values of 16.5 and
24 which were obtained from the previous studies by Gao et al. and Weiping et al,,
respectively (Weiping et al., 1998; Gao et al.,, 2015). The low c-axis oriented structure
has been proposed to exhibit better electrochemical properties due to the

consequential shorter diffusion distances for lithium ions (Gao et al., 2015).



53

Table 4.1 The lattice parameters of the LiCoO, powders annealed at different

temperatures.
Residual of
Goodness Weighted
. . least-squares crystallite
Samples a(A) c(A) c/a of fit residual loo3/ 1104
refinement size (nm)
(GOF) (WRp)
(Rp)
400 2.8185 14.0419 498204 3.78 14.72 20.23 1.5009 459 + 2.7
500 2.8171 14.0558 4.98946 1.23 5.29 6.72 1.5778 443 +24
600 28168 14.0542 4.98942 0.97 5.59 7.15 1.4318 89.98 + 3.0
700 28165 14.0534 4.98967 0.96 4.06 5.18 1.5479 140.2 + 5.7
4.1.2 XAS

The normalized XANES spectra at the Co K-edge of the annealed LiCoO,
powders and commercial standard LiCoO, (Com-STD) were shown in Figure 4.2. The
absorption edge energies of Co were observed at 7717.7 eV, approximately, from all
annealed LiCoO, powders. This suggested the unchanged oxidation state of Co within
the annealing temperature range. The increase of the low energy shoulder feature (A),
around 7720 eV, and the changes of the shape and height of the whiteline (B), around
7730 eV, with annealing temperature were observed. When the annealing temperature
was increased from 300 to 500 °C, the shoulder A increased while the whiteline B
changed. When the temperature increased upto 600 °C, the shoulder disappeared with
the significant increase of the whiteline. There were not any further observable changes
in the XANES spectra between annealed samples at 600 and 700 °C. Moreover, the
spectra of these two samples were almost identical as well as the spectrum of the

commercial standard LiCoO.,.
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Figure 4.2 XANES spectra of Co K-edge of the LiCoO, samples annealed at different

temperatures for 10 h.

The shoulder and whiteline features corresponded to the 1s-4p transition
which the former implicated the ligand to metal charges transfer with the shakedown
process and the latter was without the shakedown process. The observed shoulder
feature and low intensity whiteline at the low annealed samples could be a result of
the overlapped O 2p and the hybridized Co 3d-4p orbitals which caused by tilted
arrangement of CoO4 octahedra. The arrangement changed at higher annealing
temperature such that 3d-4p mixing reduced and caused the disappearance of the
shoulder feature and the increase of whiteline intensity (Patridge et al., 2013; Ching-
Hsiang Chen et al., 2007). Thereby, although it was suggested by the Syn-XRD results
that the formation of HT-LiCoO, structure occurred at 300 °C, the structure was
incomplete. According to the XANES information, the minimum annealing temperature

should be at 600 °C for the complete HT-LiCoO, structure.
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The k*>-weighted Fourier transform EXAFS spectra at the Co K-edge of the LiCoO,
powders with different annealing temperatures were illustrated in Figure 4.3. The
results revealed two main peaks which correspond to Co-O and Co-Co. The amplitude
ratio of Co-Co/Co-O grew when the annealing temperature increased suggesting the

changes of CoOy4 arrangement according to the XANES results.
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Figure 4.3 Fourier transform EXAFS spectra at the Co K-edge and k-space(insets) of

the LiCoO, powders annealed at different temperatures for 10 h.
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This trend was also observed in previous reports (Chen et al., 2007; Rana et al,,
2014). The information of structural parameters, namely, number of neighboring atoms
(N), interatomic distances (R), and Debye-Waller factors (0°) refined from the EXAFS
spectra using Athena and Artemis programs (B. Ravel and M. Newville,2005), were
showed in Table 4.2. The EXAFS refinement revealed that the Co—Co atomic distances
of the annealed LiCoO, powders were not significantly different, meanwhile the Co-O
atomic distances slightly increased when the annealing temperature increased
suggesting the slight changes to the CoO4 octahedra. The Co-O atomic distances of

the LiCoO, were close to those previously reported (Ekwongsa et al., 2020).

Table 4.2 Summary of EXAFS fitting parameters including interatomic distances (R),

coordination numbers (N) and Debye-Waller factors (02).

Sample Shell N (o R(A)
As-prepared Co-O 6 0.00125 1.89456
300°C Co-O 6 0.00199 1.89587
400°C Co-O 6 0.00205 1.90882
500C Co-O 6 0.00318 1.90964
600°C Co-O 6 0.00372 1.91098
700°C Co-O 6 0.00309 1.91165
As-prepared Co-Co 6 0.00371 2.83149
300°C Co-Co 6 0.00314 2.81754
400°C Co-Co 6 0.00266 2.82097
500°C Co-Co 6 0.00324 2.82019
600°C Co-Co 6 0.00343 2.81385

700°C Co-Co 6 0.00277 2.81195
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4.1.3 Raman

The Raman spectra of the LiCoO, powders annealed at different
temperatures before washing with deionized water were shown in Figure 4.4 (a). The
Raman results also showed a clear phase formation when the annealing temperature
increased. Firstly, the LiCoO, precursor presented an amorphous structure. When the
LiCoO, powder was annealed at 300 °C, the Raman peaks of LiCoO, feature were
initially observed. The observed major peaks at 484 and 595 cm™ are attributed to E,
and A;; mode, respectively. The E, mode corresponds to the O-Co-O bending and the
A mode corresponds to the Co-O stretching (Hara et al,, 2017; Jo et al., 2009; Matsuda
et al, 2019). These Raman characteristics confirmed the HT-LiCoO, phase in the
samples annealed at 300 °C which was also consistent with the XRD results. However,
a small peak at 715 cm™ was observed in every sample which could represented to
the residual phase of KNOs from the synthesis process (Acosta-Maeda et al., 2016).
Therefore, we conducted the KNO; elimination by washing with deionized water and
the Raman measurement again after washing. The Raman spectra of washed powder
were shown in Figure 4.4 (b). The small peak of KNO; could not be detected in all
samples. Meanwhile, the two main peaks of HT-LiCoO, phase shifted to the lower
wavenumber from 484 to 465 cm™ and 597 to 575 cm™ for E, and A;; modes,
respectively. Interestingly, the large peaks possessed to Co;O,4 structure at 506 and 663
cm ™ were observed. This discovery seemed to be consistent with Le Van-Jodin, et al.
(Le Van-Jodin et al., 2019). They studied Raman spectrum of HT-LiCoO, during the first
charge/discharge cycle and found the HT-Li,CoO, phase shifting from 487 to 468 cm’
'and 597 to 575 cm™ for E; and A, modes, respectively. They explained the Raman
shifts occurrence in term of the de-intercalation of Li*ions and reconstruction of the
atoms in the hexagonal structure to the monoclinic and CosO,4 phase. Even thousgh,
the Cos04 phase was not detected by the XRD in our study in every sample after
washing with deionized water it was clearly seen by the Raman spectra. Meanwhile,
the XANES spectra of annealed samples at 600 and 700 °C were not significantly
different, however, these results contradicted with the Raman results, which the
differences could be seen between the annealed samples at 600 and 700 °C. This

result disagreement is plausible because Raman spectroscopy possesses higher surface



Intensity (a.u.)

58

sensitivity than XRD and XANES techniques. The surface composition changes could
be disclosed via Raman spectroscopy. Hence, the de-intercalation of Li* ions,
especially, on the surface of LiCoO, particles due to the washing processes could be

distinguished by surface investigation technique such as Raman spectroscopy.
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Figure 4.4 Raman spectra of LiCoO, powders annealed at different temperatures (a)

before washing and (b) after washing with deionized water.
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4.1.4 XPS

The surface chemical compositions of the prepared LiCoO, powders were
also investigated by XPS. Wide scan XPS spectra of the LiCoO, annealed at different
temperatures are shown in Figure 4.5. The survey spectra clearly indicate the existence
of carbon (C), oxygen (0O), cobalt (Co), potassium (K), and nitrogen (N) elements on the
sample surface of all LiCoO, powders before washing with DI water. The chemical
residues of K and N, which occur from the synthesis process, specifically KNOs, were
represented in the samples. However, these residues were eliminated in all LiCoO,
samples following the washing process. It is note that the Li peak was not clearly

observed in all the wide scan spectra due to its low signal in the low-resolution scan.

The relative atomic concentrations estimated from the XPS spectra are shown
in Table 4.3. Before washing, the samples exhibited distinct variations in the atomic
concentrations of C, Li, O, Co, K, and N, thereby offering valuable insights into the
complex thermodynamic behavior and elemental interactions within the LiCoO,. The
washing process, significant changes were observed in the atomic composition,
indicating the successful elimination or reduction of impurities, particularly potassium
(K) and nitrogen (N), which were introduced during the synthesis process. These findings
demonstrate the effectiveness of the washing process in refining the atomic
composition of LiCoO, and achieving a higher level of material purity. Due to the
contamination of C and O, the effects of temperature and the washing process on the
chemical composition of LiCoO, will be discussed later, specifically in relation to the

Li/Co ratio.
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Figure 4.5 Wide scan XPS spectra of the LiCoO, annealed at different temperatures (a)

before washing (b) after washing with DI water.
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Table 4.3 The relative atomic concentrations of different elements in LiCoO, samples.

Sample C (%) Li (%) O (%) Co (%) K (%) N (%)
300 °C 14.48 6.9 44.75 7.5 16.26 10.11
-_O%n 400 °C 18.39 7.86 48.33 8.64 10.59 6.19
§ 500 °C 23.14 3.34 46.28 3.44 13.71 10.09
}é 600 °C 21.93 4.15 4a7.57 4.06 13.66 8.63
< 700 °C 26.46 3.82 4a7.24 3.67 12.69 6.12
300 °C 41.63 1.22 39.69 11.46 0 0
%ﬂ 400 °C 21.49 12.63 45.51 20.37 0 0
% 500 °C 32 8.57 45.6 13.83 0 0
%—) 600 °C 46.89 5.07 39.87 8.17 0 0
700 °C 52.63 4.34 37.74 5.29 0 0

High resolution XPS spectra of Co 2p peaks of the LiCoO, annealed at different
temperatures after washing with deionized water were shown in Figure 4.6. The Co 2p
core level XPS peaks exhibited two main peaks due to spin-orbit coupling (Co 2ps,
and Co 2p,,,), with the binding energy separation closed to 15 eV. The Co 2ps/, peaks
of all spectra can be deconvoluted into two peaks at the binding energies of 779.64-
780.24 eV and 781.19-781.96 eV which were attributed to Co®" and Co?*, respectively
(Dah’eron et al., 2009). The summary of chemical compositions and peak positions of
Co from the prepared LiCoO, powders were shown in Table 4.4. The atomic contents
of Co®* and Co** of the LiCoQ, powders annealed at different temperatures were not

significantly variant.
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Figure 4.6 High resolution XPS spectra of Co 2p of the LiCoO, annealed at different

temperatures for 10 h.
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Table 4.4 Summary of chemical compositions and oxidation states of Co from the

LiCoO, powders annealed at different temperatures as estimated by XPS.

Annealed temperature

Parameter Com-
STD 300°C 400°C 500°C 600°C 700°C STD
Peak Position (eV)
Co* 780.12 779.64 79.96 779.8 780.24 779.97 780.01
795.11 794.64 9496 794.8 795.24 79497 795.01
Co* 782.24 781.19 81.63 78142 78196 781.89 781.51
797.26 796.19 96.63 796.42 79696 796.89 79651
Peak Area
2D/, 14351 10742 2862 14496 2939 1734 8380
C03+
Violy 7207 5371 174 7248 1469 867 4190
2D/, 7176 3900 884 5363 1122 606 2901
C02+
2P12 3604 1950 824 2682 561 303 1450
Relative atomic
percentage
Co** (%) 66.67 73.36 68.61 72.99 72.37 74.10 74.28
Co?* (%) 33.33 26.64 31.39 27.01 27.63 25.90 25.72
Chi Squared 1.83 1.95 2.19 2.18 1.64 1.35 1.38

High resolution XPS spectra of Li 1s peaks of the LiCoO, powders annealed at

different temperatures before washing and after washing with deionized water were

shown in Figure 4.7. The Li 1s core level peaks of all spectra were observed at the
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binding energy of 54.0 eV, approximately, indicating the presence of Li'* (N. Andreu et
al.,,2015). The atomic ratio of Li and Co (Li/Co) was calculated by the following

equation:

. I1i1</S1i
Ll/CO — LllS/ Lils @.1)
Ico2p3/2/Scoz2p3)2

where, Iij1; and leopps, are integrated areas under Li 1s and Co 2ps, peaks,
respectively. Siis and Scoppsn are sensitivity factors of Li 1s and Co 2ps, peaks,
respectively. The results were shown in Table 4.5. Before the washing process the
Li/Co ratio increased when the annealing temperature increased. The Li/Co ratio of
the LiCoO, powders annealed at 700 °C was 1.02 which was close to the perfect
chemical composition of LiCoO,, Li/Co ratio is equal 1. This result was consistent with

the results obtained from XRD, XAS and Raman techniques.

After washing with deionized water, the Li/Co ratio significantly decreased to
the range of 0.62-0.82. The LiCoO, annealed at 700 °C displayed the highest Li/Co ratio
of 0.82. This result indicated the loss of Li* ions during washing with deionized water.
The XPS results supported the assumption that the washing process could affect the

de-intercalation of Li" ions on the surface of LiCoO, particles.

Table 4.5 Li/Co ratio of the LiCoO, powders annealed at different temperatures before

washing and after washing with deionized water.

Li/Co ratio
Sample
Before washing After washing
300 0.92 0.63
400 0.91 0.62
500 0.97 0.62
600 1.02 0.62

700 1.04 0.82
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Figure 4.7 XPS spectra Li 1s of LiCoO, samples at different temperatures (a) before

washing and (b) after washing with deionized water.

4.1.5 SEM
The morphologies of the LiCoO, powders annealed at different
temperatures were illustrated in Figure 4.8. The FE-SEM images showed the
morphology evolution to the hexagonal shape particles with the increasing annealing
temperature. The increase of particle size when the annealing temperature increased
were in agreement with the increase of crystallite size obtained from the Syn-XRD

results. The hexagonal nanoparticles, with the irregular mixture between hexagonal

45
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structure and hexagonal flakelike structure, were clearly observed in LiCoO, powders

annealed at 600 and 700 °C. (Choi et al., 2006; Sheu et al., 1997).

Figure 4.8 FE-SEM images of the LiCoO, powders annealed at different temperatures

for 10h.
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4.2 INFLUENCE OF ANNEALING AMBIENT ON THE STRUCTURE OF LiCoO,
In this section, the influence of annealing ambient on the structure of the LiCoO,
powder was preliminary studied. The LiCoO, powder was thermally annealed under

the flow of N, and the mixture of O, and N..

4.2.1 XRD

The XRD patterns of the LiCoO, powders annealed under the flow of N,
(100 sccm) and the mixture of O, and N, (20 and 80 sccm, respectively) at different
temperatures are shown in Figure 4.9. All patterns can be indexed to the standard
pattern of LiCoO, (mp-24850). The second phases of KNO; were also detected. The (0
06)/(102)and (1 08)/(1 10) peaks showed splitting doublets at around 37° and 67°,
respectively. These doublets became distinguishable at annealing temperatures of 600
°C, indicating the presence of the HT-LiCoO, phase in both the N, and O,/N, mixture
samples. This observation is in good agreement with Chen, et al. and Akimoto, et al,,

(Akimoto et al., 1998; Chen et al., 2002).
All diffraction patterns also exhibited a very strong (003) peak and
comparatively weak (104) peak, which indicate a preferred c-axis orientation. The

intensity ratios of the (003) peak to the (104) peak (1003/1104), which could be used as

an indication of c-axis orientation, are shown in Table 4.6.

Table 4.6 The intensity ratios of the (003) peak to the (104) peak (1003/1104).

N,-80sccm+ N,-100sccm
Sample 0,-20sccm
|003/|104
700 °C 1.708102 2.30544
600 °C 1.898937 2.259749
500 °C 1.860862 2.250141

400 °C 1.766519 1.995834
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Table 4.6 shows that LiCoO, prepared under the flow of N, (100 sccm) had
higher lyo3/1104 Values than that under the flow of O, (20 sccm) and N, (80 sccm) mixture.

It suggests that LiCoO, prepared in pure N, flow exhibited higher degree of the c-axis

orientation.
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Figure 4.9 XRD patterns of the prepared LiCoO, powders annealed at different

temperatures for 10h (a) under the flow of O, (20 sccm) and N, (80 sccm) mixture and

(b) N, (100 sccm).
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The observed broadening of diffraction peaks was due to the crystallite size
effect. The crystallite size of those annealed samples were calculated using Rietveld
refinement, as listed in Table 4.7. The average crystallite sizes obtained from the
annealed samples with a flow mixture of O, and N, at temperatures of 400, 500, 600,
and 700 °C were 19.1 £ 2.5 nm, 20.7 + 3.1 nm, 31.9 + 0.8 nm, and 85.7 + 6.3 nm,
respectively. It was clearly seen that the crystallite size tended to increase with the
increase of the annealing temperature. On the other hand, for samples with a flow of
N,, there was a slight increase in the crystallite size across the entire temperature
range. The crystallite sizes were 19.3 + 2.6 nm, 21.7 + 2.4 nm, 33.9 + 1.5 nm, and 89.9
+ 4.6 nm at temperatures of 400, 500, 600, and 700 °C, respectively.

Table 4.7 The crystallite sizes of the LiCoO, powders annealed at different
temperatures for 10 h under the flow of O, (20 sccm) and N, (80 sccm) mixture and

N, (100 sccm).

Sample N+ O, N2

700 °C 85.7£6.3 nm 89.9+4.6 nm
600 °C 31.9+0.8 nm 33.9+1.5 nm
500 °C 20.7£3.1 nm 21.7£2.4 nm

400 °C 19.1+2.5 nm 19.3+2.6 nm
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4.2.2 SEM

Figure 4.10 FE-SEM images of the LiCoO, powders annealed at different temperatures
for 10h under the flow of O, (20 sccm) and N, (80 sccm) mixture and N, (100 sccm).
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The FE-SEM images of the LiCoO, powders annealed under the flow of N, and
mixture of O, and N, at different temperatures are shown in Figure 4.10. The FE-SEM
images showed the morphology evolution to the hexagonal shape as the annealing
temperature increased for both the LiCoO, powders annealed under the flow of N,
and O, and N, mixture. The hexagonal nanoparticles, with the irregular mixture
between hexagonal structure and hexagonal flakelike structure, were clearly observed
at high annealing temperatures of 600 °C and 700 °C. The increase of particle size with
the increasing annealing temperature was also observed. Moreover, the LiCoO,
annealed at 600 °C and 700 °C showed that the LiCoO, powders annealed under the
flow of N, had a larger particle size than that annealed under the flow mixture of O,

and Ns.

4.2.3 XAS

Normalization m(E)

1 . 1 . 1 . 1 . 1 .
7700 7720 7740 7760 7780 7800

Energy (eV)

Figure 4.11 XANES of Co K-edge of the LiCoO, powders annealed under the flow
mixture of O, 20 sccm and N, 80 sccm (I-LCO) and N, 100 sccm (h-LCO) at 600 °C and
700 °C.
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The XANES spectra of the Co K-edge of LiCoO, samples annealed in flow O,
and N, mixture (-LCO) and N, (h-LCO) at 600 and 700 °C are shown in Figure 4.11. The
pre-edge absorption peak A correspond to the transition from the electric dipole-
prohibited 1s orbital to the unoccupied 3d orbital in Co**. The peaks B and C show
the 1s to 4p transition with and without shakedown, respectively, which is caused by
a charge transfer from the ligand to the metal. There is no difference observed in
cobalt oxidation state, and cobalt is placed in octahedral sites, as there is no
insignificant difference in peak C positions between the LiCoO, powders annealed

under the flow of O, and N, mixture, and N, at 600 °C and 700 °C.

Co-Co - - = Fitting
B Co-O

N,+O, LCO 700 °C

N, LCO 700 °C

K(RIK (A)*

N,+O, LCO 600 °C

N, LCO 600 °C

R(A)

Figure 4.12 Fourier transform EXAFS spectra of Co K-edge of the LiCoO, powders
annealed under the flow mixture of O, 20 sccm and N, 80 sccm and N, 100 sccm at

600 °C and 700 °C.
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The Fourier transformations of Co K-edge k3-weighted EXAFS spectra of the
LiCoO, powders annealed under the flow of O, and N, mixture and N, are shown in
Figure 4.12. The Fourier transformations peaks at approximately 1.9 and 2.8 correspond
to the single scattering contributions from the closest O and Co atoms, respectively.
Compared to Cobalt, the contribution of the lithium coordination shell is hardly

discernible owing to the Li atom's low scattering factor.

Table 4.8 Summary of EXAFS fitting parameters including interatomic distances (R),

coordination numbers (N) and Debye-Waller factors (02).

Sample Shell N RA) o?
Co-O 6 1.90819 0.00244
N2+0,
Co-Co 6 2.82367 0.00348
600
Co-O 6 1.90810 0.00217
N
’ Co-Co 6 2.82202 0.00278
Co-0 6 1.91127 0.00234
N2+0,
Co-Co 6 2.82568 0.00394
700
Co-O 6 1.90805 0.00208
N
’ Co-Co 6 2.82222 0.00275

Nonlinear least squares fitting was used to determine the structural
characteristics of the first two coordination shells, including the interatomic distances
R and Debye-Waller factors 0% and the results are shown in Table 4.8. According to
local disorder, the Debye-Waller factor O represents the mean square relative atomic
displacement of interatomic distance R for each bonding pair. It can be seen from the
bondlength R of the Co-O and Co-Co shells in h-LCO are a slightly shorter than that of
-LCO. There might be some structural contraction in short-range order without
significant changes in the R-3m structure (Chadwick et al., 2006). The Debye Waller
factors of the LiCoO, powders annealed under the flow of O, and N, mixture are larger

than that of N,. This result is consistent with the XRD results as the larger disorder in
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LiCoO,, the lower degree of c-axis orientation (Maugeri et al,, 2013). The h-LCO are
considered to be intact and ordered, while they are distorted and fragmental in [-LCO.
These differences in structure would possibly have significant impact on the
electrochemical properties of LiCoO,, as a cathode material for Li-ion batteries (Gao et

al., 2015).

4.3 STRUCTURAL STUDY OF LiCoO, THIN FILM PREPARED BY RF
MAGNETRON SPUTTERING

In this section, the preliminary results on the structural study on the LiCoO, thin
films prepared by RF magnetron sputtering technique were presented. The effect of

the process gas on the structure of the films was investigated.

4.3.1 Preliminary Results
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Figure 4.13 XRD patterns of the LiCoO, films deposited with different time.
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The XRD patterns of the LiCoO, films deposited with different deposition time
are shown in Figure 4.13. The LiCoO, films were deposited onto glass slide substrates
by in an argon pressure of 2.6 Pa. The distance between the substrate and the target
was 5 cm, and an RF power was fixed at 100 W during the deposition process. The XRD
spectrum of the as-deposited LiCoO, film with the deposition time of 2 h showed only
the broad (104) diffraction peak suggesting that the crystal structure of the as-deposited
film is not well-defined and has some disorder or strain. This observation is similar to
the previous report by Bouwman et al. However, after annealing at 500 °C for 30
minutes, the (104) peak became sharpening indicating more ordered and crystalline
the (003) diffraction peak, which corresponds to a specific crystal plane in LiCoO,,
retained the highest intensity even after annealing at 500°C for 2 h. This suggests that
the annealing process significantly altered the preferential orientation of the film along
the 003 plane. The (101) and (104) diffraction peaks, which are also specific crystal
planes, were also observed after annealing. The impurity phase of Cos0,4, which can

be frequently found in LiCoO, films was not present (Bouwman et al., 2001)
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Figure 4.14 XRD patterns of the LiCoO, thin films deposited with different O, flow

rates.
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The XRD patterns of the LiCoO, films deposited with different O, flow rates are
shown in Figure 4.14. The XRD analysis indicates that the (003) plane is clearly preferred
in all samples, indicating a tendency for the crystalline structure of LiCoO, films to
align with this particular plane. However, the intensity of the (104) plane gradually
decreased and disappeared when the Ar: O, ratio reached 20:3.

The normalized XANES spectra at the Co K-edge of the annealed LiCoO, thin
film, commercial standard LiCoO, (LCO-STD) and Cos0,4 standard are shown in Figure
4.15. The shoulder feature at around 7720 eV and 7736 eV became disappear as O,
flow rate increased similar to Cos0O, feature as seen the linear combination fitting in
Table 4.9. The weight value of LiCoO, thin films slightly increased with increasing O,
flow rate and is closest to STD at the O, flow rate of 7 sccm. These confirm the growth

of the peak at 38.5° of the XRD result.

Table 4.9 The linear combination fitting of LiCoO, thin films deposited with various
concentration of O, compare with LiCoO, STD and STD.

Data LiCoO, STD STD
weight error weight error

LCO-00-N20 0.613177 0.016402 0.386823 0.025974
LCO-O1-N20 0.41197 0.018568 0.58803 0.027393
LCO-02-N20 0.333788 0.018991 0.666212 0.027681
LCO-03-N20 0.333372 0.019722 0.666628 0.028188
LCO-04-N20 0.22495 0.019893 0.77505 0.028308
LCO-05-N20 0.170627 0.018777 0.829373 0.027535
LCO-06-N20 0.204533 0.019506 0.795467 0.028037

LCO-O7-N20 0.158508 0.020008 0.841492 0.028389
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Figure 4.15 XANES and Fourier transform EXAFS spectra of Co K-edge of the LiCoO,

thin film was sputtered with 20 sccm of pure Ar and 1 to 7 sccm of different O, forms

in an Ar/O, mixture.



CHAPTER V
CONCLUSION

In this study, the LiCoO, powders were prepared by the co-precipitation
method. The effect of annealing temperature and washing with deionized water on its
properties were carried out by Syn-XRD, XAS, Raman spectroscopy, XPS and FE-SEM
techniques. The results demonstrated the gradual phase evolution of LiCoO, powders
with the increasing annealing temperature. The formation of HT-LiCoO, structure was
partly observed at 300 °C and it was complete at the minimum annealing temperature
of 600 °C. The Raman spectroscopy and XPS results suggested that the washing process
induced the de-intercalation of Li + ions on only the surface of LiCoO, particles. In
addition, the influence of annealing ambient on the structure of LiCoO, powders was
investigated. It was observed that the LiCoO, powders annealed under the flow of
pure N, yielded a higher degree of c-axis orientation in the structure and a larger
particle size as compared to that annealed under N, and O,. These structural
differences could potentially have a significant impact on the electrochemical
properties of LiCoO,, which is commonly used as a cathode material for Li-ion

batteries.
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ARTICLEINFO ABSTRACT

Keywords:

Co-precipitation method
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Synchrotron powder X-ray diffraction

Lithium cobalt oxide (LiCoO2) powder was prepared by co-precipitation method and annealed at different
temperatures of between 300 and 700 "C. The effect of annealing temperature and effect washing process with
deionized water on the crystal structures of the prepared LiCoO; powders were thoroughly studied by Syn-
chrotron powder X-Ray Diffraction (Syn-XRD), X-ray Absorption Spectroscopy (XAS), Dispersive Raman Mi-
croscopy (Raman) techniques. The change in chemical composition as a function of annealing temperature was
also investigated by X-ray Photoelectron Spectroscopy (XPS) technique. The erystal structural results identified
the phase evolution of the prepared LiCoO; powders upon heat treatment. The formation of HT-LiCoO, phase
was observed at annealing temperature as low as 300 “C.

1. Introduction

Lithium cobalt oxide (LiCo03) is the most widely used material for
positive electrode in commercial Li-ion batteries (LIBs). It was first
suggested as the intercalation compound for rechargeable LIBs by
Goodenough and Mizushima et al., in 1976 resulting in its commer-
cialization by Sony Corporation in the early 1990s (Mizushima et al.,
1980; Nishi, 2001), The migration of lithium ion in the layer structure
oxide of LiCoQy is easier than other lithium metal oxide structures. This
advantage significantly affects to LiBs performance excellence in terms
of high specific energy density, low self-discharge and excellent cycle
life.

Two types of crystallographic structures of LiCoO» were reported
depending on the synthesis method and temperature. The first structure
is the hexagonal-NaFeO; structure of LiCoOjy, space group R-3m, which
is usually observed at high temperature of approximately 750 “C (Czy ;
zyk et al., 1992). This phase, also called HT-LiCoQg, consists of layers of

lithium ion (Li*) between slabs of octahedral formed by cobalt (Co®*)
and oxygen (0% ions. The second structure is the cubic spinel structure
which is usually stable at low temperatures (LT-LiCoOs). The crystal
structure of LiCoO; strongly influences performances of the LIBs. Pre-
vious studies have shown that the HT-LiCoO, exhibits better electro-
chemical performances compared to that with the LT-LiCoOy (Wang
et al., 2015). Also, the electrochemical property of the LiCoO; particles
depends upon shape, size, agglomeration and growth orientation.

The HT-LiCoO can be synthesized by a conventional solid-state re-
action method with calcination temperature as high as 850-900 "C for
several hours, This technique is highly potential for mass production,
but, it is difficult to control the impurities and morphology/particle size
of the LiCoO; powder (Antolini, 2004; Gim et al., 2020). The HT-LiCoO
formation is also seen in the lower annealing temperatures when the
different synthesis methods, especially wet techniques, are proceeded.
Co-precipitation technique, hence, is another attractive technique for
LiCo0, synthesis. This wet chemical technique has been, generally, used
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Fig. 1. Syn-XRD patterns of the prepared LiCoO, powders annealed at different
temperatures for 10 h.

to prepare nano powder of ceramics under ambient atmosphere and
temperature (Chang et al., 2010; Dong and Koenig, 2020; Kim et-al.,
1999; Lala et al., 2003), It is simple, cost-effective, rapid, scalable and
particle morphology controllable. However, the synthesized powder by
this method yet needs to be calcined at high temperature after the
preparation for the amorphous to crystalline structures transformation.
Kim et al. synthesized the LiCoO; by the co-precipitation method based
on acetate solutions, lithium hydroxide and lithium peroxide solutions.
The HT-LiCoO; was observed after annealing at 900 °C for 3 days,
yielding the highest capacity of, approximately, 150 mAh/g in the range
between 4.3 and 3.3 V (Kim et al., 1999). Chen et al. prepared the
LiCoO3 nanoparticles by the co-precipitation method in ethanol solution
with lithium and cobalt salts. It was reported that the annealed sample at
600 “C for 10 h showed the HT-1iCoO; structure with the best electro-
chemical properties (Chen el al., 2002). In addition, Ekwongsa et al.
recently reported the structural investigations of LiCoOy powder which
prepared by the co-precipitation method from lithium and cobalt nitrate
in ethanol solution (Flwongsa et al., 2020). They studied the structural
transformation of the LiCoQ, powder by conventional X-ray Diffraction
(XRD) and in-situ X-ray Absorption Spectroscopy (XAS) techniques, The
HT-LiCoOz structure was observed at 700 °C in their investigations.
However, the nitrate by-products were not removed from their powders
after preparations and they actually needed to be eliminated by deion-
ized water. The washing process could deviate the investigation results.

In this work, we performed a fundamental study on structural
characteristics of LiCoOg powder which prepared by co-precipitation
method as well as the effect of washing process with deionized water
on its chemical compositions. Since, there were scant reports of the in-
wvestigations with this preparation method, hence, the LiCoO- properties
prepared via co-precipitation method were systematically studied by

Table 1

The lattice parameters of the LiCoO, powders annealed at different temperatures.

Radiation Physics and Chemistry 189 (2021) 109766

using Synchrotron-based X-ray techniques. Effect of thermal annealing
on the structure of the LiCoO; was also investigated by the Synchrotron
X-ray Diffraction (Syn-XRD), XAS and Dispersive Raman Microscopy
(Raman) technigues. Syn-XRD with intense X-ray beam can provide a
greater signal to noise ratio than the conventional XRD and it can avoid
background fluorescence by wavelength adjustment. Therefore, the
structural investigation by using Syn-XRD should reveal more precise
and accurate information of LiCoOg structures leading to the better
understanding. It should be noted that besides of its advantages, Syn-
XRD technique still produces average structural information from the
crystalline phases with only leng-range order. In addition, the in-
vestigations by the Synchrotron X-ray techniques in this study included
the X-ray Absorption Near-Edge Structure (XANES) and the Extended X-
ray Absorption Fine Structure (EXAFS). While XANES reflected the
oxidation state, electronic configuration and site symmetry of the
absorbing atom, the EXAFS gave structural quantitative information of
short-range-order parameters such as species and numbers of neigh-
boring atoms, the interatomic distances and Debye-Waller factor (Lin
et al., 2017). The surface morphologies and chemical compositions of
the LiCoOy powders were also characterized by Field Emission Scanning
Electron Microscope (FE-SEM) and X-ray Photoelectron Spectroscopy
(XPS) techniques.

2. Experiments
2.1. Synthesis

The LiCoO; powders were prepared by the co-precipitation method
in ethanol solution and reacting with KOH solution. Briefly, 1.1M of
LiNO3-6H20 and 1M of Co(NO3)e-6H,0 were dissolved in 100 mL of
ethanol and, subsequently, stirred at room temperature for 1 h. The
mixture solution was then precipitated by adding 3 M of KOH (dissolved
in 500 mL ethanol) by rate value of 1 drop per second with simulta-
neously stirring at room temperature for 1 h to promote LiCoQOz pre-
cursor solution. The precursor solution was separated by centrifugation

g
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Fig. 2. XANES spectra of Co K-edge of the prepared LiCoO, powders annealed
at different temperatures for 10 h.

Samples  a(A) cd) c/a Goodness of fit (GOF)  Residual of least-sq (Rp) residual (Rwp)  Igga/lipy  crystallite size (nm)
400 2.8185 14.0419 498204  3.78 14.72 20.23 1.5009 459 £27

500 2.8171 14.0558 4.98946 1.23 5.29 6.72 1.5778 44.3 £ 2.4

600 2.8168 14.0542 4.98942 0.97 5.59 7.15 1.4318 89.98 + 3.0

700 2.8165 14.0534 4.98967 0.96 4.06 5.18 1.5479 140.2 £ 5.7
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Fig. 3. Fourier transform EXAFS spectra at the Co K-edge and k-space(insets) of the prepared LiCoO, powders led at di p for 10 h.
2.2, Characterization
Table 2
Summary of EXAFS fitting including i ic di (R), co- The Syn-XRD measurements were performed with the mono-
ordination numbers (N) and Debye-Waller factors (o). chromatic synchrotron X-ray radiation energy of 12 keV and converted
Sample Shell N 02 R(A) wavelength of 1.5409 A at BL1.1W: Multiple X-ray techniques at the
‘Asprepared Co0 6 0.00125 1.89456 Synchrotron Light Research Institute (SLRI), Thailand. The prepared
300°C Co-0 6 0.00199 1.89587 LiCoO, powders were packed in Kapton capillary (diameter = 0.3 mm).
400°C Co-0 6 0.00205 1.90882 The Syn-XRD data were collected in the 20 scan range of 20-80" at room
500C §=o s 0.00318 T.90964 temperature and the capillaries were spun at 200 rpm during the mea-
oo-e 3 & Doapste 110% ts. The obtained patterns were refined by using the Jana2006
700 °C Co-0 6 0.00309 1.91165 ST CIESy POHETTIE WET) y using
As-prepared Co-Co 6 0.00371 2.83149 program.
300 °C Co-Co 6 0.00314 2.81754 The XAS experiments, including XANES and EXAFS, were performed
400°C Co-Co 6 0.00266 2.82097 at BL5.2: SUT-NANOTEC-SLRI XAS, SLRI, Thailand. The measurements
B005¢ Costo 9 0:00%2 2 at the Co K-edge were made in transmission mode using the mono-
600 °C Co-Co 6 0.00343 2.81385 . N
700G Co-Co 6 0.00277 2.81195 chromator employing Ge(220) crystal pairs at room temperature. The

at 7000 rpm for 10 min. The powder was washed with ethanol until free
from hydroxide ions and subsequently dried at 50 °C. The dried pre-
cursor was annealed at 300, 400, 500, 600, and 700 °C for 10 h in air.
The final products were washed with deionized water until free from
potassium nitrate (KNO3), and subsequently dried at 50 °C.

Raman spectral imaging was performed using an area-scan dispersive
Raman microscope (SENTERRA, Bruker). The Raman scattering was
captured from 25 points on a sample, with an excitation wavelength of
532 nm, power of 25 mW, and 25 pm x1000 pm slit. The spectra were
collelcted in a range of 50-1520 cm~'with Raman shift resolution of 0.5
cm,

The XPS measurements were performed on a PHI5000 Versa probe 11
XPS system (ULVAC-PHI, Japan) at the SUT-NANOTEC-SLRI joint
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Fig. 4. Raman spectra of the prepared LiCoO, powders annealed at different temperatures (a) before washing and (b) after washing with deionized water.

research facility, SLRI, Thailand. A monochromatic Al Ku X-ray with an
energy of 1486.6 eV was used as the excitation source. The XPS spectra
were deconvoluted by using the MultiPak software. All binding encrgies
were calibrated by referencing the Cl1s peak at 284.8 eV. The SEM im-
ages of the prepared LiCoO3 powders were taken by using field emission
scanning electron microscope (FE-SEM, Carl Zeiss-AURIGA).

2.3. Results and discussion

The Syn-XRD patterns of the prepared LiCoO; powders after washing
with deionized water were shown in Fig. 1. The patterns of the prepared
LiCoOz powders matched well with the hexagonal-NaFeO; structure,
COD-1550397 (space group R-3m). The second phases of Co;04 and
chemical residuals, such as, KNO3, were not detected in the patterns,
Hence, the HT-LiCoO2 phase acquisition was affirmed throughout the
annealed temperature range. However, the splitting doublets of the (0
06)/(102)and (108)/(1 10) peaks which were at around 37" and 677,
respectively, were hardly observed at 300 °C. Those doublets were used
to identify the HT-LiCoOj structure, The broadening of diffraction peaks
was due to the crystallite size effect which will be discussed later. The
two doublets started to be distinguishable with the annealing tempera-
tures of 400 °C which clearly indicated the existence of HT-LiCoOg phase
at the annealing temperature as such. The observation of HT-LiCoOs
phase with this annealing temperature was in good agreement with
Chen et al. and Akimoto et al., (Akimoto et al., 1998; Chen et al., 2002).
The observation was also lower than the reports by Kim et al. (900 °C),

Chen et al. (600 °C) and Ekwongsa et al. (700 °C) (Kim et al., 1999; Chen
etal,, 2007; Ekwongsa et al., 2020).

As mentioned above, the Syn-XRD patterns showed HT-LiCoO; phase
at the annealing temperature range of 400-700 °C. The crystallite size
and hexagonal unit cell parameters of those annealed samples were
calculated by Rietveld refinement as listed in Table 1. The average
crystallite sizes were 45.9 = 2.7 nm, 44.3 + 2.4 nm, 89.98 -+ 3.0 nm and
140.2 + 5.7 nm which obtained from the annealed samples at temper-
ature of 400, 500, 600 and 700 °C, respectively. It was clearly seen that
the erystallite size tended to increase with the increase of the annealing
temperature. Moreover, peak broadening generally related to the crys-
tallite size decrease. Therefore, the broad peaks were usually observed at
lower annealing temperature due to the smaller of atomic diffusion. The
Syn-XRD pattern of the annealed powder at 300 "C which should possess
the smallest crystallite size, hence, revealed the noticeable broad peaks
and the miserably observable splitting of the (0 0 6)/(1 02) and (1 0 8)/
(1 1 0) doublets.

The lattice constant @, ¢ and c:a ratio of the annealed LiCoO2 pow-
ders at 400, 500 600 and 700 °C were (2.8185 A, 14,0419 A, 4.98204),
(2.8171 A, 14.0558 A, 4.98946),(2.8168 A, 14.0542 A, 4.98942) and
(2.8165 A, 14.0534 A, 4.98967), respectively, which were not signifi-
cantly different. These lattice parameters were also close to those ob-
tained in the previous reports by Tee et al. (2.8134 A, 14.050 A and
4.994), Gummow et al. (2.8179 A, 14.0597 A and 4.99) and Sun et al.
(2.8134 A, 14.0411 A and 4.9908) (Gummow et al., 1992; Lee et al,
2008; Sun, 1999).
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Fig. 5. High resolution XPS spectra of Co 2p of the LiCoO, annealed at different temperatures for 10 h.

As seen from the syn-XRD patterns, the highest intensity was from
the (003) reflection followed by the (104) and (101) reflection, as ex-
pected from the diffraction data of pure LiCoO, (mp-2485). The strong
intensity of the (003) peak suggested that the samples exhibited a well-
developed layers structure and preferred c-axis orientation Tang et al.,
1998. The relative intensity ratio between (0 0 3) and (1 04) peak
(Ip03/T104) was used to determine the degree of c-axis orientation (Tang
ctal., 1998; Gao et al., 2015). As seen from Table 1, the LiCoO, powders
obtained from this work exhibited a low Ipp3/I104 value compared to the
values of 16.5 and 24 which were obtained from the previous studies by
Gao et al. and Weiping et al., respectively (Tang et al., 1998; Gao et al.,
2015). The low c-axis oriented structure has been proposed to exhibit
better electrochemical properties due to the consequential shorter
diffusion distances for lithium ions (Gao et al., 2015).

The normalized XANES spectra at the Co K-edge of the annealed
LiCoO, powders and commercial standard LiCoO; (Com-STD) were
shown in I'ig. 2. The absorption edge energies of Co were observed at
7717.7 eV, apprc ly, from all led LiCoO, powders. This
suggested the unchanged oxidation state of Co within the annealing
temperature range. The increase of the low energy shoulder feature (A),
around 7720 eV, and the changes of the shape and height of the
whiteline (B), around 7730 eV, with annealing temperature were
observed. When the annealing temperature was increased from 300 to
500 °C, the shoulder A increased while the whiteline B changed. When
the temperature was increased upto 600 °C, the shoulder disappeared
with the significant increase of the whiteline. There were not any further
observable changes in the XANES spectra between annealed samples at
600 and 700 °C. Moreover, the spectra of these two samples were almost
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Table 3
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Summary of chemical compositions and oxidation states of Co from the LiCoO» powders annealed at different temperatures as estimated by XPS.

Parameter Annealed temperature
Co304 STD 300 °C 400 °C 500 °C 600 °C 700 °C Com-STD
Peak Position (eV)
Co3+ 780.12 779.64 779.96 779.8 780.24 779.97 780.01
795.11 794.64 794.96 794.8 795.24 794.97 795.01
Co2+ 782.24 781.19 781.63 781.42 781.96 781.89 781.51
797.26 796.19 796.63 796.42 796.96 796.89 796.51
Peak Area
Co®* 2pasz 14351 10742 12862 14496 2939 1734 8380
2pis2 7207 5371 6174 7248 1469 867 4190
Co?'! 2pas 7176 3900 5884 5363 1122 606 2901
2p12 3604 1950 2824 2682 561 303 1450
Relative atomic percentage
Co®' (%) 66.67 73.36 68.61 72.99 7237 74.10 74.28
Co?* (%) 33.33 26.64 31.39 27.01 27.63 25.90 25.72
Chi Squared 1.83 1.95 2.19 218 1.64 1.35 1.38
(a) Li 1s Before washing (b) Li 1s After washing
Col3p 013p
—700 °C —700°C
600 °C — 600 °C
——500°C ——500°C
—400°C —400°C
—300°C
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Fig. 6. XPS spectra Li 1s of the p d LiCoO; p:
identical as well as the spectrum of the commercial standard LiCoOj.
The shoulder and whiteline features corresponded to the 1s-4p
transition which the former implicated the ligand to metal charges
transfer with the shakedown process and the latter was without the
shakedown process. The observed shoulder feature and low intensity
whiteline at the low annealed samples could be a result of the over-
lapped O 2p and the hybridized Co 3d-4p orbitals which caused by tilted
arr of Co06 octahedra. The arr h d at higher
annealing temperature such that 3d-4p mixing reduced and caused the

Binding Fnergy (¢V)

temperatures (a) before washing and (b) after washing with deionized water.

disappearance of the shoulder feature and the increase of whiteline in-
tensity (Patridge et al., 2013; Ching-Hsiang Chen et al., 2007). Thereby,
although it was suggested by the Syn-XRD results that the formation of
HT-LiCoO2 structure occurred at 300 °C, the structure was incomplete.
According to the XANES information, the minimum annealing temper-
ature should be at 600 “C for the complete HT-LiCoO, structure.

The k*-weighted Fourier transform EXAFS spectra at the Co K-edge of
the LiCoO; powders with different annealing temperatures were illus-
trated in Fig. 3. The results revealed two main peaks which are
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Table 4
Li/Co ratio of the LiCoO, powders annealed at different temperatures before
washing and after washing with deionized water.

Sample Li/Co ratio
Before washing After washing
300 0.92 0.63
400 0.91 0.62
500 0.97 0.62
600 1.02 0.62
700 1.04 0.82

corresponded to Co-O and Co-Co. The amplitude ratio of Co-Co/Co-O
grew when the annealing temperature increased suggesting the changes
of CoOg arrangement according to the XANES results. This trend was
also observed in previous reports (Chen et al., 2007; Rana et al., 2014).
The information of structural parameters, namely, number of neigh-
boring atoms (N), interatomic distances (R), and Debye-Waller factors
(6?) refined from the EXAFS spectra using Athena and Artemis programs
(B. Ravel and M. Newville, 2005), were showed in Table 2. The EXAFS
refinement revealed that the Co-Co atomic distances of the annealed
LiCoO, powders were not significantly different, meanwhile the Co-O
atomic distances slightly increased when the annealing temperature
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increased suggesting the slight changes to the CoOg octahedra. The
Co-O atomic distances of the LiCoOz were close to those previously
reported (Ekwongsa et al., 2020).

The Raman spectra of the LiCoO; powders annealed at different
temperatures before washing with deionized water were shown in Fig. 4
(a). The Raman results also showed a clear phase formation when the
annealing temperature increased. Firstly, the LiCoO, precursor pre-
sented an amorphous structure. When the LiCoO, powder was annealed
at 300 “C, the Raman peaks of LiCoO; feature were initially observed.
The observed major peaks at 484 and 595 cm™ are attributed to E; and
Ajg mode, respectively. The E; mode corresponds to the 0-Co-O
bending and the A;3 mode corresponds to the Co-O stretching (Hara
et al., 2017; Jo et al., 2009; Matsuda et al., 2019). These Raman char-
acteristics confirmed the HT-LiCoO; phase in the samples annealed at
300 °C which was also consistent with the XRD results. However, a small
peak at 715 cm™! was observed in every samples which could repre-
sented to the residual phase of KNO3 from the synthesis process (Acos-
ta-Maeda et al., 2016). Therefore, we conducted the KNO; elimination
by washing with deionized water and the Raman measurement again
after washing. The Raman spectra of washed powder were shown in
Fig. 4 (b). The small peak of KNO3 could not be detected in all samples.
Meanwhile, the two main peaks of HT-LiCoO phase shifted to the lower
wavenumber from 484 to 465 cm™ and 597 to 575 cm™! for Eg and Ay

for 10h.

at different

Fig. 7. FE-SEM images of the LiCoO, p
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modes, respectively. Interestingly, the large peaks possessed to Co304
structure at 506 and 663 cm™! were observed. This discovery seemed to
be consistent with Le Van-Jodin et al. (Le Van-Jodin et al., 2019). They
studied Raman spectrum of HT-LiCoO; during the first charge/discharge
cyele and found the HT-Li,CoO; phase shifting from 487 to 468 cm land
597 to 575 cm™ for Eg and A}y modes, respectively. They explained the
Raman shifts occurrence in term of the de-intercalation of Li * jons and
reconstruction of the atoms in the hexagonal structure to the monoclinic
and Co30.4 phase. Even though, the Co30,4 phase was not detected by the
XRD in our study in every samples after washing with deionized water, it
was clearly seen by the Raman spectra. Meanwhile, the XANES spectra
of annealed samples at 600 and 700 °C were not significantly different,
however, these results contradicted with the Raman results, which the
differences could be seen between the annealed samples at 600 and
700 °C. This result disagreement is plausible because Raman spectros-
copy possesses higher surface sensitivity than XRD and XANES tech-
niques. The surface composition changes could be disclosed via Raman
spectroscopy. Hence, the de-intercalation of Li™ ions, especially, on the
surface of LiCoO, particles due 1o the washing processes could be
distinguished by surface investigation technique such as Raman
spectroscopy.

The surface chemical compositions of the prepared LiCoO; powders
were also investigated by XPS. High resolution XPS spectra of Co 2p
peaks of the LiCoO; annealed at different temperatures after washing
with deionized water were shown in Fig. 5. The Co 2p core level XPS
peaks exhibited two main peaks due to spin-orbit coupling (Co 2p3,; and
Co 2py,2), with the binding energy separation closed to 15 eV. The Co
2ps peaks of all spectra can be deconvoluted into two peaks at the
binding energies of 779.64-780.24 eV and 781.19-781.96 eV which
were attributed to Co*'and Co®", respectively [”z'\h'P\'Dﬁ et al., 2009).
The summary of chemical compositions and peak positions of Co from
the prepared LiCoO; powders were shown in Table 3. The atomic con-
tents of Co’ and Co®* of the LiCoOz powders annealed at different
temperatures were not significantly variant,

High resolution XPS spectra of Li 1s peaks of the LiCoO; powders
annealed at different temperatures before washing and after washing
with deionized water were shown in Fig. 6. The Li 1s core level peaks of
all spectra were observed at the binding energy of 54.0 eV, approxi-
mately, indicating the presence of Li'" (N. Andreu et al,, 2015). The
atomic ratio of Li and Co (Li/Co) was calculated by the following
equation:

u/ o= dene/Sune
Teopsj2/Scim

where, Iri1s and Icozpasz are integrated areas under Li 1s and Co 2pa,»
peaks, respectively. Syj1s and Scozpaso are the sensitivity factors of Li 1s
and Co 2psy,, peaks, respectively. The results were shown in Table 4.
Before the washing process the 1i/Co ratio increased when the annealing
temperature increased. The Li/Co ratio of the LiCoO; powders annealed
at 700 °C was 1.02 which was close to the perfect chemical composition
of LiCoO,, Li/Co ratio is equal 1. This result was consistent with the
results obtained from XRD, XAS and Raman techniques,

After washing with deionized water, the Li/Co ratio significantly
decreased to the range of 0.62-0.82, The LiCoOy annealed at 700 °C
displayed the highest Li/Co ratie of 0.82. This result indicated the loss of
Li" ions during washing with deionized water. The XPS results sup-
ported the assumption that the washing process could affect the de-
intercalation of Li * ions on the surface of LiCoO, particles.

2.4. SEM

The morphologies of the LiCoO2 powders annealed at different
temperatures were illustrated in Fig. 7. The FE-SEM images showed the
morphology evolution to the hexagonal shape particles with the
increasing annealing temperature. The increase of particle size when the
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annealing temperature increased were in agreement with the increase of
crystallite size obtained from the Syn-XRD results. The hexagonal
nanoparticles, with the irregular mixture between hexagonal structure
and hexagonal flakelike structure, were clearly observed in LiCoOy
powders annealed at 600 and 700 “C. (Choi et al., 2006; Sheu et al.,
1997).

3. Conclusions

In this study, the LiCoO; powders were prepared by the co-
precipitation method. The effect of annealing temperature and
washing with deionized water on its properties were carried out by Syn-
XRD, XAS, Raman spectroscopy, XPS and FE-SEM techniques. The re-
sults demonstrated the gradual phase evolution of LiCoO, powders with
the increasing annealing temperature. The formation of HT-LiCoO2
structure was partly observed at 300 °C and it was complete at the
minimum annealing temperature of 600 °C. The Raman spectroscopy
and XPS results suggested that the washing process induced the de-
intercalation of Li * ions on only the surface of LiCoO; particles.
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