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DEVELOPMENT/LOCAL STRUCTURE/XANES/EXAFS

This thesis focused on the development in situ X-ray absorption spectroscopy
techniques for determining temperature-dependent oxidation state and local structural

of interested atoms in materials at the SUT-NANOTEC-SLRI beamline (BL5.2) at the
Synchrotron Light Research Institute. An in situ cell for XAS measurements was
successfully designed, constructed and tested. The cell provides environments for XAS
samples to be in required gas species atmosphere and at any temperature ranging from
room temperature to 1000 °C. In commissioning test of this home-developed
temperature-dependent XAS set up, Iron oxide (FeO), lithium cobalt oxide (LiCoO>)
and cobalt ferrite (CoFe20s) were used mainly due to its low cost, commercial
availability, and more importantly, its applications in batteries and hard disks
industries.

Fe K-edge XANES spectra were taken and analyzed. The results showed that
there are gradual changes in feature in the XANES and the shift in absorption edge
towards higher with increasing excitation photon energy, indicating the increase in the
average oxidation state of Fe atoms in the materials. Quantitative analysis of the valence
states of Fe was determined performed using the empirical edge-shift calculations
making with comparisons to known standard samples (FeO and Fe>Oz3). The oxidation
state was found to increase linearly from +2.00 to +2.65 when the temperature increases

from room temperature to 800 °C and remains constant at higher temperatures.
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X-ray diffraction (XRD) was used, along with X-ray absorption spectroscopy
(XAS), to study the crystal structure of LiCoO,. The XRD results indicate that the
concentration of LiCoO2 crystals increases with sintering temperature. The XANES
spectra at the Co K-edge show a linearly decrease of the absorption edge energy when
increasing temperature. Temperature-dependent on local structure of the LiCoO>
powders was successfully studied in situ by the analyses of the in situ Co K-edges taken
XANES and EXAFS spectra. The XANES spectra at the Co K-edge show a linearly
decrease of edge energy when increasing temperature. This is consistent with a
reduction in the Co oxidation state from higher Co** to Co?*. Additionally, the EXAFS
data provide the clear evidence of the increasing bond lengths with temperature.

In the cobalt ferrite system, the phase information was investigated by XRD and
XAS techniques. It was found that the concentration of CoFe204 crystals increases with
the sintering temperature. The XANES spectra at Co K-edge and Fe K-edge show a
linear decrease of edge energy during increasing temperature. This is consistent with a

reduction in Co and Fe oxidation state.
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CHAPTER I

INTRODUCTION

Over more than 40 years after the introduction of X-ray absorption fine structure
(XAFS) spectroscopy (Stumm von Bordwehr, 1989) as a new advanced
characterization technique for material research, X-ray absorption spectroscopy (XAS)
has become an essential tool to gather spectroscopic information about atomic energy
level structure. XAS has also played an important role in the discovery and
systematization of rare-earth elements (Rohler, 1987). The discovery of synchrotron
radiation in 1952, and later the availability of broadly tunable synchrotron-based X-ray
sources have revitalized this technique since the 1970s. The correct interpretation of the
oscillatory structure in the X-ray absorption cross-section above the absorption edge
has transformed XAS from a spectroscopic tool to a structural technique (Sayers et al.,
1971). Extended X-ray absorption fine structure (EXAFS) yields information about the
interatomic distances, near neighbor coordination numbers, and lattice dynamics. An
excellent description of the principles and data analysis for EXAFS is given by Teo

(Teo, 1986). X-ray absorption near edge structure (XANES) provides information about

the valence state, energy bandwidth and bond angles. Today, there are about 60
experimental stations in synchrotron radiation research facilities around the world
dedicated to collecting X-ray absorption data from the bulk and surfaces of solids and
liquids. A particular strength of the XAS technique is that the penetrating nature of the

X-rays makes possible studies of materials under the conditions of their use, including



high temperatures and reactive atmospheres. These same measurements are possible in
X-ray diffraction (XRD) but simpler in XAS since, in contrast to XRD, the XAS sample
and detectors are stationary (George et al., 1998). In this thesis, advanced principles of
XAS are described to explain the information content of essentially two different
aspects of the absorption process leading to EXAFS and XANES. The excitation
source and sample limitations for XAS measurements are also discussed.

Designing, synthesizing, and manufacturing novel materials with optimum
functions necessitates a thorough understanding of the microstructure in the materials.
XAS is a useful tool for determining local sturcture and electrical properties in
crystalline compounds, amorphous materials, glasses and liquids (Koningsberger &
Prins, 1987). In many cases, structural data can be collected ex situ, that is under well-
known temperature and atmospheric conditions. For full knowledge of temperature-
dependent structures in phase-change materials, in situ high-temperature XAS
measurements are essential. The high-temperature XAS measurements are essential for
understanding temperature-dependent structures in phase-change materials. This
technique can also be used to track the growth of nanocrystals and redox reaction
dynamics caused by temperature variations (Chen et al.,2008; Kong et al., 2012;
Nashner et al., 1998), as well as to reveal the relationship between the structure of a
catalyst and its reactivity (Frenkel et al., 2012; Newton et al., 2007; Yamamoto et
al.,2007). The in situ technique is important for studying and observing materials in
real-time depending on temperature changes. This method can be used to track the
evolution of local structures in crystalline materials when temperature changes cause
phase transitions. For a characterization of materials undergoing unquenchable phase

transitions or for following the kinetics of a phase change or reaction, measurements



under in situ conditions at elevated temperatures are essential. Moreover, geologically
as well as technologically significant transitions from the solid to the liquid state that
cannot be studied by the conventional XRD techniques can be studied continuously by
XAS, provided a suitable in situ high-temperature cell (HTC) is available (Friedrich et
al., 1992). Several design techniques for adaptable XAS cells have been published
(Bare et al., 2006; Farges et al., 1995; Girardon et al., 2005; Guilera et al., 2009; Huwe
& Fro ba, 2004; Longo et al., 2005; Huwe & Fro ba, 2004; Longo et al., 2005). Farges
et al. (1995), for example, designed a XAS high-temperature cell for the investigation

of metal oxide phase transitions using the Mysen-Frantz heating-wire method.

The purpose of this thesis is to develop standardized equipment by investigating
and developing in situ X-ray absorption spectroscopy techniques for temperature-

dependent structural characterization.

This study aims to investigate the temperature depend on local structure of Co
and Fe atoms atom in CoFe>04 nanocrystals using the long energy region of in situ X-
ray absorption spectroscopy (XAS), which called Extended X-ray Absorption fine
structure (EXAFS). EXAFS will also be employed to examine the formation of the
phase transition in LiCoO, and CoFe2Os. Athena and Artemis program will be
employed for data analysis and fitting to compare with the experimental results
obtained from XAS beamline 5.2 at SLRI, Nakhon Ratchasima Thailand.

Furthermore, the reduction of the oxidation state in the CoFe2O4 nanocrystals
using the H gas flowed on the heating cell in situ XAS will be investigated by the low

energy region of X-ray absorption spectroscopy (XAS), which called X-ray Absorption



Near Edge structure (XANES). The FEFF 8.2 algorithm will be used to model the

XANES spectra of CoFez0a.
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CHAPTER Il

REVIEW OF LITERATURES

This chapter consists of two parts. The first section describes the XAS theory,
covering XANES (X-ray absorption near edge structure) and EXAFS (extended X-ray
absorption fine structure) measurement techniques. The second part provides the
background information of advanced materials used for commissioning test of the in

situ heating cell development in this thesis work.

2.1 X-ray Absorption Spectroscopy (XAS)

Absorption of X-rays spectroscopy is a useful technique for determining an
element's local structure, formal oxidation state, and neighboring atoms, as well as
investigating the electronic structure of materials. Normally, the XAS experiment is
carried out at a synchrotron radiation facility, where the energy of X-ray photons may
be changed and adjusted (Shanthakumar, 2008). Furthermore, the synchrotron radiation
facility contains light sources with a high intensity.

The Lambert-beer law explains the absorption equation, which states that the
intensity of the beam after passing through the sample drops exponentially with the

strength of the entering X-ray beam, as

[ = [je 1)

where lg is the entering X-ray beam's intensity, I is the beam's intensity after
passing through the sample, x is the sample’s thickness, u is the absorption coefficient

and the absorption was determined by px



In () = pux 2.2)

The absorption cross-section g and the linear absorption coefficient are related

N
L= 0up, = ‘WA# (2.3)

where A, p,, Pm and Ny are the atomic mass number, the atomic density, the

mass density and Avogadro’s number, respectively.

The photon energy has a strong influence on the absorption cross section. Figure
2.2 shows the element platinum. The double- logarithmic figure shows that the
absorption cross section is roughly proportional to 1/E3 below and above

discontinuities.

Sample

I = [ye #EX

)

Figure 2.1 Transmission mode, a schematic of X-ray absorption measurement is

shown.
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Figure 2.2 Log-log plot of the (semiempirical) X-ray absorption cross section of
platinum (Z=78) vs. X-ray energy. The K, L1, L2, L3, and M edges are shown; fine
structure is not shown. (Bunker, 2010).

The latter, which well known as the absorption edges, occur at characteristic
energies for which the X-ray has enough energy to expel an electron from an atomic
core level giving rise to a sudden increase of the absorption cross section.

In case the electrons transition is followed by the selection rules. The Selection
Rules governing transitions between electronic energy levels of transition metal

complexes are

1. AS = 0; The Spin Rule, the electron’s spin must be unchanged from core

shell state to excited state.

2. Al = +1; The Orbital Rule, the difference of electron’s orbital angular
momentum must be equal -1 or 1 only.

The total angular momentum was defined as ] = [ + S or have value |l —s| =
J=1l+s,wherel=0,1,2,..,n—1and S = —%% . Therefore, the spin rule can be

considered by AJ = +1. In addition, the new symbol for electron each shell were
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defined for the electron transition. Figure 2.3 shows the electron transition in inner

shell.

I
1l
(111
=
L7

(I 0y

Ky

Figure 2.3 Diagram of the electron transition in inner shells. (Thompson et al., 2001).

When the X-ray energy is incidented through the binding energy of a core shell,
there exhibits a sudden increase in absorption cross-section. This spectum iscalled
absorption edge, with each edge representing a different core-electron bindng energy.
The name of edges is identified by the principle quantum number: K for n=1, L for n=2,
M for n = 3, etc. In the X-ray apsorption process, a photon energy was absorbed by
atom, affect to electron in inner shells: K, L or M shell which is transition to unoccupied
valance band above the Fermi level. However, when electron is excited, energy state
will not be stable. Therefore, electron in next state will be transition to replace exicited

electron and fluorescence emission occurs, shown in Figure 2.4. Although, core energy
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state is stabled but the next state will not be stable. Therefore, another electron in next

state will transit to conduction band and it is called Auger electron.

EV. EVAC
Unoccupied valence Unoccupied valence
band %, band N
{ . Ef { . Ef
Occupied valence - Occupied valence
band band

L1 \\ H Ll

\

\

\
\/L\/‘ \ —/\/\» Fluorescentx-ray
\ (K)

-—@ K ¢ K

(a) x-rayabsorption (b) Fluorescent x-ray emission

z Auger emission

EVAC
Unoccupied valence
band \{ ® ‘
f
Occupied valence ~
band
—— 0 Lys
Ll
—@ K

(C) Auger emission

Figure 2.4 Mechanism of the X-ray absorption (a) X-ray absorption (b) Fluorescent X-

ray emission and (c) Auger emission. (Adapt from Klysubun, 2006).
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The X-ray absorption spectroscopy (XAS), sometime called X-ray absorption
fine structure (XAFS), is an absorption spectroscopy technique that refers to a
modulation of the absorption coefficient as a function of the incident photon, typically
by a few presents, around and above the absorption edge. This fine structure is unique
signature of a given material due to it depends on the detailed local structure and
electronic structure of the material. For example, Fe K-edge refers to transition that
excited electron from 1s to 3d orbital but according to the selection rule that is
forbidden. However, in the case of compound FeO, the effect of Fe-O bonding affects
d-orbital spitting as t.g and eg, after then occur the mixing d-p orbital from ligand field
theory. Therefore, a forbidden transition is partially allowed due to mixing of ligand p-
character. While the first line on the main edge is due to the allowed 1s to 4p bound-
state transition. The post edge relates to unoccupied state in conduction band and full
multiple scattering of spherical wave electron with neighbor atom. XAS is further
divided into two types: X-ray Absorption Near Edge Structure (XANES), which

terminates approximately 80-100 eV above the edge, and Extended X-ray Absorption
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Fine Structure (EXAFS), which begins around 50 eV above the edge., as shown in

Figure .
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Figure 2.5 The absorbance Fe K-edge spectra in compound iron oxide. (Larsen et al.,

2014).

2.1.1 X-ray Absorption Near Edge Structure (XANES)

The XANES area (including the pre-edge region) gives information on the
absorbing atom's local geometry. The edge position also contains information about the
charge (oxidation state) on the absorber. According to the overlapping contributions of
many electronic and structure effects and the approximations necessary for its
theoretical description, the XANES is frequently only qualitatively interpretable.

The total absorption cross-section can be calculated by using the Fermi’s Golden
rule of one electron approximation (Gaussian unit) (Koningsberger and Prins, 1988;
Kodre, 2002; Stern et al., 1983; Als-Nielsen and McMorrow, 2001; Newville, 2004;

Ravel, 1997; Shanthakumar, 2008),

() 4cn2ezz |<f|A .
w(w) = T e
[0 if

Qraa—@+h@ 2.4)
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where |i), | f), E; and Ef denote the initial and final states and their energies; K is
wave vector, € is unit polarization, w is frequency of photon energy, c is light velocity,
e is electron charge and & (E;) is the Dirac delta function. Generally, this equation can

be written in form the Dipole operator (D) as

4cm?e?

u(w) = Zif|(f|5|i)|26(Ei — E; + ha) 2.5)
which can easily understand for electron transition from |i), to next |f )state
corresponding to the photon energy incident in the Dirac delta function and amplitude
relate dipole transition in inner atom. However, when electron was excited by photon
energy greater than binding energy, the electron will be transit to unoccupied valance
band after then the photon energy is higher which carry out from inner atom and exhibit
the propagation of spherical electron wave.

In this case we calculate the spherical electron wave scattering from the muffin-
tin approximation. We discuss scattering from muffin-tin potential which is several

atoms or ions, each of which makes a non-zero contribution only within a spherically

non-overlapping scattering region of finite radius.

T Zivi 2.6)
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Figure 2.6 The muffin-tin potential consists of non-overlapping spherical regions.
(Kodre, 2002).

Figure 2.6, shows the muffin-tin potential, which outside the spherical regions or
interstitial region, the potential is set to zero. The scattering parameters, consisting of
the scattering amplitude and phase shifts, are determined separately for each scatterer
and are therefore pure atomic quantities. Propagation of spherical electron wave in such
muffin-tin potential \ is described by the Hamiltonian

H= Hy+V (2.7)

where H, is the kinetic-energy operator. According to Schrodinger’s equation is

Hlp) = Elp) (2.8)

(E—Hy)lp) = V]p) (2.9)

However, we cannot solve to exact solution. Therefore, we can consider to separated
terms. The term of (E — Hy)|e) is free-electron wave function and if (r|@) is the

solution of the “homogeneous” part of free-electron wave function

(E —Hp){r|@) =0 (2.10)

And the free-electron Green’s function G, is defined with relation
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(E — Hy)Go(7, 7, E) = (V2 + k?)Go(7, 7, E) = 6(F — 7) (2.11)

Therefore, the general solution of Eq. (2.10) can be written as a sum of the solution of

the “homogeneous” part and the Green’s function for the muffin-tin potential part

(Flo) = (710) + f & 1 Go 73 E)FIV ) (2.12)

It is easily understood, if the spherical electron wave is only weakly scattered by the
potential V, the solution (r|¢) is close to the free-electron solution (r|@). Generally,

the Green’s function can be written in form

N e 1 eiiklf—?'l ~ 1 ;
GE (73 E) = (7163 17) = = ey = <r|m|r> (2.13)

Because of its singularity, an imaginary term is modified in the operator ﬁ by +in,
—IHo

where 7 is infinitesimally small for identify direction of spherical wave electron,
Gqand G describe how outing and coming spherical waves propagate in free space,
respectively. Therefore, the formal solution of the operator Eq (2.12). is given by the

Lippman-Schwinger equation

= = 1
(rlo) =(r|0) + mvm’) (2.14)

To solve Egq. (2.14), one needs to define transition operator (T) are
Vlig) =Tle) (2.15)

If we define the propagation G of this system as

G(E) =

E—Hy—vim (Gl =17 =Gl =VG)™ (2.16)

According to the Taylor series expression
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The following important relationships from Eq. (2.15),

GoT = GV;
T =Gy 'GV =V+VGV + VG VGoV +...= V +VG,T (2.18)
and then
G = Gy + GoTGy; T =V +VGV (2.19)

according to the muffin-tin potentials from Eq. (2.6), we can write the transition operators

of individual atoms as

tt = vt + tw'G, (2.20)

However, the operator T and ¢! is not obvious in the physical meaning, but we are able to
explain in the weak-scattering expansions by substituting Eg. (2.20) into (2.18) and (2.19)

respectively, we obtain
G = Gy + %;Gov' Gy + % 11 Govt GoviGy + ..
T =% tl + Yidil £ itil Got' +Zi2i1¢i2i2¢itiZGOtilGOti +..  (222)
th = vl 4+ ViGovt + viGevt + ViGyviGyvi+. . (2.23)
Their series equations are called Dyson’s expansion and Eq. (2.22) can explain the
order of scattering process of the spherical electron wave. The first term is an

unscattered wave propagation. The second term is single scattering by free propagation
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G, to the ith atom where the wave is scattered once with potential v* and then heads
forward again as shown in Figure 2.7 (a)-left. Similarity, the third term “scatter”
describes the incident wave two times as shown in Figure 2.7 (a)-middle and right.

t.
t; o
\gf\\@*@/_ﬁ@k T=E‘W\RN\"‘+ZZ[G0; +2222%5~+...
(b)

Tipri T ipFl i
(a)

Figure 2.7 (a) Single scattering (left), double scattering from different atoms (middle),
and double scattering from the same atom (right). (b) Graphical representation of the

T-operator. (Kodre, 2002).

2.1.2 Extended X-ray Absorption Fine Structure (EXAFS)

The EXAFS refers to the oscillating part of the X-ray absorption spectrum
starting at approximately 80 eV above the absorption edge and extending up to about
1,000 eV. Above the absorption edge, the energy of X-ray photon is used to excite an
electron into the continuum and any remaining energy is given to photoelectron in the
form of kinetic energy. The photoelectron can be described as spherical waves
propagating from the absorber atoms. If the other atoms are located in the vicinity of
the absorber atoms, the photoelectron is scattered by the neighboring atoms and then
return to the absorber atoms contribute to the EXAFS signal (Groot et al., 1994; Hench
and West, 1990). The incoming and the scattered waves may interfere, as indicated in
Figure 2.8. Each atom at the same radial distance from the absorber contributes to the
same component of the EXAFS signal. This group of the atoms is called a shell. The
distance between the absorber and the backscattering atom affects the phase of the

EXAFS signal, which changes with the wavelength of the photoelectron. The type of
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atom that backscatters determine the change in backscattering strength as a function of
photoelectron energy. As a result, EXAFS provides data on the atomic surrounds of the
central atom. In the EXAFS measurement, above a certain absorption edge, the
oscillatory portion of the X-ray absorption spectrum is studied. Therefore, an

experimental EXAFS function can be defined by

X(E) = [W(E) — uo(ED]/Dpo (E) (2.24)

wave vector of
photoelectron
_[2m

k= W7 (E — &)

photoelectron
wave

constructive destructive
interference

Figure 2.8 Interference of outgoing and backscattered photoelectron wave responsible
for XAFS oscillation. E = A is the incoming photon energy. (Hippert et al., 2006).
where pu, is the background absorption coefficient, Au, (E) is the

absorptionedge jump, and k is the photoelectron wave number, given by k =

\/ 2m,(E — E,) /h? with m, is the electron mass and E is the edge energy. After that,
x (k) is obtained from the measured absorption coefficient u(E). Also, the E, is the
energy at the first maximum of the derivative of u(E) at the Ti K-edge (G. Bunker,
2010). According to Fermi-Golden rule Eq. (2.4), the final state will be affected by the

neighboring atom because the photo-electron will be able to see it. If we separate | f )
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into two state, one that is the “bare atom” portion (|f,)), and one that is the effect of the

neighboring atom (|Af)) as

1) = 1fo) + |1Af) (2.25)
Therefore
o o (f(€i)”
H(E) o |i{é) fol*[1 + (l(e}Af)W +C.C] (2.26)

where C.C. means complex conjugate. Comparison Eg. (2.25) and (2.26), we can now
assign u(E,) = |i{é)f,|? as the “bare atom absorption”, which depends on the

absorbing atom only. Therefore, the signal of EXAFS will be proportion as

X(E) a(i{)Af) (2.27)

We can consider (at least roughly) an integral equation easily (at least roughly).
The interaction term H is probably the most complicate part, which represents the
process of changing between two energy, momentum states. In quantum radiation
theory, the interaction term needed is the p-A term, where A is the quantized vector
potential (the A-A term, but this does not contribute to absorption). Therefore, it can be
reduced to a term that is proportional to e~ Theinitial state is a tightly bound core-
level, which we can be approximated by delta function. Finally, the change in final state

is the wave-function of the scattered photo-electron, @cq¢: (7).

XE) @ [ drme™ g () (2.28)

However, r = 0

X(E) & 9scare (0) (2.29)



22

The wave-function of the scattered photo-electron can consider from the spherical wave

electron move out from absorber atoms and expression as

. . 3
Pbackscart(k, ) = (fieff(k)elkmi_rlelwi(k)_f))ﬂRi - r|)_1 (2.30)
where fieff(k) is the scattering amplitude and the term 6;(k) —g is phase shift of

photoelectron after scattering from neighbor atoms. Therefore, the total photoelectron

wave scattering obtains by

Pscatt (k; T) =@y (k, T') " Ppackscatt (k: T)

_ fieff(k)eziklRi—rH(éi(k)—g (R =772 (2.31)

The scattering at absorber atom r = 0, the real part of Eq. (2.31) is

Pscart (1) = 7 (J)sin[skR + 8;(k)]R 2 (2.32)
However, we neglect the effect of the thermal and static disorder in the bond distances

will give a range of distances that will affect the XAFS is e~2k*7* where is the Debye-
Waller (DW) factor which is caused by thermal vibration in subject of the heat capacity,

is written as

hZ
2kpMROE

o2(T) = coth(Z (2.33)

Where kg is the Boltzmann constant, is reduce mass of scattering atoms and is the
Einstein temperature.

Moreover, we still neglect the effect of the lifetime of excited photoelectron and
core hole. Because in order for backscattering wave to interfere with outgoing wave the

two must be coherent as
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e (k) (2.34)

However, real systems usually have more than one type of neighboring atom
around a particular absorbing atom. This is easily accommodated in the XAFS
formalism, as the measured XAFS will simply be a sum of the contributions from each
scattering atom type (or coordination shell, as it is often called — the terms coordination
sphere and scattering path are also used), In general y(k) , can be expressed by

summation of all path, EXAFS equation is

_ SEN;j | ceff . —-202Kk%2 _—R;/A(K)
x(k) = 2= |77 (k, R | sin[2kR; + @;(k)]e 271" &™) (2.35)

KkR?
where Nj is the degeneracy of path j. Note that Eq. (2.107) includes both single
scattering (SS) and multiple scattering (MS) processes. For a SS path, Nj is simply the
number of chemically identical atoms situated at a given distance Rj from the central

atom. However, y (k) can be a Fourier transform (FT) in R-space and expressed by

fgo kz)((k)w(k)eZikR

2T

dk (2.36)

YR} =
To process and enhance the EXAFS with the high k region, the plot kZy(k) is

considered and windowed using a Hanning window w(k).

2.2  Lithium cobalt oxide

The most viable candidates as a sustainable energy conversion and storage
systems are the rechargeable lithium-ion battery (LIB), which was commercialized by
Sony in the early 1990s. (Jeong, 2011; Nagura, 1990). The LIB is based on a cathode
and an anode, which has the property of reversible insertion and extraction of lithium

ions. Transfer of lithium ions is enabled by the addition of an organic liquid electrolyte
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and a mechanical separator between the anode (negative electrode) and the cathode
(positive electrode). When the lithium ion is inserted and extracted in the cathode and
the anode, electrical energy is generated by electrochemical oxidation and reduction as

shown in Figure 1.1.

Discharge Charge
— Load rm—,

Cathode ;- Anode
0660 . —
’ - '55 5 5 5
LiCoO, ’O‘ ‘O‘ O ‘ ———— Carbon
©0 06 0 2250 8 8 8
PP
o000 e

. Cobalt ® oOxygen (O Lithium

Figure 2.9 Principle of a rechargeable lithium-ion battery. (adapt from Jeong, 2011).

Generally, many researchers prepared LiCoO> by solid-state reaction. However,
owing to insufficient mixing and the low reactivity of the starting materials, calcination
at 850-900 °C for several hours is required to successfully synthesize LiCoO.. LiCoO>
exhibits two forms, a hexagonal structure and a cubic structure, regarding the two types
of LiCoO: as low temperature (LT-LiC00), the cubic form, and high temperature (HT-
LiCo00:>), the hexagonal form, lithium cobalt oxide is not appropriate, considering that
HT-LiCoO; is obtained also at very low temperatures. The hexagonal and cubic
structures are based on the same oxide sublattice, and are distinguished by the spatial
arrangement of cations (Antolini, 2004). It has a hexagonal structure in which the Li**
and Co®" ions are ordered on the alternate (1 1 1) planes of octahedral sites in a nearly
cubic close packed oxygen lattice (Orman, 1984; Dahe ron, 2008). For these reasons,

to study formation of crystallized LiCoO. powders with several temperatures, efforts
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have been learned to investigate solid state reaction and co-precipitation method. The
crystal structure of the complex oxides of the LiCoO, was reviewed by Kellerman
(Kellermann, 2001). The present work deals on the formation, structure and transport

properties of lithium cobalt oxide.

2.3 Cobalt ferrite

Magnetic nanoparticles have attracted much attention in the past decades
because of their potential applications in high density magnetic recording, magnetic
fluids, data storage, solar cells, sensors, and catalysis. Among the magnetic
nanoparticles, cobalt ferrite (CoFe;O4) has been widely studied due to high
electromagnetic performance (Yin, 2004; El-Sayed, 2004), excellent chemical stability,
mechanical hardness, and high cubic magnetocrystalline anisotropy. These properties
make it a promising candidate form any applications in commercial electronics such as
video, audiotapes, high-density digital recording media (Piraux et al., 1994; Giri, 2002),
and magnetic fluids.

The cubic- spinel- structured CoFe2O4 ferrite represents a well- known and
important class of iron oxide materials. The O%" ions form fcc close packing, and the
Co?" and Fe®*" occupy either tetrahedral or octahedral interstitial sites. These two
antiparallel sublattices, which are coupled by superexchange interactions through the
O?% ions, form the ferrimagnetic structure. The ferrite spinel structure is based on a
closed- packed oxygen lattice, in which tetrahedral (called A sites) and octahedral
(called B sites) interstices are occupied by the cations. Spinels with only divalentions
in tetrahedral sites are called normal, while compounds with the divalentions in the

octahedral sites are called inverse. In the inverse spinel structure, all the Co®" ions
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occupy the octahedral sites of lattice structure, half of the Fe** ions also occupy the

same sites and the rest of the Fe3* ions stay in tetrahedral sites (Goldman, 2006).

© 0 ,
Pl R ™
®) I .
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Figure 2.10 Inverse cubic spinel structure. (Houshiar, 2014).

Most of the magnetic properties of CoFe204 ferrite strongly depend on the size
and shape of the nanoparticles, which are closely related to the method of preparation.
Several routes have been used to prepare cobalt ferrite, including the sol-gel method
(Cheng et al., 1996), microemulsion with oil in water micelles, reverse micelles method,
chemical coprecipitation method, combustion reaction method, and forced hydrolysis
in a polyol medium. However, most of these methods cannot be economically applied
on a large scale because they require expensive and often toxic reagents, complicated
synthetic steps, high reaction temperatures, and long reaction times. This not only
results in waste of energy but also harms our environment. As is well known, the
chemical coprecipitation method is usually used to synthesize magnetic oxides due to

its simplicity and good control of grain size. However, in previous reports it was always
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observed that there exist some undesirable intermediate phases, which led to poor
magnetic properties and irregular shape for the derived CoFe Q04 ferrite particles.
Single-phase highly monodisperse CoFe2O4 ferrite nanoparticles with relatively
homogeneous size can be prepared by means of a modified chemical coprecipitation
method (Zhenfa, 2009).

Recently, researchers have found that CoFe>O4 have been studied as oxygen
carriers for the Chemical Loop Reforming (CLR) of ethanol. By using in X-ray
absorption spectroscopy followed in real time the chemical and structural changes that

take place on the materials as a function of temperature and reactive atmosphere (i.e.,

ethanol/ water streams). The cations in tetrahedral sites of the spinel structure show a
higher reducibility with the respect of octahedral ones, independently from their
chemical nature. The reduction of the spinel structure leads to the formation of a wistite
phase and of FeCo metal alloys. Conversely, considering the ratio between reduced
phases (wustite and metal alloy), the chemical nature of the cation plays an important
role. However, the mechanism has not yet been clarified and, moreover, the temperature
dependent local structure and the activation energy are left an open question. Thus, an

investigation of the exact local structure of CoFe204 has been extensively studies.
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CHAPTER Il

RESEARCH METHODOLOGY

This chapter describes the methodology for conducting experiments during the
course of this thesis work. Materials presparations and principle of materials
characterizations will be explained. However, the development of an in situ cell for
XAS measurements, which is one of the main parts of this work, is given in the next

separated chapter.

31 Materials preparation

3.1.1 Ferrous oxide

Iron oxide (FeO) is the material employed in this study for the commissioning
test of the in-house developed in situ cell for temperature-dependent experiments. This
is due to the fact that Fe could co-exist in different oxidation states and it is easily access
with low-cost. Moreover, iron oxide have been used in many different applications, e.g.
iron oxide pigments are frequently used in paints, coatings, construction materials,
plastics, paper, glass, ceramics, and rubber goods to offer color, concealing power,
and/or reinforcement. Iron oxides are also employed as a source of micronutrient iron
in animal feeds and fertilizers, as well as catalysts in chemical processing. Ferrites
(ceramic magnets) are made from specialized iron oxides with high purity and regulated
homogeneity, which are used in computer memory cores, hi-fi speakers, color TV, and

other electrical and electronic devices. Audio and video tapes and cassettes, as well as
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magnetic printing inks, contain magnetic iron oxide pigments. Magnetic and electronic
applications for iron oxide pigments are the fastest growing uses.

In this work, FeO pellets were synthesized by mixing FeO powder with Boron
Nitride (BN). This is necessary for absorption measurement in a transmission. The
mixed pellets have lower density and, thus, lower X-ray absorption allowing
transmission of X-ray measurements possible. The FeO powder were weighed to the
BN with FeO 50 mg and BN 150 mg shown as Figure 3.1. The pelletizing of the sample
allows the measurements of the elements of interest more efficiently as a sample
preparation for in situ heating cells. The dosage to be used for sample preparation is
determined by the concentration of the substance. If the chemical is high concentrated,
Cellulose, Boron Nitride, and SiO> can be mixed together to dilute it. Due to its low
melting point, Cellulose cannot be combined with samples for in situ heating. The
mixing ratio should be made in varied ratios depending on the concentration of the
sample. A decent value for the sample to check the edge jump should be close to 1.00.
For substances with low concentrations of trace elements it is not necessary to dilute

the pellets of different weights to determine the best value for the edge jump. Different
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pressures and compression times are used for different samples and dilutions; for mixed

samples, Boron Nitride is applied at a pressure of 0.2 ton for 20 seconds.

Figure 3.1 FeO pellet sample.

3.1.2 Lithium cobalt oxide

Due to its high specific capacity, minimal self-discharge, and excellent
cycle life, lithium cobalt oxide (LiCoO) has attracted a lot of attention and interest as
a cathode material in lithium-ion batteries (Plichta et al., 1989; Gibbard, 1989; Nagura
and Tazawa, 1990; Kang et al., 1999; Patridge et al., 2013). This material's crystalline
structure, average particle size, and particle size dispersion are critical for high-
performance rechargeable lithium batteries. Many researchers used a solid-state process
to make LiCoO2. However, to effectively synthesize LiCoO-, calcination at 8350-900°C
for many hours is necessary due to inadequate mixing and the poor reactivity of the
starting components. Typically, LiCoO exhibits two forms, a cubic phase and a

hexagonal phase at low temperature (LT- LiCoO2) and high temperature (HT- LiC00>),
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respectively. The cubic and hexagonal structures are based on the same oxide sub-
lattice, and are distinguished by the spatial arrangement of cations (Antolini, 2004). It
has a hexagonal structure in which the Li*™* and Co®* ions are ordered in the alternate (1
1 1) planes of octahedral sites, nearly cubic close packed oxygen lattice (Orman and
Wiseman, 1984; Dahéron et al., 2008).

In this work, LiCoO, powder was synthesized by using the Co-precipitation
method in ethanol solution with continuous magnetic stirring. Reagent—grade metal
nitrate, LINO3.6H20 (99.0%, Fluka) and Co(NO3)2.6H20 (99.90%, Sigma-Aldrich)
powders were used as raw materials. LINO3.6H20 and Co(NO3)..6H20 were dissolved
in ethanol with mole ratio of 1:1:1. The total mole concentration is 2.1 M and this
solution was referred to as solution A. The 3 M of KOH was dissolved ethanol solution,
which is referred as solution B. 100 mL of solution A was added slowly to 500 mL of
solution B with continuous magnetic stirring at room temperature for 1 h. Finally, the
dark precipitation of precursor was obtained. A solution was separated by centrifugal
separator of 7000 rpm for 10 min and then washed powder with ethanol until free from
nitrate, potassium and hydroxide ions and dried in air.

Several researches have been investigated these materials utilizing solid- state
reaction and co- precipitation as synthesis techniques to understand the production of
crystalline LiCoO, powders as a function of temperature. The crystal structure of the
complex oxides of the LiCoO> was reviewed by Kellerman (Kellermann, 2001) where
the formation, structure and transport properties of lithium cobalt oxide were studied
carefully. In this research work, LiCoO. powders will be studied with both structural
and physical studies by X-ray diffraction (XRD) and scanning electron microscopy

(SEM). These LiCoO2 powders were made using a fairly simple synthesis method using
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solid state reaction and co- precipitation. In addition, synchrotron- based X-ray
absorption spectroscopy (XAS) techniques such as in situ X-ray absorption near edge
structure (in situ XANES) and in situ extended X-ray absorption fine structure (in situ
EXAFS) were used to investigate the existence of cobalt oxidation states and local
structural information around cobalt atoms.
3.1.2 Cobalt ferrite
Investigating the formation of local structure on magnetic properties of
temperature has recently gained a great deal of attention. In this regard, it is usually not
possible to maintain magnetic properties upon increasing temperature within high
temperature. The vast application of nano ferrites in; permanentmagnets, ferrofluids,
storage devices, targeted drug delivery and otheruses, has attracted much attention in
their way of synthesizing these nano materials. CoFe;O4 is awell-known hard magnetic
material with high coercivity (H¢) and moderate magnetization (Ms). The seproperties,
along with their great physical and chemical stability, make CoFe2O4 nanoparticles
suitable for magnetic recording applications such as audio and videotape, highdensity
digita recording disks, etc. The ferrite spinel structure is based on a closed-packed
oxygen lattice, in which tetrahedral (called A sites) and octahedral (called B sites)
interstices are occupied by the cations. Spinels with only divalentions in tetrahedral
sites are called normal, while compounds with the divalentions in the octahedral sites
are called inverse. In the inverse spinel structure, all the Co** ions occupy the octahedral
sites of lattice structure, half of the Fe** ions also occupy the same sites and the rest of
the Fe** ions stay in tetrahedral sites.
In this work, the synthesis of cobalt ferrite was done with readily accessible

chemicals. Sigma Aldrich provided all of the ingredients, including the metal salts
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CoClz-6H.0 and FeCls-6H20, starch, and ethanol. All of the chemicals purchased were

analytical grade, and they were utilized just as they were received, with no additional
purification. Using stoichiometric ratios of metal chlorides as precursors, water as a
solvent, and potato starch as a surfactant, CoFe>O4 was produced via co-precipitation.
In a typical synthesis, 10 mmol of CoCl; - 6H20, 20 mmol of FeCls - 6H.0 and 1.0 g
of potato starch were dissolved in 150 ml of de-ionized water and magnetically stirred
for 1 h about at 600 rpm at room temperature. The precipitating agent, 50 ml of 3M
NaOH aqueous solution, was then added drop by drop until the pH rose above 11, at
which point the metal hydroxides began to precipitate. The mixture was heated to 90°C,
then refluxed for 2 hours at this temperature with continuous magnetic stirring (about
500 rpm). The reaction mixture was allowed to cool to room temperature naturally
before being transferred to a 30mL centrifuge tube with de-ionized water. To isolate
the supernatant liquid, the de-emulsified mixture was centrifuged at about 5500 rpm for
20 minutes. To remove the salt content, the precipitate was washed four times with de-
ionized water and twice with ethanol, centrifuged, and then dried at 90°C for 12 hours
in a hot air oven to remove the surplus ethanol and water. Further, the obtained co-
precipitation product was annealed different; 400°C, 600°C, 800°C, and 800°C for 6 h

in air.

3.2 Materials Characterizations

3.2.1 Xray diffraction
X-ray diffraction technique is a non-destructive sample used to analyze the

phases of the crystal structure, the arrangement of atoms in the molecules of various
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compounds, and the composition of the elements which can identify the crystals
structure and crystalline size of material. However, amorphous materials cannot be
measured using X-ray diffraction since the fundamental concept of X-ray diffraction
considers X-ray reflection on each crystal plan. As illustrated in Figure 3.2. The X-ray
beam'’s wave nature produces reflection and a route difference between two plans equal
to the wavelength of the X-ray beam. The Bragg's law determines the relationship

between d-spacing, the angle of the X-ray beam, and the wavelength of the X-ray, as

ni

R 3.1
i 2sinf @D

where d stands for the distance between consecutive atomic plans, also known
as "d-spacing", 0is the X-ray beam's angle, n stands for the diffracted beam's order and

the wavelength of the incident X-ray beam is represented by 4.

Incident X-rays Diffracted X-rays
with a wavelength of A coherent scattering (A)
from lattice planes A and B

Figure 3.2 Schematic representation of X-ray diffraction from parallel planes.
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X-ray source sample

Figure 3.3 Schematic drawing of XRD measurement setup.

In this technique, the sample material is rotated by an angle 6, while the X-ray
detector is moved by an angle of 20 to achieve diffraction in accordance with Bragg's
law as shown in Figure 3.3. The Bragg condition can be satisfied for any set of planes
whose spacing is greater than half the wavelength of the X-ray used (if d < A/2, then
sin(0) > 1, which is impossible). This condition sets a limit on how many orders of
diffracted waves can be obtained from a given crystal using an X-ray beam of a given
wavelength. Since the crystal pattern repeats in three dimensions, forming a three-
dimensional diffraction grating, three integers, denoted (h k I) are required to describe
the order of the diffracted waves. The Miller indices, which are used in crystallography
to represent the orientation of the reflecting sheets with respect to the unit cell and the
path difference in units of wavelength between identical reflecting sheets, are defined
as these three integers.

An X-ray diffractometer is used to perform the X-ray diffraction method. The

following are the key elements of an X-ray diffractometer (Fultz and Howe, 2008):
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e An X-ray sourceX-ray, usually a sealed X-ray tube
e A goniometer, which provides precise mechanical motions of the sample
and detector
e Specimen and detector
e An X-ray detector
e Electronics for counting detector pulses in synchronization with the
positions of the goniometer
The Debye- Scherrer Method, Laue Method, Rotating Crystal Method, and 6-
20 diffractometer Method are four practical techniques for observing diffractions and
producing diffraction measurements. All of this is done to ensure that Bragg's law is
followed. The schematic diagram of 6-260 X-ray diffractometer used in this work
(Rigaku SmartLab equipped with Cu K, sealed tube, wave length 1.5418 A) is shown
in Figures 3.4 and 3.5. The 0-26 diffractometer is used for diffraction measurements of
unfixed horizontal sample. For this purpose, sample will be rotated to 6 and X-ray
detector moved to 26. The diffraction angle follows the Bragg’s equation (3.1)). In this
thesis work, room temperature XRD data was collected in the 26 scan range of 10-60°

with step size of 0.02° and scanning rate of 2.5° per minute.
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Figure 3.4 X-ray diffraction experiment schematic drawing. [adapted from (Smith,

1993).
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Figure 3.5 Schematic representation of X-ray diffractometer Rigaku SmartLab. (K.

Inaba et al., 1994).
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3.2.2 Scanning electron microscope

The scanning electron microscope (SEM) is an important electron microscope
that generates a variety of signals at the surface of solid objects using a concentrated
beam of high-energy electrons. The signals produced by the interaction of a focused
beam of high-energy electrons with the atoms of the target sample reveal information
about the sample's external morphology (texture), chemical composition, and
crystalline structure and orientation of the materials that make up the sample, among
other things (Brandon and Kaplan, 1999).

Figure 3.6 shows a schematic representation of a scanning electron microscope.
In an electron column above the sample chamber, the SEM creates a stream of incoming
electrons. A thermal emission source, such as a heated tungsten filament, or a field
emission cathode create the electrons. Depending on the evaluation objectives, the
incident electrons' energy can range from 100 eV to 30 keV. A set of electromagnetic
lenses in the SEM column concentrate the electrons into a narrow beam. The
concentrated beam is directed and positioned onto the sample surface by scanning coils
towards the end of the column. For imaging, the electron beam is scanned in a raster
pattern across the surface. For X-ray analysis, the beam can be concentrated at a single
spot or scanned along a line. The beam may be focused down to a probe diameter of
roughly 10 microns. A huge number of signals are created when the electron beam
impacts a specimen. Secondary electrons, backscattered electrons, characteristic X-ray,
cathodoluminescence, and transmitted electrons are all examples of these signals, as

illustrated in Figure 3.8.
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Figure 3.6 Principles schematic illustration of SEM. (JEOL, Ltd., 1989).
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In SEM, there are four major signals to employ:

1) Secondary electrons (SE) are expelled lower-energy electrons that can be
produced by inelastic collisions with the nucleus that result in significant energy loss
or by the ejection of loosely bound electrons from sample atoms. Secondary electrons
have an energy of 50 eV or less. The number of electrons that reach the secondary
electron detector from any location on the scanned surface is influenced by the
topography of surface characteristics. The visual contrast that shows the surface
morphology is created by this local change in electron intensity. For a tungsten-filament
electron source SEM, the secondary electron image resolution for an ideal sample is
around 3.5 nm, or 1.5 nm for field emission SE.

2) Backscattered electrons are high-energy electrons that are expelled when an
incoming electron collides with the nucleus of a sample atom in an elastic collision.
Surface topography is not as precisely resolved as secondary electron imaging because
high- energy electrons can escape from far deeper than secondary electrons.
Backscattered electron generation efficiency is related to the mean atomic number of
the sample material, resulting in picture contrast as a function of composition, with
greater atomic number material appearing brighter than lower atomic number material
in a backscattered electron image. Backscattered electron imaging has a resolution of
around 5.5 nm.

3) When the electron beam interacts with the inner shell electrons of the
specimen atoms by inelastic scattering with enough energy to excite inner shell
electrons to outer shell orbitals, leaving inner-shell vacancies, characteristic X-rays are
produced. As outer-shell electrons fall into different inner-shell orbitals, different

quantities of energy are produced depending on the target element and the kind of
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orbital decay. These distinct X-rays are utilized to identify the component and count
the numerous components present in the sample.

4) Cathodoluminescence (CL), the emission of light when atoms excited by
high-energy electrons come back to their ground state. In the SEM, CL detectors either
collect all light emitted by the specimen, or can analyze the wavelengths emitted by the
specimen and display an emission spectrum or an image of the distribution of
cathodoluminescence emitted by the specimen in real colour.

To create an SEM image, the incident electron beam is scanned in a raster
pattern across the sample's surface. The emitted electrons are detected for each position
in the scanned area by an electron detector. The intensity of the emitted electron signal
is displayed as brightness on a cathode ray tube (CRT). By synchronizing the CRT scan
to that of the scan of the incident electron beam, the CRT display represents the
morphology of the sample surface area scanned by the beam. Magnification of the CRT
image is the ratio of the image display size to the sample area scanned by the electron
beam. Two electron detector types are predominantly used for SEM imaging.
Scintillator type detectors (Everhart-Thornley) are used for secondary electron imaging.
This detector is charged with a positive voltage to attract electrons to the detector for
improved signal to noise ratio. Detectors for backscattered electrons can be scintillator
types or a solid-state detector. The SEM column and sample chamber are at a moderate
vacuum to allow the electrons to travel freely from the electron beam source to the
sample and then to the detectors. High-resolution imaging is done with the chamber at
higher vacuum, typically from 10 to 10"" Torr. Imaging of nonconductive, volatile,

and vacuum- sensitive samples can be performed at higher pressures.
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The analytical technique of energy dispersive X-ray spectroscopy (EDS) is used
to detect and quantify elemental compositions in a very tiny sample of material. The
scanning electron microscope has EDS as a standard feature. The surface under
examination is blasted with an electron beam when a SEM picture is taken. Figure 3.8
shows a schematic of the EDS system. The bombardment of electrons leads atoms to
excite, resulting in the release of surplus energy in the form of X-ray. Some electrons
are taken from the atoms on the sample surface when the sample surface is blasted by
an electron beam. As a result, holes in the electron shell must be supplied by electrons
from a higher shell. As a result, to balance the energy difference between the two
electrons, an X-ray is produced. The quantity of energy released is dependent on the
atoms it excites, creating different peaks in the energy spectrum depending on the
material's composition. EDS is a qualitative and quantitative composition diagnostics
technique because the intensities or regions of the different peaks of a given spectrum

are proportional to the concentration of that specific element.
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Figure 3.8 Schematic diagram of an EDS.
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3.2.3 X-ray Absorption Spectroscopy

3.3.3.1 X-ray Absorption Spectroscopy Experimental setup

Due to the high intensity and energy alterable competence of produced
X-ray photons, as well as the ability to acquire a continuous absorption spectra across
a wide energy range, X-ray absorption spectroscopy is typically performed at a
synchrotron radiation source. As illustrated schematically in Figure 3.9, there are three
types of X-ray absorption measurements: transmission-mode XAS, fluorescence-mode

XAS, and electron-yield XAS.
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Figure 3.9 Transmission mode, fluorescence mode, and electron yield are the three

modalities of XAS measurement. [adapted from (Kawai, 2000).

In transmission mode XAS, the intensities of incident X-ray photon beam (o)
and transmitted X-ray photon beam (1) are measured by ionization chambers after the

energy of X-ray photons is altered by X-ray double crystals monochromator, as
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illustrated in Figure 10. We make sure the X-ray photon beam is accurately positioned
on the sample in this mode. Figure shows the experimental setup of the XAS

experimental station at the XAS beam line, Siam Photon Laboratory, SLRI.
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Figure 3.10 Schematic illustration of the experimental setup of transmission-mode

X-ray absorption spectroscopy. (Jutimoosik, 2010).
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Figure 3.11 Transmission- mode X-ray absorption spectroscopy experimental setup

diagram.
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The absorption coefficient may also be measured using the fluorescence mode
and the electron yield, in addition to the transmission mode. When an X-ray photon
knocks out an electron from the inner shell, an electron from a higher energy level
cascades down to fill up the hole, discharging energy as radiation. The discharged
energy X-ray photon is emitted, as shown in Figure 12(a), and the fluorescence X-ray
may be observed. De-excitation can also induce the Auger effect, in which one electron
is reduced to a lower energy level, while a second electron is stimulated to the
continuum state and perhaps escapes the sample, as illustrated in Figure 12(b), where
it can be detected with electron-yield XAS detectors.

We measure the intensities of the incident X-ray photon beam and the
fluorescence X-ray that is produced after the X-ray absorption in fluorescence mode.
The fluorescence detector is generally positioned in the horizontal plane at 90° to the
incident X-ray photon beam, with the sample at an angle (commonly 45°) to the beam.
Because fluctuations in the quantity of elastically scattered X-rays are a substantial
source of noise in fluorescence XAS, the detector's location is chosen to reduce
elastically scattered radiation by utilizing the X-ray beam's polarization. In the instance
of electron yield, we count the electrons released from the sample's surface. The method
is surface- sensitive due to the short route length (1000 A), which might be
advantageous if one is interested in near-surface events. It can also help prevent the

»self- absorption” phenomenon that happens in fluorescence mode. Both modes,

however, are instantaneously identical to the sample's absorption capabilities. As a
result, the three approaches may be changed to examine the structure of a material

utilizing the sample's absorption ability.
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Figure 3.12 The excited state (a) X-ray fluorescence and (b) the Auger effect. [adapted

from (Koningsberger and Prins, 1988)].

3.3.3.2 X-ray absorption spectrum calculation

The main theoretical computations in this thesis are performed using the
FEFF 8.2 code. The FEFF (feff) project, developed by the Department of Physics at the
University of Washington in Seattle, USA, uses this code to compute X-ray absorption.

Apart from XAS spectra calculation, FEFF code can also calculate X-ray natural
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circular dichroism (XNCD), spin-dependent calculations of X-ray magnetic dichroism
(XMCD), nonresonent X-ray emission (XES) and electronic structure including local
densities of states (LDOS). FEFF code is written in ANSI FORTRAN 77 with principle
investigator John J. Rehr and co-principle investigator Alexei L. Ankudinov (Rehr and
Albers, 2000).

FEFF is a self-consistent real-space multiple-scattering (RSMS) algorithm for
calculating X-ray absorption spectra and electronic structure simultaneously. As
illustrated in Figure 13, the input file “feff.inp” may be generated directly from ATOMS

code using “atoms.inp.”.

File Edit Format View Help
## This Atoms file was generated by Demeter 8.9.26
## Demeter written by and copyright (c) Bruce Ravel, 2086-2018

title = LiCo02

space = P 1

a = 2.84298 b = 2.84298 c = 14.14562
alpha = 90@.00880 beta = 908.00088 gamma = 128.00008

rmax 4.26435 core = (Co3
polarization = 8.8 9.2 0.9

shift = 0.0eoeo 8.80000 g.000e0

atoms

# el. X y z tag
Li 0.00000 0.00e08 0.eocee  Lie
Li 8.66667 8.33333 @8.33333 Li1
Li 8.33333 8.66667 8.66667 Li2
Co @.33333 8.66667 @8.16667 Co3
Co 8.80000 8.00008 8.5008e Cod
Co 8.66667 @.33333 @.83333 Co5
0 8.80a00 8.8ceee @8.23959 06
0 8.66667 @.33333 @8.89375 07
0 8.66667 8.33333 @.57292 08
0 8.33333 8.66667 6.42798 09
0 @.33333 8.66667 @.9e025 010
0 8.80000 8.e00ee @.76041 011

Figure 3.13 Detail of an atoms. inp input file to generate “ feff. inp” for FEFF

calculation.

The input file “feff.inp,” which is displayed in Figure 13, can be modified to
specify the appropriate commands, parameters, and atomic locations for FEFF- XAS

spectrum computations. This file provides information such as the input file's generator
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and the number of atoms included in the cluster. The next sections go through how to
allocate the steps of a computation using various cards. In the next section, the types of
atomic potentials and specified atomic symbols are discussed, followed by the positions
of the generated atoms in the system, with the center atom at (0,0,0) in (X.,y,2)
coordination.

TITLE LiCo02

HOLE 1 1.8 * FYI: (Co K edge @ 7789 eV, 2nd number is SB"2)
= mphase,mpath,mfeff,mchi

CONTROL 1 1 1 1

PRINT 1 @ 8 @

RMAX 5.8

* POLARIZATION ©.8 8.8 0.8

POTENTIALS
* ipot il tag
a 27 Co
1 3 Li
2 27 Co
3 8 0
ATOMS * this list contains 33 atoms
= X ¥ z ipot tag distance
8.ee00e g.e0e0e @.00800 © Co3 @.eee08
@.82069 1.421432 -1.8315¢ 3 07.1 1.93855
-1.64133 -8.06003 -1.8315¢ 3 07.1 1.93855
-8.82067 1.42143 1.9315¢ 3 06.1 1.93855
1.64136 -8. 86001 1.83158¢ 3 06.1 1.93857
-8.82067 -1.42146 1.8315¢ 3 06.1 1.932857
@.82069 -1.42148 -1.8315%¢ 3 07.1 1.93859
2.46202 1.42145 g.0e800 2 Co3.1 2.84298
-2.46202 1.42145 6.00800 2 Co3.1 2.84298
8.06e0e 2.84298 @.000e0 2 Co3.1 2.84299
2.46202 -1.42145 g.0e800 2 Co3.1 2.84299
-2.46202 -1.42145 g.ee800 2 Co3.1 2.84298
8.e6000 -2.8429¢ g.ee800 2 Co3.1 2.84298
@.82069 1.421432 2.35751 1 Llil1.1 2.87268
-1.64133 -B.068083 2.35751 1 Llil1.1 2.87268
@.82069 -1.42148 2.35751 1 Llil1.1 2.87263
-8.82067 1.42143 -2.35765 1 Llig.1 2.87271
1.64136 -8.88001 -2.35765 1 Llie.l 2.87273

Figure 3.14 Detail of a “feff.inp” input file of LiCoO> with Co as center atom for FEFF

calculation.
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CHAPTER IV

DEVELOPMENT OF in situ XAS HEATING CELL

The in situ XAS is an advanced technique for real-time investigations of
reaction changes at different temperatures to obtain the structure and chemical
characteristics of semiconductors, polymer and magnetic materials, as well as to track
changes during chemical reactions and interactions (An, 2014). Before this work,
simple in situ XAS in high-temperature environments experiemntscould not be
performed at the BL5.2 of SLRI. The existing system was too complicated and, thus,
inconvenient to use. More importanly, it took a long time to install and to change
samples, preventing the experiments, often, to be completed within the allocated beam
ttime. Therefore, in this work, a simple in situ XAS cell was developed to fulfill the
above-mentioned missing requirements. This chapter describes the design concepts and
detailed technical specifications of the the in situ cell developed during the course of

this work.

4.1 Descriptions of in situ cell

In this work, the in situ cell is designed for XAS measurements in a transmission
mode of measurement. The cell allows the samples for XAS measurements to be in an
abient atmosphere. The cell was designed for XAS meaurements of samples heated up
to 1000°C under an inert atmosphere or specials gas of interest (Hz, N2 and O2) which
flow rate range from 1 to 100 ml/min. The temperature can be controlled to be a linear

or step changes patterns.
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The drawings of of the developed in situ XAS cell are shown in Figure 4.1. The
cell consists of three pasts: (1) the stainless steel (AlISI304) chamber (2) heater and
temperature controller and (3) sample holder. Cylindrical shape of the cell was adopted
for an ease of fabrication using existing stainless-steel tube available at SLRI. The
diameter of the tube is 260 mm. The total length of the cell, or the length required for
the installation in the measurement system, is 421 mm. Both ends of the the AIS304
cyclindical chamber is welded with 20-mm stailess-steel tubes ended with KF40DN
flanges, acting as the entry and exit port for X-rays, for connecting to the ionization
chamers of the XAS measuring set up. Proper window materials, such as prolypropylin,
are used to isolate the atmosphere in the cell from the ionization chambers. The 20-mm
stailess tube of the entry and exit ports are water-cooled to maintain the KF40DN
falnges to be at room temperature. The CF70 port on top of the chamber was designed
for mounting the sample holder. The chamber is divided into two part, top and bottom
sections. The top section can be opened to access the internal part. The chamber is
equipped with with adjustable support legs to attach with the supporting table and level
with the synchrotron beamline. Table 4.1 provides the information of the positions and
materials used in fabricating the in situ cells.

In designing the heat shielding system, the reducing the beam path length and
cell size was taken into account. Inside the cell, there is a heating area along the beam
direction of about 150 mm. Ceramic blocks with thickness of 80 mm were used as heat
insulator, installed as shown in Figure 4.1. More detailed information of heating

elements and thermocouples used for in this cell is given in the next section.



56

85.50

Scale: mm
Figure 4.1 Schematic drawing of the in situ cell.
Table 4.1 The components of the in situ cell.
Position Description Material
1 Base AlSI304
2 Side plate AISI304
3 Lower ceramic Ceramic
4 Top ceramic Ceramic
5 Top cover AIlSI1304
6 CF70 Bored AlSI304
7 Entry-exit tube AISI304
8 Arm hold AISI304
9 KF40DN Weld Flange AlSI304
10 Cooling Tube AISI304
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Two different types of sample holder were developed depending XAS
measurement requirements. When on gas flow is required, samples could be mount on
a simply sample holder, as shown in Figure 4.2, inserting from the top of the cell. This
sample holder is attached on one end of the insulating ceramic which welded to the
CF70 flange. The sample holder is made of high-temperature-resistant stainless steel

with dimensions of 30x42x15 mm?,

Figure 4.2 The drawing of the sample holder.



Table 4.2 The components of the sample holder.
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Position Description Material
1 Body AISI310
2 Gas ring AISI310
3 Entry-exit gas AISI304
4 Insulation Ceramic
5 Lid lock a sample AISI304
6 CF70 Flange AISI304
7 Pin AISI310
8 Washer AISI310

However, when gas flow is required during XAS measurements, the samples are

loaded in a small boat inserting into a special gartz chamber, as shown in Figure 4.3.

This sample chamber is made of a quartz tube with diameter of 20 mm. Both ends of

the quartz tube are mounted to vacuum fittings made of stainless steel to allow this parts

to connect to the XAS measurement system. There are gas-inlet and -outlet ports. The

total lebgth of this sample chamber is 550 mm.
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550

Figure 4.3 Schematic of a quartz tube system fixes samples that supply flow gas.

Table 4.3 The components of the quartz glass.

Position Description Material
1 Quartz glass Quartz
2 O Ring ID: 15 Thickness: 3 Rubber
3 O Ring ID: 18 Thickness: 2 Rubber
4 Nuts and bolts M4 Stainless steel
5 Nuts and bolts M3 Stainless steel
6 Film PP film
7 Tapped Fixed Bored CF Al
8 Body Al
9 Tapped Fixed Bored CF Al
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4.2 Heater and temperature controller

Electric heating materials are chosen based on their inherent resistance to
current flow in order to generate heat. It is noted that the copper wire does not create
enough heat when carrying electricity due to its low resistance. As a result, to be used
as an electric heating element, a of wire, rod, strip or ribbon shall be employed for this
application. Thus, the alloy for using as a heating element for this work should have the
following characteristics:

e Small cross-sectional area with suffucuently high electric resistance.

e High ductility and strength at the operating temperatures.

e Low-temperature coefficient in electric resistance to avoid large variations in
resistance at at room temperature up to operating temperature.

e Excellent resistance to oxidation in air while moderate processes.

e The alloy can withstand higher temperatures than our operating temperatures.

e Possibility of being molded into the desired shape and suitable working.

From the above requirement, nichrome resistance heating wire is selected for
the heating element of the in situ cell. This wire can withstand temperatures of up to
1400°C and has good oxidation resistance, high melting point stability and low
elongation when heated. The heater assembly of the cell is shown in Figure 4.4.
Ceramic was selected as an insulator that can withstand high temperatures. It is a good
thermal insulator. It, does not expand greatly when heated and, more importantly, could
be purchased with low price. Inside the cell, there is a heating area of about 150 mm

which is covered with 80 mm thick insulating ceramic and covered stainless steel.
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Figure 4.5 Temperature controller and Cooling systems.

Temperature Controllers are microprocessor-based program controllers which

store a maximum of 16 patterns and are the ideal instrument for measuring temperature



62

and logging temperature data. It has an LED display with operating status indicators
and a short-circuit alarm. It can supply power for the heater up to 1000°C with a power
rate of 1.2kW, with the temperature increasing rate of 1°C/min. The maximum
temperature can be obtained within 30 minutes. A type K thermocouple, also referred
to as Chromel-Alumel, is used for this work due to the fact that it exhibits high accuracy,
fast response, and wide temperature measurement range and, more importantly, is

suitable for medium to high-temperature measurement applications.

4.3 Temperature testing of in situ heating cell

The most important issue for commissioning of the heating element of the cell
IS to ensure that the water cooling is suffcient and that the heat causes no harm to the
overall XAS measurement system. Temperature checks were conducted at various
heating cell positions While maintaining the temperature at 1000 °C for 3 hours. It is
noted cooling fans were installed at various parts of the heating cell to remove the heat
out from the system. The preocedures for testing the heating cell may be summarized

as the follows:
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Figure 4.6 The thermocouples were placed at important positions of the in situ cell.
At the start, the temperature of the cell was at room temperature (25 °C). The

controller was set to increase the temperature up to 1000 °C, which took 30 minutes.

The sample was held at 1000 °C for 3 hours, and then the temperature of the sample

was lowered to room temperature of 25 °C, as schematically shown as Figure 4.7.

1000 °C

30 min shr. cooldown
25 OC 25 OC

Figure 4.7 Schematic diagram showing temperature cycle of the in situ cell.



64

Figure 4.8 Set up for testing the in situ cell with cooling equipment installed.

During 3-hour maintaining the temperature of the sampleat 1000 °C, the
temperature at various positions of the furnace were recoded every 10 minutes for safety
inspection. The data of the temperature at different positions, indicated in Figure 4.9,
are plotted in Figure 4.10(a). The temperature at the entry port of the X-ray was found
to be below 30 °C, and at the exit port of the X-ray is about 60 °C. This allows the in
situ cell to be connected to the rest of photocurrent measurement chambers, lo and Iy,
without difficulties. It is noted that polypropylene (PP) windows are used at both the
entry and exit port of the in situ cell. The temperature below 60 °C. Will cause no harm
to the windows. There is a slight discrepancy of the temperature at the sample holder
and at the display of the controller, about 10 °C. This difference may be caused by the

position of the thermocouple providing the input signal to the controller.
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Figure 4.9 Temperature studies diagram for various parts of the heating cell.
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Figure 4.10 (a) The temperature at different positions of the heating cell (b) sample

and control.

4.4 Installation of in situ heating cell at BL5.2 of SLRI

(b)
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After verifying that the temperature at the entry- and exit-ports of the in situ

heating cell was below 60 °C, connecting the cell into the existing XAS measurement
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system can be done without concerning the heat that might cause the damage to the
polypropylin windows. The alignment of the in situ cell can be done with ease. After
connecting the cell in between the I, and I; chambers with polypropylin windows as
vacuum isolation, the X-ray beam was checked with by using burning paper at the
sample holder and the end of the system (the end flange). The in situ cell was

successfully installed and tested at BL5.2 beamline at SLRI, as shown in Figure 4.11.

Figure 4.11 Photo of the in situ heating cell installed at the XAS station at BL5.2

beamline at SLRI.
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CHAPTER V

RESULTS AND DISCUSSION

The in situ cell, developed in during the course of this work, was used for real-
time XAS measurements at the BL5.2 at SLRI. FeO pellet and LiCoO, powder were
the materials for these commissioning test. The temperature-dependent measurement
XAS results (XANES and EXAFS spectra), as well as data analyses, are presented in

this chapter.

5.1 Insitu XAS study for temperature dependent of FeO

Iron (Fe) in iron compounds have different oxidation states, and thus different
local structures. Thus, it is the element of choice for this temperature dependent XAS
experiment. The XAS experiments of FeO were carried out at BL5.2 of SLRI to
examine the local structure at temperatures ranging from room temperature to 1000 °C.
During XAS measurements, the transitions of electrons from the K level (1s electrons)
to allowed energy levels/bands near (below and above) the vacuum level were recorded.
The spectra of the transitions were collected with scanning of X-ray photon energy
around the K-edge and an energy step of 0.20 eV. The spectra provide the information
of the absorption coefficient near the K-edge. This measurement technique is known as
X-ray Absorption Near- Edge Structure (XANES) spectroscopic technique. Data
reduction of the XANES spectra could be processed by the ATHENA software.

The normalized Fe K-edge XANES spectra of FeO pellet taken at different

temperaturesare shown in Figure 5.1. The XANES sprectrum of Fe>O3 was also taken
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and shown in the figure for comparison. The XANES spectra taken at room temperature
to 400 °C show similar features with a gradual shift in the absorption edge towards
higher photon energy. At 500, the changes in the features of the XANES spectrum
above the absorption edge becomes obvious. The changes pattern leads to the features
of the XANES spectra of FeO taken above 500 °C. These changes reflect the changes

in the local structure around absorbing atoms.

Normalized Absorption (arb. unit)

7100 7120 7140 7160 7180 7200
Energy (eV)

Figure 5.1 Normalized X-ray absorption Fe K-edge spectra of FeO pellet.

The shift of the absorption edge towards higher excitation energy, as shown in
Figure 5.1, indicates the change in the oxidation state of the absorbing Fe atoms. This
changein the in situ XANES of FeO in the Fe K-edge taken at room temperature to
1000 °C shows that the oxidation state of Fe increases 2+ to 3+ with temperature. It is
noted that the XANES spectra are averaged over many absorbing Fe atoms. Thus, the
gradual shift in the absorption edge is resulted from the gradual increase of Fe*" with

increasing temperature. Quantitative analysis of the valence states of Fe was performed
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using the empirical edge-shift calculation making comparisons to a known standard
samples (FeO and Fe203). The edge value was calculated from the maximum value of
the first derivative of the edge region. The oxidation state of Fe in the sample is

calculated from the following Equation. (5.1) (Boonlakhornl et al., 2014)

_ [3 v AE of sample ] n [2 5 (1 . AE of sample )] (5.1)

AE of Fe?*tand Fe3t AE of Fe?* and Fe3t
It is noted that AE of sample means a difference of edge value of samples
compared with Fe?* (FeO) standard. The calculated oxidation state of Fe at various
temperatures are given in Table 1 and plotted in Figure 5.2. It is obvious that below 200
°C, only Fe** was observed. The oxidation state linearly increases to 2.65+ at 800°C
and remains constant.

Table 5.1 The oxidation states for each temperature calculated by Equation (5.1).

Sample Temperture °C Ey(eV) oxidation state
FeO 25 7119.19 2.00
25 7119.36 2.02
100 7119.36 2.02
200 7119.36 2.02
300 7120.01 2.12
400 7120.47 2.19
FeO + BN 500 7121.38 2.33
600 7122.68 2.52
700 7122.90 2.55
800 7123.53 2.65
900 7123.53 2.65
1000 7123.54 2.65

Fe203 25 7125.92 3.00
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Figure 5.2 The oxidation number of the Fe K-edge has changed as a result of the

calculation.

5.2  Study of phase information in lithium cobalt oxide

5.2.1 Structural and morphological characterizations

The crystal structure and phase evolution of LiCoO; were studied by using an
X-ray diffractometer (XRD; Rigaku SmartLab) with Cu Ka radiation (\ = 1.5418 A).
Room temperature XRD data were collected in the 20 scan range of 20—60° with step
size of 0.02° and scanning rate of 2.5° per minute. Microstructural analyses of the
samples were carried out by using the FEI-Quanta 450 SEM.

The XRD patterns of LiCoO2 powders prepared by co- precipitation method
before and after calcination at different temperatures are shown in Figure 5.3. The

changes of peak patterns indicate that phase formation and highly crystalline of
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powders were transformed by the different calcination temperature conditions. The
XRD of all samples can be indexed to Rhombohedral phase LiCoO; (space group R-
3m) and Orthorhombic phase KNOs phase (space group Pmcn) with database file of
JCPDS card number 75-0532 and JCPDS card no. 00-005-0377, respectively. It
indicates that the prepared powders are two- phase coexistence of LiCoO; and by-
product KNOgz, and no evidence detestable starting materials. Meanwhile, the
increasing of calcination temperature can increase the crystallinity of LiCoOx. It can be
seen that the intensity of crystalline LiCoO2 increased with increasing calcination
temperature. It is noted that the increasing of (003) and (104) peaks confirmed the
increasing of LiCoO2 when increase calcination temperature. This behavior has been
observed for many LiCoO2-based materials (Balandeh and Asgari, 2010; Khatun et al.,

2014)
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Figure 5.3 XRD patterns of LiCoO. powders with various calcination temperatures.
Error! Reference source not found.4 shows scanning electron microscopy
(SEM) and energy-dispersive X-ray (EDS) mapping images for the selected SEM
region of produced powders with varied calcination temperatures to further investigate
the surface morphology of the powders. All SEM images of the samples show a wide
range of particle sizes. Furthermore, powders with lower calcination temperatures have
spherical particles. Furthermore, the higher calcination temperature present slightly
increase cubic- like shape. The EDS method, which is present in distinct colors dot in
EDS mapping, was examined to explain the distribution of each element in the sample
and the elemental compositional information. The existence of O, Co, and N elements

in the acquired sample is confirmed by EDS elemental mapping pictures, demonstrating
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that element atoms were equally distributed. However, because Li is a small atomic

number element, the EDS method could not detect it.

lalolRlg] -

ifco]Efo ] ccvon |§
5

Opm

50pm

Figure 54 SEM images of LiCoO, samples calcined at various calcination

temperatures; (a) RT, (b) 300 °C, (c) 400 °C, (d) 500 °C, (e) 600 °C and (f) 700 °C.
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5.2.2 XANES studies of phase transition

Synchrotron-based XANES and EXAFS spectra were conducted at the SUT-
NANOTEC-SLRI XAS Beamline (BL5.2) at the Synchrotron Light Research Institute
(Public Organization), Thailand ( Kidkhunthod, 2017; Klysubun et al., 2017). The in
situ experiment XAS, which included in situ XANES and EXAFS spectra at Co K-edge
spectra, was collected in transmission modes to describe the valence states and local
structural information of Co atoms. Using reference Co metal spectra, the cobalt K-
edge absorption measurements were calibrated and aligned, with the maximum value
of the first derivative set at 7709 eV. The temperature-dependent XAS experiment was
carried out with an optimized pellet form of sample and an in-house heating cell.
Furthermore, Figure 5.5 shows XAS in-house heating cells and supported gas systems,
as well as a schematic representation of a temperature- dependent XAS research.
Synthesized powders were reduced to fine powders and pressed into pellets before the

experiment in measuring XAS spectra.

700°C

2.5°C/5 min
500°C

. 2.5°C/5 min
400°C

5°C/5 mi
300°C 2.5°C/5 min

2.5°C/2.5 min

Figure 5.5 In situ XAS in-house heating cells for transmission mode and Schematic

diagram of in situ XAS measurement.
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Although LiCoO> powders contain a KNO3 phase, the in situ XAS method may
be utilized to examine the electronic structure and local structure surrounding Co atoms
utilizing a majority LiCoO- phase. Figure 5.6 shows normalized XANES spectra at the
Co K-edge LiCoO> samples at several temperatures: (a) RT, (b) 300 °C, (c) 400 °C, (d)
500 °C, (e) 600 °C, (f) 700 °C, CoO (Co?") and Co,03(Co%") standard samplesThe
energy required to eject a core electron from a cobalt atom is 7709 eV, which is the
characteristic absorption edge of Co. The most intense peak A near 7730 eV arises from
the electronic transition 1s—4p. The magnified inset around 7710 eV (peak B) comes
from the 1s— 3d transition which shows a systematic decrease and small shifting to
lower energy during rising temperature. This behavior is similar to previous observe by
Patridge (Patridge et al., 2013). Moreover, this is consistent with a changing in Co

oxidation from higher Co®" to Co?".
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Figure 5.6 In situ XANES spectra of Co K edge of LiCoO2 samples and standard

samples.
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5.2.3 EXAFS studies of phase transition

As seen in Figure 5.6, a shoulder around 7725 eV is observed only for
calcination at 700 °C. This suggests a significant change in Co local structure especially
for coordinated oxygen atoms surrounding Co atom. This will be discussed in EXAFS
section. In more detail, from RT to 700 °C, the decreased intensity of normalized
absorbance is clearly observed indicating more orbital mixing and more increase in
distortion of the CoOs octahedra (Patridge et al., 2013). In order to understand the local
environment of Co atoms in the structure, the EXAFS spectra were intensively analyzed
and fitted using Athena and Artemis programs as implement in the IFEFFIT packages
(Ravel and Newville, 2005). The EXAFS spectra of the corresponding Fourier transform
(FT)in R space at Co K-edge of all samples are shown in R space at Co K-edge of all

samples are shown in Figure 5.7.
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It can be seen that the amplitude of Co—O and Co—Co peaks remain almost the
same. These patterns can be observed with other systems of LixCoO2 and LixNiO2 (Deb
et al., 2007; Ru mble et al., 2010). In addition, FT fitting was used to explore structural
characteristics of the immediate environment around the Co atom. Co K-edge K2
weighted plots inset Figure 5.7 shows Fourier transform fitting from experiment (black
line) and fitting (red line) at various calcination temperatures of LiCoOs. In the LiCoO2
system, The FT provides information on the partial atomic distribution around the Co
atoms. The initial scattering contributions from the nearest neighbor O atoms at a
distance of approximately 1.92 and the next nearest neighbor Co atoms at a distance of
about 2.8. Due to the negligible scattering factor of lithium in comparison to Co, the
contribution of the Co- Li distance is barely noticeable. Multiple scattering
contributions are responsible for the peaks at longer distances. This implies the local
environments around Cobalt atoms are almost identical. The Co—O and Co—Co models
were used for the fit. The best parameters of the EXAFS fitting such as interatomic
distances (R), Debye Waller factors (¢2), amplitude reduction (S3) and R-factor were
shown Table . In this study, in order to study the influence of temperature to Co local
structure in term of Debye-Waller factors (o?), the amplitude reduction (S3) is set to
be equally 0.75 for all temperatures. Moreover, the mean coordination numbers were

obtained to be between 4.8(1) and 5.7(2) for both Co—O and Co—Co, respectively.
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as a function of temperature.

As can be observed in Table 2, increased temperature leads to an increase in
Debye—Waller factors (approximately of 10 percent relative error). This implies and
confirms the XANES findings of greater structural deformation around Co atoms in
LiCoO,. More specifically, as shown in Figure 5.8 (less than + 0.01 of error distance
value), local bond lengths of Co-neighboring atoms obtained by Co K-edge EXAFS
fitting may be interpreted as a function of temperature. The higher temperature, the

larger Co—O/Co—Co bonding distances.
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Table 5.2 EXAFS fitting parameters including interatomic distances (R), coordination

numbers (N), Debye—Waller factors () and amplitude reduction (S3).

Sample Shell 62 R(A) R-factor S2

LiCoO, 25°C Co-0 0.00030 1.893(2)
1.10% 0.605

Co-Co 0.00201 2.850(1)

LiCoO, 300 °C Co-0 0.06330 1.905(1)
2.18% 0.828

Co-Co 0.07360 2.861(1)

LiCoO, 400 °C Co-0 0.00855 1.905(1)
3.27% 0.895

Co-Co 0.00855 2.889(2)

LiCoO, 500°C Co-0 0.00824 1.922(1)
3.79% 0.815

Co-Co 0.00764 2.888(1)

LiCoO, 600 °C Co-0 0.00989 1.931(2)
2.96% 0.782

Co-Co 0.00858 2.894(1)

LiCoO, 700 °C Co-0 0.01304 1.927(1)
1.76% 0.602

Co-Co 0.00192 2.911(1)

5.3 Study of phase information in cobalt ferrite

The phase formation behaviour was investigated in details by X-ray diffraction

(XRD). Reduction and oxidation processes were investigated using X-ray absorption

near edge structure (XANES). A change in local structure was investigated using in

situ extended X-ray absorption fine structure (in situ EXAFS). The temperature in the

range of 25 °C to 800 °C has been investigated local structure of in situ EXAFS system.

Synchrotron-based XANES and EXAFS spectra were conducted at the SUT-

NANOTEC-SLRI XAS Beamline (BL5.2) at the Synchrotron Light Research Institute

(Public Organization), Thailand (Kidkhunthod., 2017; Klysubun et al., 2017).
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5.3.1 Xray diffraction reults

The crystal structure and phase evolution of the powders were characterized
using an X-ray diffractometer (XRD; Rigaku SmartLab) obtained by using Cu Ka
radiation with A = 1.5418 A. Room temperature XRD data was collected in the 26 scan
range of 20-80° with step size of 0.02° and scanning rate of 2.5° per minute. The
Microstructural observation was performed by using SEM (FEI-Quanta 450).

Figure 5.9 shows the nature of crystalline phase of CoFeO4 powders at different
calcination temperature ensured using ex-situ XRD technique. The XRD patterns of the
samples were confirmed the presence of CoFe2O4 pure phase (space group Fd-3m) at

800°C for 6 hours compared with database file of JCPDS card number 022-1086.
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Figure 5.9 XRD patterns of CoFe>O4 powders with various calcination temperatures.
5.3.2 XANES results
By measuring the excitation of electrons K-edge to unoccupied bound states,
XANES is used to gather information on the local arrangement of atoms around the

absorbing atoms and the density of states of unoccupied states.

To characterize the valence states and local structural information of Co atoms,
the in situ experiment XAS including in situ XANES and EXAFS spectra at Co and Fe
K-edge spectra were collected in the transmission modes. Co and Fe K-edge absorption
data were all calibrated and aligned using reference Co and Fe metals spectra with the
maximum value of the first derivative set to 7709 eV and 7112 eV, resistively. The

temperature dependent XAS experiment was performed following a schematic diagram

as in Figure 5.10.
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Figure 5.10 Schematic diagrams for measure in situ XAS. during the annealing

treatment in Ho.

The oxidation state and site occupancy of the metal species in the spinel
structure were determined by XAS (Carta, 2009; Krishnan, 2007; Nilsen, 2007). In
transition metals K- edges, XANES transitions involve the excitation of a 1s
photoelectron into a mainly 4p derived continuum of states. In general, when the
valence of the absorbing metal atom is increased a shift of the absorption edge toward
higher energy is observed. XANES spectra for the Co- Fe spinels are shown as Figure
5.11 in situ XANES spectra of Fe K-edge (a) and Co K-edge (b).

Comparing the energy position of the absorption edge in the XANES spectra
with that of the reference samples, it is possible to determine with great accuracy the
oxidation state of each element in the spinel structure. In CoFe20a, the oxidation state
of Fe and Co is close to +3 and +2, respectively. Moreover, the fine structure of the
pre-edge can provide further information about the structure of spinels. At K-edges in
fact, pre-edge peaks, which correspond to 1s — 3d transitions (with 3d-4p mixing),
may occur at about 15-20 eV before the white line. An increase of the intensity of these

features corresponds to the removal of the inversion symmetry in the environment of
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the absorbing atom. Therefore, the pre-edge feature can provide a direct indication
whether a metal center is located in a tetrahedral or octahedral site. At the Fe K-edge,
the pre-edge peak intensity of ferrite is higher than that of cobaltite, indicating that the
ferrite contains a higher amount of tetrahedrally coordinated Fe ions. The cation
distribution was determined by EXAFS data of the starting materials. XAS spectra
acquired during the following reduction confirm that the spinels exhibit a rather
different reactivity.

After the thermal treatment by flowed H, the oxidation states of Fe and Co in
CoFe;04 are almost changed, whereas a slight reduction is evidenced by the decrease
of the white line intensity at both edges, as well as by the shift of Fe K-edge energy

toward lower values.
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5.3.3 EXAFS results

The Fourier transform show the phase transition corresponding with XANES
results at room temperature to 800 °C, as shown in Figure 5.11. To process and enhance
the EXAFS with the high k region, the plot k?y (k) is considered and windowed using
a Hanning window W(K). The EXAFS spectra were processed, information on local
structure of Fe and Co atom. In this work, the Fe K edge EXAFS spectra can be obtained
up to photon energy of 11k eV above the absorption edge, due to the presence of Co K-
edge. Therefore, the range of Fourier transform of k space was limited to about k = 7.0.
The Fourier transform in R space showed that the features change suddenly around
500 °C.

In situ XAS spectra of Fe K edge and Co K edge acquired during the following
reduction shown as Figure 5.12 the oxidation state of Fe reduced to Fe metal about
500°C, similarly the Co K-edge that the oxidation state of Co reduced to Co metal. After
the first reduction cycle in Hz, CoFe204 is almost completely reduced: both the Fe and
Co K-edges XANES, and the corresponding EXAFS (Figure 5.12) data confirm the
formation of metal phases. The peak corresponding to M-O bonds disappears, whereas
that corresponding to M-M in the metal phase appears. This phase, however, has only
a transient existence due to the fast reduction to the metal phase. The formation of metal
Fe and Co starts as soon as some mixed wdistite phase is formed. FT data confirm the

formation of metal phases at 600 °C of Fe K edge and Co K edge at 500 °C.
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CHAPTER VI

CONCLUSIONS AND SUGGESTION

In this work, the in situ cell was deverloped for XAS station at BL5.2 beamline
at SLRI measurements in a transmission mode of measurement. The in situ cell allows
the samples for XAS measurements to be in an abient atmosphere. The in situ cell was
designed for XAS meaurements of samples heated up to 1000°C under an inert
atmosphere or specials gas of interest (Hz2, N2 and O2) which flow rate range from 1 to
100 ml/min. A nichrome resistance heating wire was selected for the heating element
of the in situ cell. A type K thermocouple, also referred to as Chromel-Alumel, is used
for this work. The temperature can be controlled to be a linear or step changes patterns.
The temperature at the entry- and exit-ports of the in situ heating cell was below 60 °C,
connecting the cell into the existing XAS measurement system can be done without
concerning the heat that might cause the damage to the polypropylin windows. The
alignment of the in situ cell can be done by connecting the cell in between the I, and I;
chambers with polypropylin windows as vacuum isolation. The X-ray beam was
checked by using burning paper at the sample holder and the end flange. The in situ cell
was successfully installed and tested at BL5.2 beamline at SLRI. The cell was
successfully tested for XAS measurements for determining the local structure of the
absorbing atoms.

In the commissioning tests of the temperature-dependent XAS experiments

using the home-made in situ cell, FeO was chosen due to its variation in oxidation states



93

depending on temperature. Fe K-edge XANES spectra were taken. The results showed
that there are gradual changes in feature in the XANES and the shift in absorption edge
towards higher with increasing excitation photon energy, indicating the increase in the
average oxidation state of Fe atoms in the materials. The gradual increase of the
oxidation state is, in fact, due to the increase of the percentage of Fe3* with temperature.
Quantitative analysis of the valence states of Fe was performed using the empirical
edge-shift calculations with comparisons to known standard samples (FeO and Fe203).
The oxidation state was found to increase linearly from 2.00+ to 2.65+ when the
temperature increases fom room temperature to 800 °C and remains constant at higher
temperatures.

More detailed temperature-dependent XAS experiments were performed on
LiCoO», where in situ Co K-edges XANES and EXAFS spectra were taken and
analyzed for determining the local structure around Co at different temperatures. The
absorption edge energy of the Co K-edge in the XANES spectra decreases linearly with
increasing temperature. This corresponds to a decrease in Co oxidation state, indicating
the transformation from the higher Co®" to lower Co?" increases with temperature.
Furthermore, the results from EXAFS analysis show a strong correlation between rising
the link lengths and temperature. More specifically, the local bond lengths of Co-
neighboring atoms obtained by Co K-edge EXAFS fitting may be interpreted as a
function of temperature. The higher temperature, the larger Co—O/Co—Co bonding
distances.

In the CoFe 04 system, the experimental XANES spectra showed that the
oxidation state of Fe and Co atom decreases with increasing temperature. In addition,

the EXAFS analyzed data provide a clear evidence of the formation of metal phases.
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This is deduced from disapperance of Metal atom-Oxygen bond peak and the emerging
Metal-Metal atoms bond peak when increasing temperature.

It is remarked that the home-developed in situ cell can be used for the
temperature-dependent XAS experiment for determing oxidation state and local
structuralof interested atoms in various materils. As the equipment developed from this
thesis work is available for all users of the SUT-NANOTEC-SLRI XAS beamline
(BL5.2), the opportunities are opened for all qualified users to access to temperature-
dependent XAS technique. The in situ XAS is an advanced technique for real-time
investigations of reaction changes at different temperatures to obtain the structure and
chemical characteristics of semiconductors, polymer and magnetic materials, as well as
to track changes during chemical reactions and interactions. It is suggested that a
combination of the in situ XAS and other conventional techniques should also provide
a powerful characterization measurement for several advanced materials for improving
fabrication processes or investigating their functions at required operating

temperatures.
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Abstract

Lithium cobalt oxide (LiCoO>) currently has a great attention as active cathode material
lithium ion batteries. In this work, lithium cobalt oxide was prepared by solid state
reaction and co- precipitation method. The synthesis parameters and phase formation
behavior were investigated in details via several techniques, including thermal analysis,
X- Ray Diffraction ( XRD), Scanning Electron Microscopy ( SEM) and X- ray
Photoelectron Spectroscopy (XPS). A change in local structure was investigated using
in situ extended X-ray absorption fine structure (EXAFS). The temperature ranged
between 400°C and 700°C with air condition was applied for this study. The results
will be presented and discussed in details.

Keywords: Lithium cobalt oxide; extended X-ray absorption fine structure.
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*Corresponding Author’s E-mail: Chinawatjo.sut@gmail.com

Abstract

The magnetic spinel ferrites, MnFe2Q4, have been widely studied for their novel
magnetic and electronic properties. In this work, MFe>O4 were prepared by solid state
reaction and co-precipitation method. The synthesis parameter and the phase
formation behaviour were investigated in details via several techniques, including
thermal analysis, X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM)
and X-ray Photoelectron Spectroscopy (XPS). A change in local structure was
investigated using in situ extended X-ray absorption fine structure (EXAFS). The
temperature ranged between 50°C and 300°C with air condition was applied for this
study. The results will be presented and discussed in details.

Keywords; The magnetic spinel ferrites; X-ray absorption fine structure.
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Recently, lithium cobalt oxide (LiC00O>) has a great attention as active cathode material
lithium ion batteries. In this work, LiCoO2 powder was prepared by solid state reaction
and co- precipitation method. The synthesis parameters and phase formation behavior
were investigated in details via several techniques, including thermal analysis,
including thermal analysis, X- Ray Diffraction ( XRD) and Scanning Electron
Microscopy (SEM). A change in local structure around Co atoms was investigated
using in situ extended X-ray absorption fine structure (EXAFS). The temperature
ranged between 400°C and 700°C with air condition was applied for this study.
Furthermore the paramagnetism of samples was also observed using the vibrating
sample magnetometry (VSM).
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Symposia: Electrical, magnetic, and optical materials

The magnetic spinel ferrites, CoFe20a, have been widely studied for their novel
magnetic and electronic properties. In this work, CoFe2O4 were prepared by solid-state
reaction and co-precipitation method. The synthesis parameter and the phase formation
behaviour were investigated in details via several techniques, including thermal
analysis, X-ray diffraction (XRD) and Transmission electron microscopy ( TEM).
Reduction and oxidation processes were investigated using X-ray absorption near edge
structure (XANES). A change in local structure was investigated using in situ extended
X-ray absorption fine structure (in situ EXAFS). The temperature in the range of 25°C
to 800°C has been investigated local structure of in situ EXAFS system.

The XRD patterns of the samples were confirmed the presence of CoFe204
pure phase (space group Fd-3m) at 800°C/6 hr. CoFe20s is reduced to a mixed wistite
in first place and, subsequently, to a Co-Fe alloy. Fe, instead, is quickly and almost

quantitatively transformed into wustite, which is only partially reduced to metal.
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Abstract

The magnetic spinel ferrites, CoFe2O4, have been widely studied for their novel
magnetic and electronic properties. In this work, CoFe;Os were prepared by co-
precipitation method. The synthesis parameter and the phase formation behaviour were
investigated in details via several techniques, including thermal analysis, X- ray
diffraction (XRD) and Transmission electron microscopy ( TEM). Reduction and
oxidation processes were investigated using X-ray absorption near edge structure
(XANES). A change in local structure was investigated using in situ extended X-ray
absorption fine structure (in situ EXAFS). The temperature in the range of 25°C to

800°C has been investigated local structure of in situ EXAFS system.
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ARTICLE INFO ABSTRACT

Keywords:
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In-situ extended X-ray absorption fine structure
Local structure

Recently, lithium cobalt oxide (LiCoO,) has a great attention as active cathode material lithium ion batteries. In
this work, LiCoO, powder was prepared by solid state reaction and co-precipitation method. The synthesis
parameters and phase formation behavior were investigated in details via several techniques, including thermal
analysis, X-ray diffraction (XRD) and scanning electron microscopy (SEM). A change in local structure depending

on temperature around Co atoms was investigated using in-situ extended X-ray absorption fine structure
(EXAFS). The temperature ranged between 300 °C and 700 °C under air condition was applied for this study.

1. Introduction

These days, lithium cobalt oxide (LiCoO,) has been widely attrac-
tive and a great interest for its application as cathode material in li-
thium ion batteries due to its high specific capacity, low self-discharge
and excellent cycle life (Plichta et al., 1989; Gibbard, 1989; Nagura and
Tazawa, 1990; Kang et al., 1999; Patridge et al., 2013). The crystalline,
the average particle size and particle size distribution of this material
are the important factors to achieve high performance rechargeable
lithium batteries.

Generally, many researchers prepared LiCoO, by solid-state reac-
tion. However, owing to insufficient mixing and the low reactivity of
the starting materials, calcination at 850-900°C for several hours is
required to successfully synthesize LiCoO,. Typically, LiCoO, exhibits
two forms, a cubic phase and a hexagonal phase at low temperature
(LT-LiC005) and high temperature (HT-LiCoO,), respectively. The cubic
and hexagonal structures are based on the same oxide sub-lattice, and
are distinguished by the spatial arrangement of cations (Antolini,
2004). It has a hexagonal structure in which the Li *1and Co®* ions are
ordered in the alternate (1 1 1) planes of octahedral sites, nearly cubic
close packed oxygen lattice (Orman and Wiseman, 1984; Dahéron et al.,
2008). To understand a formation of crystallized LiCoO, powders with
a function of temperature, several works have been studied these ma-
terials using a solid-state reaction and co-precipitation as synthesized

* Corresponding author.
E-mail address: pinit@slri.or.th (P. Kidkhunthod).
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methods. The crystal structure of the complex oxides of the LiCoO, was
reviewed by Kellerman (Kellermann, 2001) where the formation,
structure and transport properties of lithium cobalt oxide were studied
carefully.

In this research work, LiCoO, powders will be studied with both
structural and physical studies by X-ray diffraction (XRD) and scanning
electron microscopy (SEM). A very simply synthesis method using solid
state reaction and co-precipitation method has been used to synthesize
these LiCoO, powders. Furthermore, the synchrotron-based X-ray ab-
sorption spectroscopy (XAS) technique including in-situ X-ray absorp-
tion near edge structure (in-situ XANES) and in-situ extended X-ray
absorption fine structure (in-situ EXAFS) has been employed in order to
deeply address the existence of cobalt oxidation states and local
structural information around cobalt atoms.

2. Experiment and characterization
2.1. Sample preparation

The LiCoO, powder was synthesized by using the solid-state reac-
tion and co-precipitation method in ethanol solution with continuous
magnetic stirring. Reagent-grade metal nitrate, LiNO3.6H,0 (99.0%,
Fluka) and Co(NOs)2.6H,0 (99.90%, Sigma-Aldrich) powders were
used as raw materials. LINO3.6H,0 and Co(NOs),.6H,0 were dissolved

Received 27 September 2018; Received in revised form 15 October 2019; Accepted 25 October 2019
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in ethanol with mole ratio of 1:1:1. The total mole concentration is
2.1M and this solution was referred to as solution A. The 3M of KOH
was dissolved ethanol solution, which is referred as solution B. 100 mL
of solution A was added slowly to 500 mL of solution B with continuous
magnetic stirring at room temperature for 1h. Finally, the dark pre-
cipitation of precursor was obtained. A solution was separated by
centrifugal separator of 7000 rpm for 10 min and then washed powder
with ethanol until free from nitrate, potassium and hydroxide ions and
dried in air.

2.2. Structural and morphological characterizations

The crystal structure and phase evolution of the powders were
characterized using an X-ray diffractometer (XRD; Rigaku SmartLab)
obtained by using Cu Ka radiation with A = 1.5418 A. Room tem-
perature XRD data was collected in the 26 scan range of 10-60° with
step size of 0.02° and scanning rate of 2.5° per minute. The
Microstructural observation was performed by using the SEM (FEI-
Quanta 450).

2.3. XAS data analysis

Synchrotron-based XANES and EXAFS spectra were conducted at
the SUT-NANOTEC-SLRI XAS Beamline (BLS5.2) at the Synchrotron
Light Research Institute (Public Organization), Thailand (Kidkhunthod,
2017; Klysubun et al., 2017). To characterize the valence states and
local structural information of Co atoms, the in-situ experiment XAS
including in-situ XANES and EXAFS spectra at Co K-edge spectra were
collected in the transmission modes from room temperature to 700 °C.
The cobalt K-edge absorption data were all calibrated and aligned using
reference Co metal spectra with the maximum value of the first deri-
vative set to 7709 eV. The temperature-dependent XAS experiment was
performed using in-house heating cell with an optimized pellet form of
sample. Additionally, XAS in-house heating cells and supported gas
systems and the following schematic diagram of temperature-depen-
dent XAS study are shown in Fig. 1. To measured XAS spectra, syn-
thesized powders were ground to fine powders and pressed into pellet
prior to the experiment.

3. Result and discussion
3.1. Structural and morphological characterizations

For investigating the phase formation and the erystal structure of
the prepared powders was characterized by X-ray diffraction technique
(XRD). The XRD patterns of LiCoO, powders prepared by co-pre-
cipitation method before and after different calcination temperature
where 26 = 10-60° are shown in Fig. 2. The change of peak patterns
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Fig. 2. XRD patterns of LiCoO, powders with various calcination temperatures.

and high intensity peaks indicate that phase formation and highly
crystalline of powders were transformed by the different calcination
temperature conditions. The XRD of all samples can be indexed to
Rhombohedral phase LiCoO, (space group R-3m) and Orthorhombic
phase KNO; phase (space group Pmen) with database file of JCPDS card
number 75-0532 and JCPDS card no. 00-005-0377, respectively. It
indicates that the prepared powders are two-phase coexistence of
LiCoO, and by-product KNOs, and no evidence detestable starting
materials. Meanwhile, the increasing of calcination temperature can
increase the crystallinity of LiCoO,. It can be seen that the intensity of
crystalline LiCoO, increased with increasing calcination temperature. It
is note that the increasing of (003) and (104) peaks confirmed the in-
creasing of LiCoO, when increase calcination temperature. This beha-
vior has been observed for many LiCoO,-based materials (Balandeh and
Asgari, 2010; Khatun et al., 2014)

To further investigate the surface morphology of the prepared
powders, the scanning electron microscopy (SEM) and the energy-dis-
persive X-ray (EDS) mapping images for the selected SEM region of
prepared powders with different calcination temperature are showed in
Fig. 3(a-f). The SEM image of all samples present a variety particle size.
In addition, the lower calcination temperature powders present sphe-
rical particle. Furthermore, the higher calcination temperature present
slightly increase cubic-like shape. To explain the distribution of each
element in the sample and the elemental compositional information,

2.5°C/2.5 min

Fig. 1. In situ XAS in-house heating cells for transmission mode and Schematic diagram of In-situ XAS measurement.
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Fig. 3. SEM images of LiCoO, samples calcined at various calcination temperature: (a) RT, (b) 300 °C, (c) 400 °C, (d) 500 °C, (e) 600 °C and (f) 700 °C.

the EDS technique was analyzed which present in different colors dot in
EDS mapping. The EDS elemental mapping images of the obtained
sample confirms the presence of O, Co and N element as shown in EDS
mapping, indicating that element atoms were uniformly distributed.
However, the EDS technique cannot observe Li element because Li is
small atomic number element.

3.2, Structural studies using in-situ XANES and EXAFS

Although, LiCoO, powders consist of phase of KNO3, a majority
LiCoO, phase can be used to study the electronic structure and local
structure around Co atoms using in-situ XAS technique. Fig. 4 shows
normalized XANES spectra at the Co K-edge LiCoO, samples at several
temperatures: (a) RT, (b) 300°C, (c¢) 400 °C, (d) 500 °C, (e) 600 °C, (f)
700°C, CoO (Co**) and Co,05(Co®*) standard samples. The char-
acteristic absorption edge of Co exists at 7709 eV, which corresponds to
the energy required to eject a core electron from a cobalt atom. The
most intense peak A near 7730 eV arises from the electronic transition
1s—4p. The magnified inset around 7710 eV (peak B) comes from the
1s—3d transition which shows a systematic decrease and small shifting
to lower energy during rising temperature. This behavior is similar to
previous observe by Patridge (Patridge et al., 2013). Moreover, this is
consistent with a changing in Co oxidation from higher Co®* to Co®*.
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Fig. 4. In-situ XANES spectra of Co K edge of LiCoO, samples and standard
samples.

As seen in Fig. 4, a shoulder around 7725 eV is observed only for cal-
cination at 700°C. This suggests a significant change in Co local
structure especially for coordinated oxygen atoms surrounding Co
atom. This will be discussed in EXAFS section. In more detail, from RT
to 700 °C, the decreased intensity of normalized absorbance is clearly
observed indicating more orbital mixing and more increase in distortion
of the CoOg octahedra (Patridge et al., 2013).

In order to understand the local environment of Co atoms in the
structure, the EXAFS spectra were intensively analyzed and fitted using
Athena and Artemis programs as implement in the IFEFFIT packages
(Ravel and Newville, 2005). The EXAFS spectra of the corresponding
Fourier transform (FT) in R space at Co K-edge of all samples are shown
in Fig. 5. It can be seen that the amplitude of Co-O and Co-Co peaks
remain almost the same. These patterns can be observed with other
systems of Li,CoO5 and Li,NiO, (Deb et al., 2007; Rumble et al., 2010).
Moreover, to investigate structural parameters of local environment
around Co atom was analyzed based on FT fitting. Plots of Co K-edge
K2 weighted Fourier transform fitting from experiment (black line) and
fitting (red line) at different calcination temperature of LiCoO, are
shown inset Fig. 5. The FT provides information on the partial atomic
distribution around the Co atoms in the LiCoO, system. The FT shows
first scattering contributions from the nearest neighbor O atoms at a
distance about 1.92 f\, and the next nearest neighbors Co atoms at a
distance about 2.81 A. The contribution of Co-Li distance is hardly seen
due to negligible scattering factor of lithium in comparison with Co.
The peaks at longer distances are due to multiple scattering contribu-
tions. This implies the local environments around Cobalt atoms are
almost identical. The Co-O and Co-Co models were used for the fit. The
best parameters of the EXAFS fitting such as interatomic distances (R),
Debye-Waller factors (0%), amplitude reduction (SZ) and R-factor were
shown in Table 1. In this study, in order to study the influence of
temperature to Co local structure in term of Debye-Waller factors (02),
the amplitude reduction (S7) is set to be equally 0.75 for all tempera-
tures. Moreover, the mean coordination numbers were obtained to be
between 4.8(1) and 5.7(2) for both Co-O and Co-Co, respectively.

Again, as seen in Table 1, an increase trend in Debye-Waller factors
is obtained with rising temperature (approximately of 10% relative
error). This implies and supports the XANES results for more structural
distortion around Co atoms in LiCoO, structure. In more detail, local
bond lengths of Co-neighboring atoms determined by Co K-edge EXAFS
fitting can be understood as a function of temperature as seen in Fig. 6
(less than + 0.01 A of error distance value). The higher temperature,
the larger Co-0/Co-Co bonding distances.
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Table 1

EXAFS fitting parameters including interatomic distances (R), coordination
numbers (N), Debye-Waller factors (0) and amplitude reduction (7).

02

Sample Shell RA) R-factor 8

LiCo0, 25°C Co-0 0.0030 1.893(2) 1.10% 075
Co-Co 0.0040 23850(1)

LiCo0, 300°C Co-0 0.00630 1.905(1) 2.18% 0.75
Co-Co 0.00730 2.861(1)

LiCo0, 400°C Co-0 0.00855 1.905(1) 3.27% 0.75
Co-Co 0.00855 2.889(2)

LiCo0; 500 °C Co-0 0.00824 1.922(1) 3.79% 075
Co-Co 0.00864 2.888(1)

LiCo0; 600 °C Co-0 0.00989 1.931(2) 2.96% 075
Co-Co 0.00878 2.894(1)

LiCo0;, 700°C Co-0 0.01304 1.927(1) 1.76% 075
Co-Co 0.01920 2911(1)

4. Conclusion

Temperature-dependent on local structure of the LiCoO, powders
was successfully studied by in-situ by Co K-edges X-ray absorption
spectroscopy including in-situ XANES and EXAFS. The XANES spectra
at the Co K-edge show a linearly decrease of edge energy during in-
creasing temperature. This is consistent with a reduction change in Co
oxidation state from higher Co®* to Co®*. Additionally, the EXAFS data
provide a clear evidence of increasing bond lengths with the increasing

temperature.
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ABSTRACT

In this work, vanadium oxide thin films were prepared by using radio
frequency reactive magnetron sputtering with vanadium metal target.
The effect of O, flow rate was investigated in terms of vanadium
oxide thin films by varying O,/Ar flow rate at 1/20, 2/20, 3/20, 4/20, 5/
20, 6/20 (in sccm unit) with fixed RF power at 200W and sputtering
time at 80minutes. The surface morphology and crystal structure of
V,0;5 thin films were investigated by scanning electron microscope
(SEM), atomic force microscope (AFM), and X-Ray Diffractometer (XRD)
respectively. The influence of the O,/Ar ratio on a local structure of
vanadium oxide thin films was studied by the Synchrotron x-ray
absorption spectroscopy (XAS) technigue. The oxidation states of van-
adium oxide thin films were measured at V K-edge by the x-ray
absorption near-edge structure (XANES). The results of XANES spectra
at the V K-edge showed that the prepared films under the O,/Ar flow
rate at 1/20sccm contained the vanadium with the oxidation states of
V2T and V®T while the others contained only V*T. This is because the
higher O,/Ar flow rate possibly causes an increase in energy flux at
the substrate and the 1s—3d transition peak’s intensity, which could
lead to a higher deposition rate. To achieve the desired V,Os struc-
ture, the gas flow rate could be adjusted properly. The evolution of
the local structure around V atoms was studied using the extended x-
ray absorption fine structure (EXAFS) which supported the XANES
results indicating that the structural environment around V atoms is in
good agreement with the V,Os orthorhombic structure. Finally, XANES
and EXAFS fitting results confirmed that the O, flow rate affected the
local structure of vanadium oxide thin films.
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1. Introduction

The vanadium pentaoxide (V,0;) is one of the promising materials for many applica-
tions. V,0;, a wide band gap and an n-type semiconductor material, is widely studied
because of its interesting thermochromic and electrochromic properties. Progress is cur-
rently made to improve its performance for use as a gas sensor. V,0Os thin films have
got much piqued interest. The active sites generated by V> ions are responsible for
gaseous molecule adsorption and catalytic processes. The electrochromic, electrolyte,
and ion storage layers make up a standard electrochromic device (ECD). On the trans-
parent substrates covered with a transparent conductive film, both electrochromic and
storage layers are deposited. ECDs work by varying the optical characteristics of differ-
ent hues. In ECDs, V,0; is used as a counter electrode material. It produces electro-
chemical redox reactions that balance charge transfer at the electrochromic working
electrode during the optical switching. The double injection of ions and electrons can
be used to describe the usual electrochromic process of V,0s, the electrical double-layer
phenomenon is used to store energy in electrochemical capacitors (ECs), often known
as “supercapacitors.” Electrochemical double-layer capacitors (EDLCs) with a non-fara-
daic charge character and pseudocapacitors based on a faradaic electrochemical redox
reaction are the two types of ECs. V,05 has received an interest among transition-metal
oxides used as ECs electrodes due to its pseudocapacitive properties, broad oxidation
states, and high specific capacitance [1-5]. A wide variety of chemical and physical
deposition techniques has been employed for fabricating the V,Os thin films. Zahid Ali
et al. [6] have studied in which the direct current (DC) magnetron sputtering was used
to create zinc oxide coatings on a silicon substrate. The goal of this study was to see
how the Ar:0, ratio affected the film’s crystal structure, surface morphology, electrical,
and optical properties. The structural characterization revealed the hexagonal ZnO films
that were orientated preferentially along the (002) plane. During the reactive sputtering
process, the ZnO (002) peak got more intense and narrow as the amount of Ar
increased. The increased sputtering of Zn from its target was linked to increased surface
diffusion of adatoms on the substrate, which improved the crystallinity of the films with
increasing Ar quantity. The decrease in band gap was attributed to a decrease in oxygen
vacancies due to improved crystallinity in the films. At higher argon concentrations
than oxygen, the electrical resistivity was reduced due to a reduction in structural
defects. However, a fundamental step of these employed techniques is a finding of the
appropriate conditions to fabricate the V,0; films with reproducible phase composition
and morphology. This task can be readily solved with the radio frequency magnetron
sputtering yielding a film uniformity over a substrate area with a reasonable deposition
rate [7].

Dwight Acosta et al. [8] have reported that the magnetron sputtering in a vacuum
and an O, environment on glass and FTO substrates produced the V,0s in thin-film
configurations. This result showed that larger grains occurred in samples grown in an
O, atmosphere, which was thought to be connected to changes in optical transmittance
and electrical conductivity parameters. When V,0s samples were heated to roughly
255°C, a sudden shift in electrical resistivity was detected, which was linked to a metal-
semiconductor transition. To further clarify the effect of O, flow rate on the local-
crystal structure of the V,05 thin-film, so this work aims to observe the change in
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Figure 2. SEM cross-section images of vanadium oxide thin films at O,/Ar flow rate of (a) 1/20, (b) 2/
20, (c) 3/20, (d) 4/20, (e) 5/20 and (f) 6/20 (in sccm unit).

spectroscopy (EDS) (JEOL JSM-6010LV) and atomic force microscope (AFM) (Park
Systems AFM XE-120). The local structure was characterized by synchrotron-based
XANES and EXAFS spectra at the SUT-NANOTEC-SLRI XAS Beamline (BL 5.2) at the
Synchrotron Light Research Institute (Public Organization), Thailand.

3. Results and discussion
3.1. The films morphology

Figure 1 showed the AFM images of vanadium oxide thin films at the O,/Ar flow rate
of (a) 1/20, (b) 2/20, (¢) 3/20, (d) 4/20, (e) 5/20, and (f) 6/20 (in sccm unit). The surface
roughness of prepared films with the O,/Ar flow rate of 3/20, 4/20, 5/20, and 6/20 (in
sccm unit) is higher than that of 1/20 and 2/20 (in sccm unit) because an increase of
the working gas flow rate is thought to boost the energy flux at the substrate, which
could contribute to a faster deposition rate and larger grain growth [9].

The SEM cross-section images and EDS spectra of vanadium oxide thin films with
the O,/Ar flow rate of (a) 1/20, (b) 2/20, (c) 3/20, (d) 4/20, (e) 5/20, and (f) 6/20 (in
sccm unit) were shown in Figures 2 and 3, respectively. From the SEM cross-section
images, the average thickness of the films was approximately 152.59nm because the
sputtering duration was kept constant at 80 minutes, so the average thickness of films
was considerably equal.

From the EDS results, V and O signal was clearly observed indicating an existence of
V and O atoms in the films. It should be noted that the samples are composed of only
two elements (vanadium and oxygen). The atomic and weight ratios of O/V of the films
with all conditions were shown in Table 1. The film with the O,/Ar flow rate of 3/20
(in sccm unit) possessed an atomic and weight ratio of 2.29 and 0.72, respectively,
which are very close to those O/V ratios of V,05 [10].

As seen from Table 1, higher concentrations of O, gas resulted in a drop in depos-
ition rate due to a decrease in the sticking coefficient. Furthermore, as the O, concen-
tration rose, the argon gas pressure fell, obstructing the passage of argon ions toward
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Figure 4. X-ray diffraction patterns of vanadium oxide thin films at the O,/Ar flow rate of 1/20, 2/20,
3/20, 4/20, 5/20, and 6/20 (in sccm unit).

3.3. Local structure of V,0; thin films

A majority vanadium oxide phase can be used to study the electronic structure and
local structure around V atoms using the XAS technique. Figure 5 showed the normal-
ized V K-edge XANES spectra and their first derivatives of the O,/Ar flow rate of 1/20,
2/20, 3/20, 4/20, 5/20, and 6/20 (in sccm unit) thin-film, V-foil, V,03;, and V,0s5 stand-
ard samples. The characteristic absorption edge of V existed at 5465 eV, which corre-
sponds to the energy required to eject a core electron from a vanadium atom. The most
intense peak near 5464-5469eV [13-16] deconvoluted from XANES showed that the
films contained the V" and V" with the oxidation states of 3+ and 5+ (from Linear
combination fit in Table 2.) [17-18]. Since the deposited VO, was a mix of vanadium
oxide phases. The white line peaks observed in XANES spectra referred to the electronic
1s—3d transitions, whereas the broad peaks around 5490eV came from the 1s—4p
transition [19]. So, the O,/Ar flow rate obviously affected the oxidation state of van-
adium oxide thin films. As mentioned previously, the XANES results were used for the
study of oxidation state of vanadium thin films at the O,/Ar ratio of 1/20, 2/20, 3/20, 4/
20, 5/20, and 6/20 (in sccm unit). The plots showed that, vanadium thin films contained
the 1s—3d transition peak (around 5464-5469¢eV) and the 1s—4p transition peak
(around 5490 V) at all O,/Ar ratios (as seen in Figure 5(c)) depicting that the crystal
structure of V,05 (V") was orthorhombic wurtzite. From Figure 6, the O,/Ar ratio of
1/20 (in sccm unit) revealed the lowest intensity at the 1s—3d transition peak compared
to the others. By increasing the O,/Ar ratio to 2/20 (in sccm unit), the 1s—3d transition
peak intensity increased. The increase in an intensity of 1s—3d transition peak is attrib-
uted to the development of the V,0s; (V°") formation. Similarly, when O,/Ar ratio
increased to 3/20-6/20 (in sccm unit), the 1s—3d transition peak’s intensities further
increased comparative to that of 1/20 ratio. Especially, focusing on the O,/Ar ratio of 3/
20 (in sccm unit), this condition performed the highest intensity peak of the 1s—3d
transition. This implies to the strongest enhancement in the vanadium metal form to
V,0s (V°1). The sample with an O,/Ar flow rate of 1/20 (in sccm unit) was made up



Normalized Absorption (a.u.)

Normalized Absorption (a.u.)

Normalized Absorption (a.u.)

O.IA=6/20
0,/Ar=5/20
0/Ar=4/20
OJAr=3/20
0/Ar=2120
0,/Ar=1120

1" Derivative

V foil

=TT
5440 5450 5460

430 SS00 SE10 S0 S50 S0 S0 8560
Energy (eV)

0/Ar=6120
0,/Ar5/20
0,/Ar=4120
0/A=320
0,/Ar=2/20

1" Derivative

T T T T T T T 1
§490 5500 6510 5520 65530 540 5550 5560

Energy (eV)
(c)

0,/Ar=6/20
0/A=520
0,/Ar=4720
0/A=320
0. JAr=2120
O /Ar=1720

1" Derivative

v,0,

T T T T T
5440 5450 5460 5470 5480

0 S0 S0 S0 S0 SN0 si80 | 8860
Energy (eV)

113

FERROELECTRICS @ 219

(d)

0 /Ar=5/20
0/Ar=4720

0/A=320

+ O/A=220

0/Ar=1720

Vol

T T T T T T T T T T T 1
5450 W:S‘IV 5480 5490 5500 5510 5520 5530 5540 5550 5560
'
'

Energy (eV)

(e)

o 0 JAr=520

0/Ar520
0/Ar=420

0/A=320

O/A=220

0/A=1120
Vo

s

T T T T T 1
5450 5490 2500 5510 8520 5830 5540

Energy (eV)

0/Ar=6/20

O/Ar=5720
0/Ar=4120

0/A=3120

0/A=220

0/A=1120

T T
5520 5530

T
5510

Energy (eV)

70 5480

Figure 5 Normalized V K-edge XANES spectra (a—c) and the corresponding first derivatives (d—f) of
vanadium oxide thin films at the O,/Ar flow rate of 1/20, 2/20, 3/20, 4/20, 5/20, and 6/20 (in sccm
unit) with V-foil, V,03, and V,0s standard samples [12].

Table2. Linear combination fit of R-factor, %V,03, and %V,0s of vanadium oxide thin films at differ-

ent O,/Ar flow rates.

O,/Ar flow rate (in sccm unit) R-factor % V5,03 % V505
1/20 0.0024125 55.8 442
2/20 0.0026809 46 954
3/20 0.0041960 0 100
4/20 0.0018633 3.9 96.1
5/20 0.0039409 438 95.2
6/20 0.0106780 0 100
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Figure 6 Normalized V K-edge XANES spectra of vanadium oxide thin films at the O,/Ar flow rate of
1/20, 2/20, 3/20, 4/20, 5/20, and 6/20 (in sccm unit).

of a mix of amorphous V,0; and V,0;, whereas the rest was made up entirely of
amorphous V,0s;, except the 3/20 ratio condition which had the highest crystallinity.
An increase of O, flow rate is highly believed of causing an increase in energy flux and
enlargement of the 1s—3d transition peak’s intensity at the substrate, which can lead to
a higher deposition rate. Therefore, to achieve a desired V,05 structure, the gas flow
rate would be adjusted to accomplish. The sole XANES results were not able to provide
deeply information on the local structure of vanadium oxide. The peak near
5464-5469 eV [20] could be due to a mixture of several coordinations or a rather large
distribution of crystal fields around vanadium [21]. This suggests a significant change in
V local structure especially for coordinated oxygen atoms surrounding V atom. This
would be further discussed in the EXAFS section.

In order to understand the local environment of V atoms in the structure, the
EXAFS spectra were intensively analyzed and fitted using Athena and Artemis programs
as implement in the IFEFFIT packages [9, 15]. The EXAEFS spectra of the corresponding
Fourier transform (FT) in R space at V K-edge of all samples were shown in Figure 7.
It can be seen that the amplitudes of V-O and V-V peaks were not significantly differ-
ent. These patterns can be identified as the V,05 orthorhombic structure as they were
best fitted with the V,05; model with a good R-factor (good R-factor for fitting is
between 1-5%) . In addition, the investigation of structural parameters of the local
environment around the V atom was analyzed based on FT fitting. Plots of V K-edge
K® weighted Fourier transform fitting from the experiment (red line) and fitted line
(black circle) of all vanadium oxide thin films were shown in Figure 7. The FT provided
information on the partial atomic distribution around the V atoms in the V,05 system.
For the sample with the O,/Ar flow rate of 2/20, 3/20, 4/20, 5/20, and 6/20 (in sccm
unit), the resulting filtered data and wavenumber in a range of 2-9 A were shown in
Figure 7 [22]. The FT spectra of R space showed that the single scattering contributions
from the location of four V-O shells and the next location of two V-V shells were
determined [23]. The V-O and V-V models of the V,05 orthorhombic structure were
used for the fit. The parameters of the EXAFS fitting such as interatomic distances (R),
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Figure 7. Fourier transform of EXAFS spectra at V K-edge (left) obtained from the experiment (red
line) and fitting (black circle) of vanadium oxide thin films at the O,/Ar flow rate of (a) 2/20, (b) 3/20,
(c) 4/20, (d) 5/20 and (e) 6/20 (in sccm unit) and k*-weighted EXAFS data (right) of vanadium oxide
thin films at the O,/Ar flow rate of (f) 2/20, (g) 3/20, (h) 4/20, (i) 5/20 and (j) 6/20 (in sccm unit).
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Table 3. EXAFS fitting parameters of interatomic distance (R), coordination number (N}, Debye-
Waller factor (¢°), and amplitude reduction (So%) of Oy/Ar flow rate at 2/20, 3/20, 4/20, 5/20, and 6/
20 (in sccm unit).

Sample Shell N ¢’ R(A) R-factor Sg?

2720 V-0 1 0.00020 1.62346 2.42% 0.70
{(in sccm unit) V-0 1 0.00102 1.83479
V-0 2 0.00569 1.95214
V-0 1 0.00718 1.61986
V-V 2 0.01316 3.12490
V-V 1 0.01432 3.40020

5/20 V-0 1 0.00112 1.51349 3.32% 0.850
{(in sccm unit) V-0 1 0.00127 1.71048
V-0 2 0.00296 1.91254
V-0 1 0.00313 1.66504
V-V 2 0.01581 3.06517
V-V 1 0.01720 3.33522

3/20 V-0 1 0.00300 1.59091 4.18% 0.70
{(in sccm unit) V-0 1 0.00339 1.79799
V-0 2 0.00607 1.92997
V-0 1 0.00766 1.63959
V-V 2 0.01034 3.10404
V-V 1 0.01125 3.37750

4120 V-0 1 0.00427 1.61004 3.86% 0.7

{(in sccm unit) V-0 1 0.00483 1.81962
V-0 2 0.00745 1.95514
V-0 1 0.00940 1.62942
V-V 2 0.01052 3.10334
V-V 1 0.01145 3.37675

6/20 V-0 1 0.00311 1.58977 1.60% 0.98
{(in sccm unit) V-0 1 0.01005 1.55009
V-0 2 0.01106 1.82494
V-0 1 0.01600 2.32811
V-V 2 0.01700 3.04011
V-V 1 0.01750 3.35546

Debye-Waller factors (62, amplitude reduction (So2), and R-factor are shown in Table 3
[24]. In the special case at 1/20 of O,/Ar flow rate (in sccm unit) sample, EXAFS data
was not fitted by Artemis programs because the unit cell of 1/20 of O,/Ar condition (in
sccm unit) was combined by the 55.8% V,0; and 44.2% V,0; (from Linear combin-
ation fit). Additionally, the EXAFS fitting data of the 2/20-6/20 of O,/Ar flow rate (in
sccm unit) samples implied and supported the XANES results for the structural envir-
onment around V atoms in the V,0s orthorhombic structure. A local structure was dis-
covered to be affected directly by the flow rate of O,/Ar gas. Increasing the O,/Ar gas
flow rate is thought to enhance energy flux at the substrate, which might contribute to
a faster deposition rate.

4, Conclusions

In this study, vanadium oxide thin films were prepared by RF-magnetron sputtering
from the V-metal target. The effect of O,/Ar ratio on the local structure was investi-
gated in terms of vanadium oxide films by varying an O, flow rate at 1-6 sccm and fix-
ing Ar flow rate at 20 sccm. The AFM and EDS spectra results showed that the surface
roughness of prepared films with the O,/Ar flow rate of 3/20, 4/20, 5/20, and 6/20 (in
sccm unit) was higher than that of 1/20 and 2/20 ratio (in sccm unit) and the film with
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the O,/Ar flow rate of 3/20 (in sccm unit) possessed the atomic and weight ratio of
2.29 and 0.72, respectively, very close to the O/V atomic and weight ratio of V,Os.
From XRD results, the V,05 phase was identified. It was further confirmed by the
XANES and EXAFS fitting results. The XANES spectra at the V K-edge showed that
the prepared films contained the oxidation state of V" and V°*. By increasing the
O,/Ar ratio, the 1s—3d transition peak intensity increased. The increase in an intensity
of 1s—3d peak is attributed to the development of V,05 (V°") formation. Additionally,
the EXAFS data implied and supported the XANES results for the structural environ-
ment around V atoms in the V,0s orthorhombic structure. As a result, it was discov-
ered that the flow rate of O,/Ar gas could affect the deposition rate of RF-sputter
systems on a local structure. Increasing the O,/Ar gas flow rate is thought to enhance
the energy flux at the substrate, which might contribute to a faster deposition rate.
When there are additional constraints, such as a fixed sputtering power or working gas
pressure, the gas flow rate can be adjusted to create the desired V,0Os structure.
Furthermore, chamber evacuation maximum throughput capabilities must be considered
for the range in which the working gas flow rate will be adjusted in order to obtain a
better control of sputtering chamber conditions.
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Abstract. The controller and monitoring system of 1-10 kV high voltage power supply was
developed. The system composed of an Arduino mega 2560 microcontroller boards, a digital to
analog conversion (DAC) part, a high voltage module and the designed software on a personal
computer. The software was developed by LabVIEW software for controlled the high voltage
module and displayed the high voltage values. The microcontroller board used for the digital
data transmission to the DAC part and converted the high voltage value to digital data for
monitoring. The DAC part generated the analog signal from a board for adjusting a high
voltage value of a module. The completed system can be controlled the high voltage and the
real-time monitored the high voltage value of a module with the resolution of 2.5 V. The error
of actual high voltage values with the setting one was maximum of 5%

1. Introduction

The high voltage (HV) applications have received a lot of attention over the years. It is well known
that high voltage power can cause electric fields [1], [2]. Based on research in biology, the researchers
introduced high voltage to study the effects of E. coli bacteria on living under the electric field of 4
kV/cm [3]. In engineering research, high voltage has been used to study the distribution of diamond
particles for grinding and abrasive coatings that using a high voltage of 6 kV, which results in a more
uniform distribution than the conventional ones [4]. In addition, the research on the agricultural thread
has introduced high voltage to study the condition of eggs, which use the electric field from 30 kV/m,
60 kV/m and 90 kV/m [5]. And recently, the study of materials science has studied the properties of
materials that change under the power of electric fields in the range of 700 V/mm to 2 kV/mm, which
stimulate materials by synchrotron light sources in the energy range of x-ray. Some properties of the
material change [6], [7]. However, the inaccuracies and the precision in these researches are the
handlings of high voltage control systems. In this paper, we focus on studying and creating high
voltage generators that provide precise voltage control that can be controlled and monitored on a
computer. In our experiment, we used the Arduino Mega 2560 board for the interface and developed
the control system with LabVIEW software. We can control the high voltage generator in the range of
1 kV to 10 kV so that it can be applied to other research. To be more precise. The experimental details
are shown in Part 2, the analysis and discussions are shows in part 3, and the summary is shown in
Part 4.
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2. Experimental

2.1 The circuit designing

In generating the high voltage, we used the module for high voltage generators and connected to the
Arduino mega 2560 control board. The circuit shown in Figure 1 is a circuit specially designed for
high voltage generation. Figure 1(a) Show about the Arduino mega 2560 is used to connect to
computers and electronic circuits. Figure 1(b) show about the digital to analog converter circuit (DAC)
MCP4922 is used to convert the signal from the board. Figure 1(c) are amplifier circuit (non-inverting
amplifier circuit) LM358. Figure 1(d) drives the current circuit (PS5NF06) and Figure 1(e) is high
voltage module.

High vaitaga modude

9Beyon LB

®©

Figure 1. The high voltage circuit parts a) an Arduino mega 2560 board b) Digital to analog converter
circuit (DAC) MCP4922 ¢) an amplifier circuit d) a current driver circuit (PSSNF06) and e) the high
voltage module.

The high voltage values were adjusted by varies the digital value in the application on a computer. The
Arduino board received the data and transmit to DAC circuits then convert to analog form. The signals
were amplified by an amplifier circuit for drives the high voltage module by a driver circuit. The
appearance high voltage values were monitored by the high voltage probe and collected by the
program on a computer via the Arduino board as shown in Figure 2.

Figure 2. The controller and monitoring system a) the computer used for controls and collects the
data. b) The electronic circuit part. ¢) The high voltage output and the high voltage probe.

2.2 The software designing

The development of control systems using the LabVIEW software (Home Edition) interface with
Arduino board. The control is divided into two parts, as part of the development of the application
program for processing LINX applications and part of a window for control, parameter setting, and
display in high voltage generators.
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3. Results and Discussion

The program development is divided into the two-part with the part of the controlling panel and the
part of the program processing panel. Shown in Figure 3.

— e = —me Figure 3. Shown about the

development program of the

panel on the computer control

(a) system. a) The panel of the

e processing program is used to

m— send and receive the data with

K e the electronic circuit part. b)

= = The panel of the monitoring is

s I - used to set the parameter to

generate the high voltage and

to display the data from
generating.

(b)

The digital data transmission from the Arduino board to DAC via the SPI bus with 16-bit data transfer.
Figure 4 shown the comparison of SCLK and MOSI waveform with the various data.
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Figure 4. characteristics of digital signals, the clock signal is measured by a 16 bit oscilloscope a)
send digital information to 1111 0000 0000 0000 b) Send digital information to 1111 0000 1010 1010
¢) send digital information to 1111 0000 1010 0000 And d) send digital information to 1111 1010
1010 1010.
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Figure 5 shown the relation between the digital values and the DAC output voltage. The analog output
was linearity with the R*> = 1 and 1.22 mV/bit resolution. The results have shown that the analog
output can be adjusted by the developed program on a computer.

6 1
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Figure 5. The relation between the digital Figure 6. The relation between the digital value
values and the DAC output voltage. and the high voltage output of the high voltage
module.

Figure 6 shown the relation between the digital value and the high voltage output of the high voltage
module. The high voltage value can be varied in the range of 1 - 10 kV with the input digital values in
the range of 0 - 1700. The high voltage output closely linear with the R* = 0.9793 and the 2.5 V/bit
resolution. The appearance high voltage value can be monitored by the probe and displayed in the
developed program on a computer. The error has occurred over this digital range was 5% maximum.

4. Conclusion

In this work, the high voltage is generated from a high voltage module in the range of 1 kV to 10 kV.
The error was occurred over this digital range was 5% maximum. In the controller used the developed
program on a computer for connection to an Arduino mega 2560 board and an electronic circuit. The
high voltage values can be varied and real-time monitoring with the program.
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Abstract. The PID controller and real-time monitoring system for a low-temperature furnace
was developed . The system has two part, the PID controller, and the real-time monitoring part
. An Arduino mega2560 microcontroller board was used for measuring and control the furnace
temperature . A type-K thermocouple and a MAX31850 IC was applied for a furnace temperature
measurement . The microcontroller board and a MAX31850 were connected via the One-wire bus
for convert the temperature values and sent to a personal computer .The PID parameters can be
varied by a user in the program, which developed by LabVIEW Software on a computer .The
laboratory made furnace was established for testing the controller and monitoring system .The
results have shown that the temperature with the range of 25-500 degree Celsius can be controlled
.By the trial and error method with the PID parameters, kp was 250, Ti was 0.05 and Td was 0.20,
the target temperature can be controlled with the maximum

error of 1 degree Celsius.

1. Introduction

The temperature controller is a necessity in research on the thermal properties of substances. There are
many types of research that have been conducted previously using temperature controller system. Such
as the effect of heating rate on structural and functional properties of wheat and potato starch-water
system in food science technology [1].The investigate the effect of each temperature-dependent material
property on the transient temperature, residual stress and distortion of welding process [2] andexamples
of research that use high-temperature control. Such as The high-temperature ablation properties of
NANO zirconia reinforced fused silica ceramic [3].In materials process technology. All of above was
require the high resolution of the temperature controller and monitoring system.

The Proportional Integral Derivative (PID) Controller is the most common method for the
temperature controls system designing. The heat treatment furnace in the industrial, which used
Intelligent Fuzzy Logic and PID controllers to design of temperature controller [4]. Recently, the
LabVIEW program applied to designs PID control system [5] and the PID temperature autotuning
control designing can accomplish by using LabVIEW [6].
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This research has development of the PID temperature control system and real-time temperature
monitoring Using LabVIEW interface for Arduino. The temperature measured with sensor MAX31850
Communication with the master microcontroller over the 1-Wire bus. Read temperature data from a
sensor with Arduino MEGA2560. Then we get temperature data from Arduino and real- time
temperature monitoring with the LabVIEW software. In this research design of PID temperature control
by Ziegler Nichols and trial error method.

2. Experimental

2.1 Hardware design.

The system composes of the temperature measurement and the Arduino microcontroller board. The
furnace temperature was measured by the thermocouple amplifier with 1-wire breakout Board-
MAX31850K. The Arduino board read the temperature data and send to display on a computer via USB
port. The target temperature maintains by on/off a solid state relay (SSR) which controls the period with
the Arduino. The diagram of the system shows in Figure 1.

220vAc
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i

Thermocouple rype K

=

Figurel. The diagram of the PID controller and real-time monitoring system.

2.2 Software design.
The PID parameters setting can be varies and real time temperature monitoring can be shows on the

front panel of the developed program, respectively. The front panel of the temperature control system
designed shows in Figure2.
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Figure 2. The front panel of the temperature controller

The block diagram of PID control program shows in Figure 3. The program read the furnace temperature
from the Arduino and real time display in the front panel. The period for on/off the SSR accumulates
from the PID parameters and send to the Arduino for on/off the SSR. The target temperature and the
various PID parameters are the input parameter of the program. The Ziegler Nichols function from
equation (1) used to calculate the output of signal and the trial and error used to find optimizes parameter
of this system. WhereKp, Ti and Td is Parameter of proportional, integral and Derivative respectively

U=Kpa+ ‘T_i+ Td) (1)
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Figure3. Block diagram of PID control from LabVIEW
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3.Result and discussion

The Ziegler Nichols function used to generates the output signal for controller. The PID parameter was
varied by the trial and error method.

3.1 The Kp parameter optimization

Table 1. Shows the temperature settling value, the steady state error, and the overshoot where Ti was
0, Td was 0 and the parameter Kp was varied the Kp has the effect on the settling and steady state
error. The optimize Kp was 250.

Tablel. List of comparisons of response parameter of all design Kp at Ti =0, Td =

0
Steady state

Parameter Settling value error (°C) Overshoot
Kp =50  This temperature is below the setpoint at 3°C +6 No overshoots.
Kp =100 This temperature is below the setpoint at 3°C +6 No overshoots.
Kp =150 This temperature is below the setpoint at 2°C +5 No overshoots.

This temperature little below the setpoint at
Kp=200 1°C +3 No overshoots.

This temperature is oscillates around the Overshoot is
Kp =250 _ setpoint at+2 °C +2 absorb

3.2 The Ti parameter optimization

Table 2. Show the rising time, the steady state error, and the overshoot temperature where the Kp was
250, the Td was 0, and the T'i was varied. The results shown that the T has the effect of rising time and
the oscillates of temperature. The optimize Ti value was 0.05.

Table2. List of comparisons of response parameter of all design Ti at Kp =250, Td =0.

Parameter Rising time (s) Steady state error(°C) Overshoot (°C)
Ti =0.05 120 +1 5
Ti=0.10 155 +2 5
Ti=0.15 165 +3 5
Ti=0.20 185 +4 5
Ti=0.30 210 +6 7

3.3The Td parameter optimization.

Table 3. Show the rising time, the steady state error, and the overshoot temperature where the Kp was
250, the Ti was 0.05, and the Td was varied. The results shown that the least Td has minimum rising
time and the minimum oscillates was 1 °C with the Td value was 0.20
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Table3. List of comparisons of response parameter of all design Td at Kp = 250, Ti =0.05

Parameter Rising time (s) Steady state error (°C) Overshoot (°C)
Td =0.05 120 +3 4
Td =0.10 180 +2 3
Td =0.15 195 +2 3
Td =0.20 180 +1 2
Td =0.25 180 +2 4

The experiment shown that the optimize of the Kp parameter was 250, the Ti parameter was 0.05, and
the T'd parameter was 20.

3.4 Test the temperature control.

500
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Temperature °C
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27282930
Time (min)

Figure 4. The various target temperature control with the optimized PID parameter.

The results shown that all of target temperature can be controlled with the maximum error of 1°C .The
rising time of control was 270, 290, 720, and 1200 second with the target temperature 200°C, 300°C,
400°C, 500°C respectively.

4. Conclusion

In research, to developed and designed the PID temperature control which can be monitoring the
temperature on the computer display. From experiments to find parameters of PID show that the best
of Kp cause to the system response better and the output is a small steady-state error. The best Ti value
cause to decrease the response of the system and the best Td cause to decrease overshoot of the system
and increase the response of the system. By trial and error method with the PID parameters, Kpwas 250,
Ti was 0.05 and T'd was 0.20. The experimental results of control temperature can be controlled to a
stable temperature. The maximum error is 1 °C and rising time of temperature 200°C, 300 °C, 400°C,
and 500°C was 270,290,720, and 1200 second respectively.
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of Kp cause to the system response better and the output is a small steady-state error. The best Ti value
cause to decrease the response of the system and the best Td cause to decrease overshoot of the system
and increase the response of the system. By trial and error method with the PID parameters, Kpwas 250,
Ti was 0.05 and T'd was 0.20. The experimental results of control temperature can be controlled to a
stable temperature. The maximum error is 1 °C and rising time of temperature 200°C, 300 °C, 400°C,
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