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Mn-doped layered lithium cobalt oxides, LiCo;.xMnsO; (x = 0.0 - 1.0), were
synthesized by citric acid-assisted sol-gel method (CAS). Characterized by X-ray
diffraction (XRD), the single-phased LiCo;xMnyO, (LCMx) was observed for Mn
doping up to x = 0.2 using the calcinations temperature of 700 °C for 6 h. The Mn
doping apparently led to the reduction of crystallite size. The single-phased oxides
were converted into proton-exchanged HCMx by stirring LCMx powders in acid
solution for 24 h. The colloidal suspensions of single-phased LCMx (x = 0.0, 0.1, and
0.2) were obtained by exfoliation in tetrabutylammonium hydroxide (TBAOH) using
ultrasound irradiation. The optimum condition for preparing the stable colloid was
using the mole ratio of TBA/HCMx = 1.0 and the ultrasonic processor with the setting
at 125 W for 30 min. Transmission electron microscopy (TEM) was used to reveal
the dispersion of the layer oxide particles by the exfoliation process. The solid parts in
a colloidal suspension were characterized as the mixture of oxide nanoparticles and
exfoliated oxide nanoshéets. Multilayer thin films of Mn-doped layered oxides and
poly(diallyldimethylammonium) (PDAD) ions were successfully deposited layer-by
layer (LBL) onto substrates by dipping coat technique. The optimum condition for
thin film preparation was using 10 mM PDAD solution containing 0.5 M NaCl and
dipping time at 10 min. FT-IR spectrum indicated the presence of PDAD on the
attained composite films. UV-Vis absorption spectroscopy, Atomic force microscope
(AFM) and XRD analysis were used to indicate the LBL growth of the thin films.
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CHAPTERI

INTRODUCTION

1.1  Background

MNowadays, electronic devices have been modified to smaller sizes, while
maintains a high performance for convenient requirement of consumers. Therefore,
matenials and chemicals must be developed in order to aclueve the highest efficiency
and reduce the manufactured cost Transition tetal cxmides have attracted much
interest because of their possible use as electrode matenals in electromc devices.
Especially, lithiated transition metal cmides, such as LikdnCs, Lildn, Oy, LiliO,,
LiCeO, etc have been studied extensively, because of ther potential usze as cathode
materials for lithium ton battenies [1]. Lithium 1on batteries (LIE) has become the
most attractive energy source for electronic products with their light weights and the

greatest amounts of energy.
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Figurel.l Energy densities of common battery chemistries [2].

Figure 1.1 compares the energy density of the three LIBs (Manganese Lidon,
Phosphate Lidon and Cobalt Lidon) and place them aganst the traditional lead acid,



mickel-cadmium (MNCd) and nickel-metal-hydride (TANE). Cobalt LIB offers the
highest energy, thus 1t 15 used in a small cell of portable electronic dewices such as
mobile phone, camera and notebook computers. The market for LIB has expanded
rapidly because of the increase in demand for this electronics products. Tt 15 reported
that the total sales of the cell in 2002 reached 6.5 hillion dollars, and are more than 10
billion dollars in 2005 [3]. The project demands of LIB and other batteries for the

wotld market are projected in Figure 1.2
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Figure 1.2 Projected demand for LTR and other secondary battenes [4].

Layered LiCoO; 15 the tnost studied cathode for LIE due to itz characteristic
propetties, 1.e. high woltage, good reversibility, high theoretical specific capacity [5-
€], Although the LiCoD; dominates the rechargeable LIB matket, there 15 a limited
avall abality of Co, which leads to a high price of LIE [7] Furthermore Co s a rare
element and towic Therefore, substitution of Co 1n LiCoDs with nontoxic and
inexpensive transition metallic elements becomes an interesting i1ssue. LiCoO,
powders are usually prepared by solid state reaction of metal hydromde, acetate or
carbonates such as LiOH, Li,C0; and CoCO; [8-5]. Howewer, this method results to
the powders wiath several disadvantages; irregular morphology, inhomogeneity, and
larger particle size (ranging from 1-5 wm). Furthermore, high temperature and longer
time of calcination are required to obtain the single-phased omdes. It has been
reported that the performance of the battery depends on packing density and
homogeneity of LiCoDy powders [10]. Thus, the preparation of submicron particles
of L1Coy wath uniform morphol ogy 15 desirable.



1.2 Literature reviews of LiC00; and LiCo; sM;O; synthesis

1.2.1 Synthesis of LiC00O;

Several groups have reported the methods for LiCoO, synthesis. The
most common route is the solid-state reaction (conventional method). Ganesan ef al
[9] prepared LiCoO- by this method from the mixture of the 1.i,CO3 and CoCOj3. The
mixture was calcined at 900 °C for 72 h to obtain the single-phased oxide. This
method results to the average particle size with a diameter about 1.46 um. Ding ef al.
[11] proposed a new gel route to synthesize 1iCoO, by the radiated polymer gel
(RPG) method. The pure phase of LiCoO; with the particle size about 2 um was
obtained at the calcination of 800°C for 8 h. Combustion method is another widely
technique to prepare 1.iCoQ,. This process uses organic acids such as urea [12],
diformyl hydrazine (DHF) [13] and starch [14] as a fuel during the formation process
of oxide powders. The oxide powers showed the micro-particle size depending on a
type of fuel and a condition of process. Chang et al. [15] prepared LiCoO- from the
mixture of Co(OH), and LIOH H,O in basic aqueous solution by hydrothermal and
reflux reaction. The pure phase oxides were obtained at 130 °C for 48 h and exhibited
a uniform particles size about 100 nm. Hanh et al [6] prepared LiCoO; by sol-gel
citrate method. The LiCoO; powder was synthesized from dissolving LiNO; and
Co(NQO3), in ethanol and using citric acid as a chelating agent. The single-phased
oxides were obtained by preheating at 400 °C for 3 h and calcination at 700 °C for 12
h. The obtained LiCoO; has the average particle size of 100 nm and showed the
paramagnetic property at room temperature. Peng et al. [16] synthesized LiCoO, by
a sol-gel process. The gel was formed at 140 °C by mixing Co(CH;COO), and
LiCH3COO with citric acid in ethylene glycol solution. Fine powder was produced by
calcination at 350 — 750 °C for 10 h. The single-phased oxide was obtained at 550 °C
for 10 h with the diameter of particles between 30 - 50 nm.

From literatures above, the sol-gel is a suitable method to prepare
LiCoO,, because of many advantages such as homogenous precursor mixture, ease at
doping, short preparation period, low processing temperature and nanoparticle sized
products [6, 16]. Thus in this research, sol-gel method was chosen as a method for

LiCoO, and metal-doping LiCoO; synthesis.



1.2.2 Synthesis routes of LiCo; ;M;O;

One of the modifications to improve its electrode performance is the
substitution of Co with other metal ions which may stabilize the layered structure.
Several researches have reported the application of metal doping in LiCoO». Julein et
al. [17] prepared layered 1iCog4NigsO2 by a sol-gel method using citric acid as a
chelating agent. The single-phased oxide with micro-particles was obtained at at the
calcination temperature of 700 °C for 4 h. Jin et al. [18] prepared Si-doped cobalt
oxide; LiCo14S1x02 (x = 0.00 - 0.35) by the co-precipitation method. The stable
single-phased oxides were found for Si-doping up to x = 0.2. The particle size
decreases with the increase of Si content. The Si-doping leads to the lower impedance
and better electrochemical performances of lithium cell. Khan et al. [19] synthesized
LiCo;.xAlO, (x = 0.0 - 0.7) by a sol-gel method using acrylic acid as a chelating
agent. The Al-doping leads to the shrinkage of an interatomic distance within a CoO,
layer and the increase of an interplanar distance between CoQO; layers. Madhavi et al.
[20] prepared LiCo;xCriO; (x = 0.0 - 0.2 and 1) by a solid-state reaction. The Cr-
doping layered LiCoQO; of all samples showed the impuritie phases of LiOH and CoO.
Gopukumar ef al. [8] synthesized LiCo;4TixO7 (x = 0.0 - 0.5) by solid-state reaction.
The single-phased oxides were found for Ti-doping up to x = 0.1. The initial charge
and discharge capacities of LiCogooTign1O2 are higher of than those of LiCoQOs.
Needham er al. [21] prepared layered LiCogosMg 0202 (M = Mo, V and Zr) by solid
state reaction. All samples showed the secondary phases of molydates, Li3z VO, and
Li27Zr0;3. Julien ef al. [22] synthesized 1iCogsM502 (M = Ni, Mg, Mn and Zn) by
combustion method. Only XRD pattern of LiCo(s5NigsO, presented the single-phased
pattern showing a thombohedral structure. Kim ef al. [23] prepared LiCo xM;0O, (x =
0.0 - 0.1; M = Mg and Zr) by sol-gel method using acrylic acid as a chelating agent.
LiCo1.xMgxO2 (0.0 - 0.1) showed the pure phase. On the other hand, the pattern of
LiCo;.x7ZryO, with x = (.1 exhibited the impurity peaks of ZrO,. LiCoO; doping with
Mg and Zr were reported to improve charge-discharge cycling performance of the
lithium cell. Caballero et al. [24] synthesized LiCo;.xMn;O; (x = 0.0 and 0.2) by sol
gel method using propionic acid as a chelating agent. Substitution of Co by Mn 1ons
(LiCogsMnyg 20> ) exhibited a good electrochemical performance as cathode in lithium

cells. Waki et al. [25] prepared LiCo1xMn, O, (x = 0.0 - 0.5) by sol gel method using



citric acid as a chelating agent. The single-phased oxides were found for Mn-doping
up to x = 0.2. The Mn-doping led to an improvement in cycle stability of the LiCoO».
Manganese has been considered to be a potential element with
nontoxic nature. Partial substitution of Co by Mn has also been considered to enhance
the stability of LiCoQO- lattice [26] and affects the electrochemical properties such as
an increase in capacity and in the cycling properties of the cell [24-25]. LiMnQO; with
a layered structure has attracted much attention due to its low cost, non-toxicity and
high theoretical capacity. However, it has a main disadvantage, the cycle instability of
Li-ion insertion and extraction [7, 27]. Thus, the preparation of Mn-doped layered

LiCoQO; with stability structure at high temperature is attractive.

1.3 Literature reviews of colloid and thin film preparation from intercalation-

exfoliation process

The preparation of exfoliated colloids of layered compounds is a very
interesting and important topic related to the production of organic-inorganic
nanocomposites [28, 29] interstratified materials, high surface area catalysts and
multilayers thin films [30]. In the last decade, thin films were widely studied because
of their optical, electrochemical, electronic properties [31], as well as the applications
in antifogging and self-cleaning merchandizes [32]. Several groups have reported the
fabrication of multilayer films by the layer-by-layer (LLBL) technique such as MnO,
nanosheets [31-33], TiO; nanoparticles [34], titania nanosheets [35], clay materials
[36]. niobate and titanoniobate [37], metal disulfides [38], carbon nanotubes [39] and
SnO; [40].

The preparation and characterization of colloid and thin film have been the
topic of several literatures. Sukpirom and Lerner [28] prepared layered
nanocomposites with poly(ethylene oxide), PEO, and poly(vinylpyrolidone), PVP,
incorporated layers titanate HxTi2.x4x4O4 (U = Ti-vacancy). Colloidal titanates were
obtained by exfoliation in aqueous solution of tetrabutylammonium hydroxide
(TBAOH). Nanocomposites were prepared by adding aqueous polymer solutions to
the colloids of exfoliated titanate sheets. In 2002 - 2003 [29, 41] they used ultrasound

technique to assist the exfoliation process of titanate and layered tetratitanate.



Ultrasound technique enhances the rate of exfoliation of these layered titanates. After
sonication, the dispersions of tetratitanate nanosheets were used as a precursor to

prepare polymer nanocomposites.

Sasaki ef al. |35, 42] prepared a multilayer titania ultrathin film by self-
assembled layer-by-layer technique. The exfoliated titania nanosheets were obtained
by shaking Ho;Tigg250017504.H20 in TBAOH at room temperature for 10 days.
Multilayver ultrathin films were fabricated with poly(diallyldimethyl ammonium
chloride) (PDDA) onto substrates. The films exhibited highly efficient optical
absorption with a sharp peak at 266 nm and their UV-Vis spectra showed a

progressive enhancement as a function of the deposition numbers.

Abe ef al. [43] prepared thin film of a layered titanate by the exfoliation of
CsxTi.0aUx4O04. The exfoliation was carried out in TBAOH solution or ethylamine
solution at room temperature for 24 h. Thin films composed of layered titanate were

prepared by spin-coating technique.

Sasaki ef al. prepared and characterized a multilayer ultrathin film by
deposition of exfoliated MnO, nanosheets and poly(diallvldimethylammonium)
(PDDA) [31] or aluminum polyoxocations [AIOM—XI12(OH)24(H20)12]7+ [33]. The
colloidal suspension of MnQO; nanosheets was obtained by dispersing Hg s
MnO,.0.7H,O in TBAOH solution for 10 days. Multilayer ultrathin films were
exhibited characteristic absorption peak of MnQO, nanosheet at 380 nm. A nearly
linear enhancement of an absorbance at 380 nm was observed, indicating successful
layer-by-layer growth. Furthermore, the multilayer films showed a very stable

; : - : T g TV
voltammogram involving reversible redox reaction of Mn™ /Mn .

Zhang et al. |32] fabricated a multilayer thin film comprising negatively
charged MnQO; nanosheets and positively charged magnesium-aluminum layer double
hydroxides (Mg-Al LDHs) sheets by electrostatic layer-by-layer adsorption technique.
UV-Vis absorption spectra showed a characteristic MnO, sheets. And Mg-Al LDHs
sheets can be deposited uniformly onto multilayer film. The resulting film will have

potential applications in optical and electrochemical devices.



Prasad et al. [44] synthesized nanocomposites based on exfoliated NbWOs
nanosheets and poly (N-methyl-2-ethynyl pyridinium iodide) (PNMe) or poly (N-
octadecyl-2-ethynyl pyridinium bromide) (PNO) by exfoliation-reflocculation
method. The colloidal suspension of NbWOg nanosheets was prepared by shaking of
HNbWOg in aqueous solution of TBAOH for 3 days. A stable dispersion solution of
NbWO¢ nanosheet was added to the PNMe or PNO solution in order to precipitate the
nanocomposites. The products enhanced the thermal stability of the polymers.

Du et al [45] prepared KTiNbOs nanosheets by a simple intercalation and
exfoliation method. The colloidal suspension of exfoliated KTiNbOs nanosheets was
obtained by mixing the KTiNbOs in an aqueous solution of TBAOH and stirring for 3
days. The particles have non-uniform morphology with sizes in the rage of 3-10 pm.
They exhibited as a semiconductor with a wide gap about 3.2 eV.

Masuda ef al [46] developed an exfoliation process of layered structure
Na,CoO; (x=0.7) to prepare cobalt oxide sheets having nanometer-order thicknesses.
Conceptual process for exfoliation-integration process is shown in Figure 1.3. Cobalt
oxide sheets were obtaned from Nay7CoO; powder after stirred in ethylamine
golution for 10 days. The obtained upper colloid solution including a small amount of
exfoliated sheet (< 10%) with the thickness and size of particles about 5 — 20 nm and
200 — 300 nm, respectively.

Exfoliation of

lon-exchange cobalt oxide sheets

Organic -
|molecule ew;

Figure 1.3 Conceptual process for exfoliation-integration process.

Kim et al [36] prepared the colloid of exfoliated hectorite platelets through
the process of coumarin dye intercalation by sonicating in water suspension. The

colloidal suspension was composed of the exfoliated hectorite platelets and coumarin



dye with platelets about 10 - 40 nm width, 150 - 400 nm length, and 2 - 3 nm average
thickness. It used as a precursor in order to prepare multilayered nanocomposite films
derived of exfoliated hectorite platelets and poly(diallyldimethylammonium) chloride
(PDAC) through clectrostatic layer-by-layer assembly. The resulting films exhibited
strong characteristic blue-green fluorescence due to coumarin dye molecules adhered

to the exfoliated hectorite platelets.

Shiguihara ef al. [30] reported the influence of the concentration of tetra(n-
butyl)ammonium hydroxide (TBAOH) on the H:;K;NbsO;7; exfoliation. A fixed
amount of H;K;NbsO;7 was reacted with solutions containing various TBAOH
concentrations (TBA™/H -niobate molar ratios = 0.25, 0.50, 0.75 and 1.00). The
deposited solids of samples have no organic species intercalated. The highest amount
of exfoliated niobate particles was about 65 wt% when the TBA'/H -niobate molar

ratio was > 0.50.

Ramachandran et al. [47] prepared the mtercalation compounds of layered
nikel dioxide and layered cobalt dioxide (LiMO,; M = Ni, Co) with organocations.
The compounds were obtained by reaction of lithiated hosts with persulfate aqueous
solution, followed by treatment with desired organocations. These compounds were
casily derived in a one- or two step reaction. The products were included pillaring
structure of anilinium (basal repeat ~12 A), dodecyltrimethylammonium (27 A),
octadecyltrimethylammonium (34 A) and distearydimethylammonium (~41 A)

between oxide layers.

From literatures mentioned above, the stable colloidal suspension of exfoliated
sheets and multilayer thin films of several metal oxides, metal disulfides, layers
titanate, Hy13MnO,.0.7H,0, HNbWOs, KTiNbOs, Nag7;Co0O3, clay, H2K;NbsO17
were prepared. However, colloidal suspension and thin films of layered LiCoO, and

Mn-doped layered LiCoQO; are not reported.

Thus in this research, LiCo; xMn;O; (x = 0.0 - 1.0) powders were synthesized
by citric acid-assisted sol-gel method (CAS), and their characteristics in terms of the
phase purity, crystallinity and particles size are described. The single-phased oxides

were used as the precursors in order to prepared colloids and thin films. Multilayer



thin films were fabricated using Mn-doping cobalt oxide sheets and polycation by the
layer-by-layer (LBL) technique. Furthermore, this is the first report of a stable colloid

and multilayer films of layered cobalt oxides.

1.3 Objectives

1.3.1 To synthesize and characterize LiCo;xMn,O, (x = 0.0 - 1.0) by citric
acid-assisted sol-gel method (CAS).

1.3.2 To prepare and characterize colloidal suspensions and thin film of

Licol.anXol.



CHAPTER 11

THEORY

2.1 Structural features of LiCoO2

LiCoOy possess the layered o-NaFeOs-type structure of the rhombohedral

symmetry with space group R 3m. This structure is described as a hexagonal cell
setting with the unit cell parameters a = 2815 & and c =14.05 A [48]. The structure

of this compound is shown in Figure 2.1
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Figure 2.1 The structure of the layered LiCoC, [49-50].

LiCo0y consists of edge—shared CoCy octahedral sheets and mterlayer lithium
1ons. The cubic closepacked cxygen lavers stacked 1n an A5 sequence with Co and
Li 1ons living in octahedral sites in alternating layers between the cxygen planes [48,
51]. In addition, the repeating vt of LiCoQs along the z-direction contains two
negative-charged layers of CoO4 The nterlayer distance between two CoOg layers 13
about 4.7 A [52] Li' ions between interlayer of CoOz can be reversibly de-
intercalated from and intercalated into the interlayer space [48]. Bubstiution of Li

1ons with large cationic guests by ion-exchange and intercalation reaction, expands a
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basal spacing of the layer host. For example, insertion of organocations such as
anilinium (CsHsNH3), dodecyltrimethylammonium (C12H2sN(CH3)3) increase the d-
spacing of LiCoO;to 12 A and 27 A, respectively [47].

2.2 Synthesis of layered LiCoO;

2.2.1 Solid-state reaction

The solid state reaction is a classic method for preparation of oxide
powders. The process usually involves mixing metal salts such as acetate, hydroxide,
nitrate or carbonate and heating at high temperatures (> 800 °C) for long periods (>
10 h). This process is time-consuming, because of the many hours required for firing
and regrinding of the precursors and need an expensive, high temperature furnace.
Furthermore, the products may have some undesirable feaures such as irregular

morphology, inhomogeneity and large particles size.

2.2.2 Co-precipitation method

Co-precipitation is a one of the wet-chemical techniques for the
synthesis of oxide powders. The advantages of this method over conventional solid
state reaction are small particle size and large surface area and homogeneity of
reactant mixture. Furthermore, the starting materials may be just a simple and rather
inexpensive inorganic salts. The process of co-precipitate method also avoids
complicated steps [53]. However, in many cases, the single-phased product is hard to
achieve because of the rate and possibility to precipitate the desired product may be
closed or lower than those of other compounds. Therefore, it is not easy to prepare

the single phased materials using this method.

2.2.3 Combustion method

Combustion is a relatively new method for the preparation of oxide
powders. This process involves a fast highly exothermic reaction of self-combustion
process [54]. Normally the metal nitrates are used as the reactants and dissolved in the

fuel-containing solution. The final oxide is calcined at relatively low temperature to
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remove all organic species. Furthermore, this method has its advantages over the
conventional solid-state method, such as low calcination temperature, short-heating

time and the small crystallite size of the products.
2.2.4 Sol-gel method

Sol-gel is widely used to prepare many products such as glasses,
ceramics, inorganic fillers and coatings [55]. This method was discovered in the early
1846s by J.J. Ebelenen in studying the formation of SiO; gel by hydrolyzing
Si(OEt)4. The process involves several steps such as hydrolysis, condensation of a gel
precursor and growth of particles. The basic processing steps of this method can be

summarized as the followings:

Precursor — Hydrolysis —» Reactive monomer j

Condensation

Further treatment <—— Gel €—— Sol gelation <—|

This method has the advantages over the conventional solid-state reaction such as the
homogeniety of reactants at the atomic or molecular level, the ease of stoichiometric
control, the mild calcinations condition. The method also gives the products with

uniform particle size and in nanometer level [6, 10, 12].
2.3 Topological chemistry of layered materials
2.3.1 Intercalation

Intercalation is the insertion of guest species (atoms, ions or
molecules) into a crystalline layered lattice with preservation of the layered host
structure. Generally, intercalation usually involves reducing the interaction of the host
structure and formatting a new interaction between the guest and host, resulting to the
expansion of interlayer spaces. The product of this reaction is called an intercalation

compound [56]. The intercalation reaction can be described by an equation:
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Host + xGuest —>» Host[x Guest] 6}

To obtain the intercalation compound, the strong interlayer bonding of layered host
causes the difficulty in the intercalation process; therefore, the high activation energy
for intercalation needs external energy provides at high temperature or high pressure.
For example, the MoOs;-pyridine intercalation compound was achieved by the
insertion of pyridine into layered MoQj3 by direct intercalation at 80 °C [57]. The high
pressure can help in the intercalation process as well. For example, the rate of
insertion of small guests such as ethanol and methanol into a layered titanate increases
at the pressure of ethanol and methanol medium up to about 10 GPa [58]. The
intercalation compound may lead to new materials with novel properties compared to
the properties of their components. A new compound can give rise to very interesting
several properties, such as electrochemical, electrochromic and conduction properties

[59].

2.3.2 Guest exchange

Ion-exchange is a general property of charged layer hosts. In many
cases, especially with large guests, the guest exchange reaction may take long time or
require evaluated temperatures. For example, the ion-exchange of protons for
Cso7Tigg2s500017504 is completed in 3 day, where as the ion-exchange of large TBA®

cations for Ho 7 Tig.82500.17504.H2O requires 10 days [42].

2.3.3 Swelling and exfoliation/delamination

After intercalation process, the spacing between lavered hosts
increases, which depends on the host structure as well as the nature of guest species.
The further expansion of the interlayer involving the intercalation of large amounts of
solvent is called swelling, resulting to the large separation between the layered sheets

and reducing the lattice energy of the sheets and interlayered ions, as shown in Figure

22,
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Figure 2.2 Schematic representation of the intercalation, swelling and exfoliation

processin lavered structure compound.

If the swelling process is taken its extreme, then the host structure can
be completely exfoliated or delaminated and leads to the formation of colleidal
suspensions (Figure 2.2). The exfoliation of lavered materials prowvides the possibility
to reconstruct the two dimensional single sheets to various desired products [60-62]
The single sheet of layered matenals may a thickness from one to tens of nanometer.
The lateral size 15 about several hundred nanometers to several micrometers. The size
of single sheet materials has a new physicochemical properties compared with their
bulke solids [63] The exfoliated sheetz are typically observed for some layered
materials such as clay minerals [36], titanate [28, 33, 42, 43], HMWW Qg [44],
HoizWn Do 0 7HO [31-33, 64] ete. In many cases, the exfoliated sheets were used for
the preparation of the nanocomposite with various organic molecules, high surface
area catalysts and thin films However, some layered hosts are not easily swelled or

exfoliated, and some degrade under required reaction conditions.
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2.4 Ultrasound processing

Ttrasound processing 15 the act of applying sound energy to agitate particles in
a sample for various purposes, for example, it cah be used to speed dissolution by
breaking intermolecular interactions. Ultrasound has a frequency in the range of 13
kH=z to 100 MH= High-intensity ultrascund irradiation at 20 kHz enhances the rate of
various chemical reactions. This range of ultrasound does not affect chemical bonding
directly, but affects reaction indirectly through the phencomenon of cawitation
Cavitation 13 the production of microbubbles in a liquid caused by a large pressure
drop, like the rapid motion of the propeller blade through the liqud, and pulls the
liquid molecules apart to crease tiny cavities. These cavities or bubbles are created,
expanded, and collapsed with the release of intense local energy as shown in Figure
2.3, providing hot spot regions that can dnve high-energy chemical reactions. Hot

spots may have a temperature of ~2000°C, pressure of about 1000 atm, and heating

and cooling rates above 10 Efsi[65-66]

Flanar
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Figure 2.3 The principles of inettal cavitation [67].

Acoustic p ressure

In lhigquid-selid systems, cavitational collapse affects the surface of solids in

two ways.
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1. The collapse occurs at the surface. Surface defects, entrapped gases, or
impurities on the surface cause nucleation and cavitational collapse
directry. The localized heating on the surface can lead to fragmentation of
solids.

2. The collapse occurs close to the surface, near a solid surface, bubble
collapse becomes nonspherical, driving high-speed jets of liquid into the
surface as shown in Figure 2.4. This phenomenon can significantly

increases mass transport between solution and surface.

' |‘ [ /—\ \ \ ‘ ‘ |
|! \\ \\ ‘\ { Lr’\\‘. | /\‘ I | | /"' /\
\\\‘\ \ \w /

Figure 2.4 Formation of a liquid microjet during bubble collapse near solid surface.

[66].

In many cases, Ultrasound enables to synthesize various types of nano-sized
material and composites [68]. Recently, ultrasound processing is used for shortening
the reaction time for intercalation-exfoliation process. For example, Sukpirom and
Lerner reported [41] that ultrasound increases the rate of exfoliation of layered
HyTiz2-x104yH20O (H-Ti) in TBAOH solution. Applied the ultrasound with the
power of 60 — 300 W for 2 — 30 min effectively reduces the H-Ti particle size to <100

nm.

2.5 Properties of colloids

Colloid is a type of mechanical mixture where one or more of the components
have at least one dimension within the range of about 1 nm to 1000 nm. The mixture
is also called a colloidal solution, colloidal system, colloidal suspension or colloidal
dispersion. A colloidal system consists of two separate phases: a dispersed phase (or

internal phase) and a continuous phase (or dispersion medium). In the solid-liquid
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system, the dominant phase is dispersed phase (for the phase forming the solids) and
dispersion medium (for the medium in which the solids are distributed). In this thesis,
the colloids of layered LiCo;Mn,O; phase (dispersed phase) and TBAOH solution
phase (dispersion medium) 1s classified as the colloidal suspension in solid-liqud

system.
2.5.1 Brownian motion

Brownian motion is the movement of single colloidal particles.
The motion 1s a random zigzag movement of the particles because of the collision of
colloid particles in the dispersion medium. It was discovered under a microscope by

the botanist Robert Brown in 1827 [70].

2.5.2 Optical properties

2.5.2.1 Tyndall effect

Light scattering of the particles 1s a charactenistic property
of colloid. When the light passes though the colloidal dispersion, some portion may
be absorbed, some 1s scattered and the residue 18 transmmtted. The light scattering of
colloid results from the electric field associated with the incident light inducing
periodic oscillations of the electron clouds of the atoms of the particles [69]. This
effect, called the Tyndall effect as shown in Figure 2.5, was first explained by the
British physicist John Tyndall.

Figure 2.5 Photograph of a colloidal suspension of (a) MnO; nanosheets [71] and (b)
exfoliated Co-Al LDH nanosheets [72].
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2.5.2.2 Turbidity

Turbidity is an optical property of solid-liquid colloid that
causes light to be scattered and absorbed rather than transmitted in straight lines
through the colloidal dispersions. As a beam of light passes though the colloidal
suspension, the intensity of scattered light is a function of solid concentration. The
intensity of scattered light from a colloidal system depends on color, size and shape of
the scattering particles, the interaction from them, and the difference between the

refractive indices of the particles and dispersion medium [69, 73].

Detector at 90°

T T!T T Scattered light

¥
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Transmitted light

Lamp Lens Glass sample vial

Figure 2.6 Basic nephelometric arrangement of turbidity measurement [74].

Turbidity is normally measured using a nephelometer, which is a meter that measures
the intensity of light scattered at 90° as a beam of light passes through a sample.
Figure 2.6 shows the basic optical system. The most commonly used turbidity unit is
nephelometric turbidity units (NTU). This unit indicates in the intensity of the

colloidal light scattered compared with a known concentration of a standard solution.
2.5.3 Interaction between colloid particles
2.5.3.1 Electrostatic interaction: The -eclectrostatic interaction is

dominant in the stability of suspensions. In generally, the colloidal particles have an

electrical charge, therefore attract or repel each other.
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2.5.3.2 Van der Waals forces: This 1s an interaction force between two
dipoles that are either permanent or induced. If the particles do not have a permanent
dipole, wavering of the electron density gives rise to a temporary dipole in a particle.
This temporary dipole induces a dipole in nearly particles. The temporary dipole and
the induced dipoles are then attracted to each other. This is called Van der Waals

force, and is always present, is short-range, and is attractive.

2.6 Thin film technology

Thin film preparation from layered oxides has been widely studied because of
the diverse characteristics when compared with the bulk materials. In addition, the
nanoscale films showed a wide range of applications for systems in optics,
microelectronics, and magnetic [31, 33]. There are many methods to prepare thin film
such as a sol-gel synthesis, sputtering and chemical vapor deposition (CVD). But
these processes have to use a high temperature, a high qualitative vacuum system and
intricate equipments. The resulting films have a limit of film area or thickness and
mechanical instability, respectively [75]. Layer-by-layer (LBL) self-assembly method
using a sequential adsorption of oppositely charged materials is used for preparing
multilayer thin films with various advantages such as a simple process, low
temperature deposition, no limit of thickness and needless of complicated equipments,

and it can be used to architect the film layers on a nanometer scale [75-76].

2.6.1 Principles of layer-by-layer (LBL) self-assembly

The LBL adsorption of monolayer is based on electrostatic self-assembly
(ESA) between the negative and positive charged layers. Generally, polycation and
polyanion such as poly(diallydimethylammonium) chloride; PDDA or PDAD,
polyethylenimine; PEL polydipoly(styrenesulfonate); PSS etc. are normally used as
charged polymer layers to construct the LBL films (Figure. 2.7).
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Figure 2.7 Structural schematic of frequently used polycation and polyanions [77].

The solid substrate such as glass slide, quartz slide, silicon wafers are
used for prepare thin films by this method. When the substrate dips into polycation
solution, polycationic molecules come close to the negatively charged substrate, the
local electric field is so strong that it attracts molecules to the surface. Therefore, the
surface of substrate is completely covered by the layer of cationic molecules that
balances the charge of the negative layer substrate. Then, the substrate become to the
positively charged and it used as template to attract negatively charged molecules
during subsequent dipping. The process of LBL self-assembly is illustrated in Figure
2.8. A series of these operations are repeated s times to obtain multilayer films of
(polycation/polyanion),. However, this method is used for many application with
various a kids of cationic or anionic molecules. Figure 2.8b shows the application of

LBL self-assembly for the formation of composite films.
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Figure 2.8 Zchematic schemes of the LEL self-assembly for (a) alternate adsorption
of polycations and polvanions on the solid substrate, and(b) alternate adsorption of

polyions, proteins and nanoparticles on the substrate [77]

2.7 Characterization of materials

2.7.1 X-ray diffraction (XRD)

Horay diffraction (XED) 1z one of the most important non-destructive
techniques to determine the crystalline structure, phase identification and can provide
information on unit cell dimensions of solid X-rays are generated by a cathode ray
tube, filtered to produce monochrematic radiation, collimated to concentrate, and
directed toward the finely ground sample. & monochromatic beam of X-ray incident

on the surface of sample at an angle 8 The scattered intensity can be measured as a

function of scattering angle 28 The different phases presenting in the sample are
efficiently determined by XED technique The XED pattern 15 plotted between the
peak positions (28 angle) and intensities of the diffracted beam . The peaks are
obtained by varying the incidence angle. The positions and intensities of the peaks act
as a distinctive “fingerprint”™ which provides the information of sample. The Joint
Committee on Powder Diffraction Standards (JCPDE) database used to identify of the
crystalline compounds. To calculate the crystallite size form XED pattern, in 1918

mcherrer developed the equation:
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L=34K/pcosk (2

Where L is the crystallite size (&), K is the shape factor, which typically has a value
about 0.9 and B is the full widths at magimum half-height (FWMMH) of the peak in
radians of 26, The width of a diffraction peak 15 influenced by the crystallite size: a

large crystallite size causes sharp reflections, whereas a small size leads to broad

reflections.

2.7.2 Transmission Electron hlicroscope (I'EM)

TEM 1z a microscopy techmique used for studving the size, size
distribution and morphology of particles. TEM involves a beamn of accelerated
electron, 50-200 keV, ernifted by a tungsten filament cathode in wacuum These
electrons are deflected in small angles by atoms in sample and transmitted through a
thin sample Then, these electrons are magnified by magnetic lenses and hitting a
fluorescent screen coated with a phosphor to generate the bright field image A
schematic diagram of transmission electron microscope 15 shown in Figure 2.9, The
images from electron ricroscopes ndicate the shape of a sample arystallite which can
be used to determine size and morphology of solid nanoparticles. In this study, TEM

can be used to exarmine the dispersion of layer host.

_— Electron source
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Figure 2.9 Schematic diagram of transmission electron microscope [78].
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2.7.3 Fourier transform infrared spectroscopy (I'T-IR)

The FT-IR spectroscopy is most widely used for the identification of the
chemical bonds of organic molecules, inorganic materials and organometallic
compounds. In addition, it can be used for investigated the purification of materials
[73]. The chemical bond vibrations usually have energies in the infrared region. KBr
pellet is commonly used to study the solid samples. The solid samples can be milled
with potassium bromide (KBr) to form a very fine powder. Then this powder is
compressed into a thin film pellet. For organic-inorganic composite thin films, the IR
absorption spectra can confirm the existence of the polymer component and layered

host materials.

2.7.4 Ultraviolet-visible spectroscopy ( UV-Vis)

UV-Vis spectroscopy 1s widely used to measure of the absorption of
ultraviolet and visible light by a sample. The absorption of light is caused by
electronic transitions of the wvalence eclectrons with specific wavelengths. The
absorption and the intensity of the absorption show the information of electronic
structure of sample. The light source is usually a hydrogen or deuterium lamp for UV
measurements and a tungsten lamp for visible measurements. These light sources emit
light over a broad range of wavelengths. Spectra are obtained by recording the
intensity of absorption at each wavelength over a given range. Schematic diagram of

this equipment is shown in Figure 2.10.

Monochromator | | |

(wavelength selector Detector

Amplifier| | Readout

Light source Sanple

Figure 2.10 Schematic diagram of a spectrophotometer [79].
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Experimental measurements are usually made in terms of absorbance,
the relationship between absorbance (A) and concentration (¢) is defined by Beer-

Lambert Law:

A =gbc= -logT = -log(/1,) 3)

Where A is the measured absorbance, g is known as the molar extinction coefficient,
b is the path length of the absorbing solution on centimeters, ¢ is the concentration in
moles/liter. T 1s the transmittance, I is the light intensity after it passes through the
sample and I, is the initial light intensity.

Nanometer-sized semiconductor particles or layers are an
intermediate form between molecules and bulk solids. For semiconductor materials,
the electronic band structures are due to the confinement of the electron-hole pair in
the restricted space of the semiconductor particles. As the particles get smaller, the
band gap is larger, resulting from shifts of the conduction band edge to the higher
energy and the valence band edge to lower energy. The smaller the thickness of the
particles with the larger exciton energy (AE.) has been observed for several layered
semiconductor materials in colloidal or exfoliated state such as GaS, Pbl,, TiO,,
HyTisgn U1404.H,0 ete. [80]. In many cases, UV-Vis spectra of the suspensions are
comprised of larger particles that show very broad spectra indicating to the light
scattering by larger particles. If the particles get small, the broad spectrum is
gradually changed to a shape absorption peak. For example, the suspension with large
particles of layered HyTizxu 01404 yH20O showed very broad peak. When the
particles got smaller leading to the sharp absorption peak at a higher energy of 270
nm [41]. In other research, Omomo ef al. [81] reported the optical property of layered
Ho13MnO-0.7H,0O. A diffuse scattering spectrum revealed an almost constant and
featureless absorption in the range 200 — 800 nm, resulting from reflection of the
larger particles size. While the exfoliated absorption spectra of MnO, nanosheets with
broad peak centered at 374 nm. Furthermore, a blue shift of spectra in UV-Vis
absorption with decreasing in particle size, can be observed in several compounds

such as layered H,K,Nb¢O;7 [30] and CdS [82].
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2.7.5 Atomic force microscopy (AFM)

Atomic foree microscopy (AFM) has become the most widely used
technique to examine the thin surface. The AFM consists of a microscale canblever
with a sharp tip a its end. It 1s used to scan the sample surface. Schematie diagram of
atormc foree microscope 15 shown in Fieure 2. 11 AFM measures the interaction foree
(e g aftractive, repulsive, masnetie, el ectrostatic, WVan der Waals) between a sharp tip
and the sample surface. The tip may be dragged across the surface, or may vibrate as
it mowves. Theinteraction forces depend on the nature of the sample, the probe tip and

the distance between them [83]

Detector and
feedback
eleciromic
Photo dind e Laser
{detactor) ; ﬂ
| Samp ke surface |

Figure 2.11 Schematic diagram of atomie force microscope [54].

When the tip 15 brought close to a sample surface, the forces between
the tip and sample canse the cantilever to bend. This movement can be detected by the
deflection of a laser beam which is reflected off the back of the cantilever. When the
tip 15 scanned over the sample surface, the deflection of the cantilever can be recorded
as three-dimensional 1mage of the sample surface [83, 85]. The AFM can be operated
in many modes depending upon the applications which tapping mode is the most
commonly used. This mode are better than the contact and non-contact mode such as
eliminating lateral forces that can damage soft samples and reduce image resolution
[88]. For the surface topography ofthe thin films, the images of sample were recorded
by tapping mode. Inthis project this technique used for study the roughness and layer

thickness of films with varicus numbers of bilayer.



CHAPTER III

EXPERIMENTAL
3.1 Chemicals:

1.  Lithium nitrate, LiNO3; (PRS Panreac, 98% )

Cobalt nitrate, Co(NO3)2.6H,0O, (Fisher, reagent grade)
Manganese nitrate, (Mn(NQO3)2.4H,0O ( PRS Panreac, 97%)
Citric acid anhydrous, CsHgO7 (Scharlau, 95.5%)

Ethanol absolute, C2HsOH (Merck, 299.9%)

Sulfuric acid, H, SO, (Merck, 95-97%)

Hydrochloric acid, HCI (Merck, 37%)
Tetrabutylammonium hydroxide 40% in water, TBAOH

== O LI

(Acros organics, reagent grade)
9.  Poly(diallydimethylammonium) chloride 20% in water,
PDADMAC/PDAD (Aldrich, reagent grade)
10.  Hydrogen peroxide 30%, H,0, (Merck, reagent grade)
11.  Ammonia solution 25%, NH,OH (Merck, reagent grade)
12.  Sodium chloride, NaCl (CARLO ERBA, 99.5-100.5%)
13.  Potassium bromide, KBr (Fluka, 299.5%)
14, Milli-Q water ~18.2 M Q
15. Deionized water (DI)

16. Reverse osmosis water (RO)

3.2 Synthesis of LiCo; s Mn; O, (x = 0.0 - 1.0)

The LiCo1.xMn;O; (x = 0.0 - 1.0) powders were synthesized by modifying the
method of Hanh ef al. [6] as presented in Scheme 3.1. The LiCopsMng,0, of
approximately 1 g was obtained by dissolving a stoichiometric amount of lithium,
cobalt and manganese nitrate salts (0.7102 g of LiNOj3, 2.3985 g of Co(NO3)2'6H,0,
0.5172 g of Mn(NO3)2.4H,0) and 5.9379 g of citric acid in a total acid to nitrate
molar ratio of 1 in 50 mL of ethanol. Other samples with various amounts of the

reactants are summarized in Table 3.1. The solution mixtures were heated at 100 —
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120 °C to obtain the as-synthesized powders, and then calcined at 300 — 700 °C for 6 -
12 h. The structural phase compositions were investigated using the X-ray diffraction
(XRD). The LCMx code is referred to the calcined LiCo; xMnyO, where x is the
molar ratio of Mn to Mn+Co (Table 3.2).

LiNQO; Co(NO3)26H,0 Citric acid

AAanaf ATy Y -ATT MY

1) Dissolve in ethanol.
2) Stir for 24 h.
3) Dry at 100 - 120 °C.

v

As-synthesized LiCo; xMn,O,

Calcine at 300 — 700 °C for 6 - 12 h.

(Heating rate 2 °C/min)

Calcined LiCo 1 xMn;O»

Scheme 3.1 Experimental scheme for the synthesis of LiCo1.xMn;O; (x =0.0 - 1.0).
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Table 3.1 Stoichiometric amounts of starting materials for LiCo; xMn;O; synthesis

X LiNO; (g) Co(NO3),6H,0 Mn(NO3),4H,0 Citric acid
(2) (2) (2
0.0 0.7047 2.9736 0.0000 5.8893
0.1 0.7073 2.6873 0.2575 5.9135
0.2 0.7102 2.3985 0.5172 5.9379
0.3 0.7131 2.1074 0.7790 5.9624
0.4 0.7161 1.8138 1.0429 5.9872
0.5 0.7191 1.5178 1.3091 6.0122
0.6 0.7220 1.2192 1.5774 6.0368
0.7 0.7251 0.9183 1.8480 6.0622
0.8 0.7281 0.6148 2.1209 6.0878
0.9 0.7312 0.3087 2.3962 6.1136
1.0 0.7343 0.0000 2.6737 6.1396

3.3 Proton-exchanged form of LiCo; \Mn;O»

LiCo1xMnyO; was converted into its proton-exchanged form by modifying
the method of Gupta et al. [87]. LiCo1.xMn;O, (2g) was dispersed in 100 mlL 0.35 M
H>SO4 aqueous solution and stirred at room temperature for 24 h. The product was
centrifuged, washed with DI water, and dried at 50 °C in vacuum oven overnight. The
proton-exchanged form of LiCo;,Mn,0O- 1s referred as HCo1xMny0O, (HCMx). For
example, HCoy gMn 20, abbreviated as HCMO0.2.
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Table 3.2 The sample codes for LiCo;.xMnxO, samples and their proton-exchanged form

X Compounds (Theoretical formula) Sample codes

0.0 LiCoO; LCMO0.0
HCoO3 HCMO0.0

0.1 LiCopoMng;0, LCMO.1
HCop9Mng 10> HCMO.1

0.2 LiCogsMn20, LCMO0.2
HCopsMng20- HCMO0.2

0.3 LiCop7Mng30, LCMO0.3
HCo¢7Mng30- HCMO0.3

0.4 LiCog¢Mng40O, LCMO0.4
HCopsMng40- HCMO.4

0.5 LiCogsMngs0, LCMO.5
HCo¢5sMngs0- HCMO.5

0.6 LiCog4Mng0, LCMO.6
HCo¢4Mng 0> HCMO.6

0.7 LiCog3Mng-0, LCMO0.7
HCo¢3Mng70- HCMO0.7

0.8 LiCop2Mng50, LCMO0.8
HCo¢2Mngs0- HCMO.8

0.9 LiCop1MngoeO1 LCMO0.9
HCo¢1Mngs0- HCMO0.9

1.0 LiMnO; LCM1.0
HMnO, HCM1.0

3.4 Dispersion of HCMx

The colloidal suspensions of HCMx were prepared by modifying the methods
of Sasaki ef al. [31] and Sukpirom and Lerner [29]. 0.2 g of HCMx was added to an
aqueous solution of 50 mL 0.04 M TBAOH in 100 mL glass bottle. The mixture was
shaken with the speed of 300 rpm for 24 h at room temperature, and then sonicated

for 30 minutes using ultrasonic processor with Ti alloy probe (13 mm diameter) at
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125 watts. After sonication, the suspension was centrifuged at 3000 rpm for 10 min.
The samples were divided in 2 parts: (i.) the supernatant colloidal suspension of
HCMx, so called upper phase (abbreviated as Up-HCMXx), and (ii.) the precipitates, so
called deposited phase (abbreviated as Dep-HCMx). Both parts were cast on glass
substrates and dried in air for 24 h prior to the characterization by XRD.

3.4.1 Effect of TBAOH concentration

The effect of TBAOH concentration was studied by dispersing a fixed
amount of the 0.2 g HCMO0.2 in 50 mL. TBAOH aqueous solution. The mixture were
shaken at 300 rpm for 24 h and then sonicated for 30 min. The molar ratio of TBA
cation to exchangeable protons in HCMO0.2 (referred as TBA/HCMO0.2) was adjusted
to 0.0, 0.1, 0.5, 1.0, 2.0, 3.5 and 5.0 folds. After sonication, the colloidal suspensions
were centrifuged at 3000 rpm for 10 min in order to separate the deposited phases. All
samples of the Up-HCMO0.2 and Dep-HCMO0.2 were cast on glass substrates and dried
in air for 24 h prior to the characterization by XRD. The Up-HCMO0.2 samples were
diluted 50-fold in Milli-Q water and analyzed by UV-Vis spectroscopy.

3.4.2 Effect of sonication time

The effect of sonication time towards the dispersion process was studied
by dispersing a fixed amount of 0.2 g HCMO0.2 in 50 mL. TBAOH aqueous solution
with TBA/HCMO0.2 = 1.0. The mixtures were shaken at 300 rpm for 24 h, and
sonicated for 0, 30, 60 and 90 min. After sonication, the colloidal suspensions were
centrifuged at 3000 rpm for 10 min in order to separate the deposited phases. All
samples of the Up-HCMO0.2 and Dep-HCMO.2 were cast on glass substrates and dried
in air for 24 h prior to the characterization by XRD. The Up-HCMU0.2 samples were
diluted 50-fold in Milli-Q water and analyzed by UV-Vis spectroscopy.
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3.5 Fabrication of multilayer thin film by LBL technique

3.5.1 Priming of substrates

Substrates, glass slides and quartz slides, were treated in a piranhas
solution (3:1 volume ratio of concentrated H,SO, and 30% H,0O;) for 30 min,
followed by thorough rinsing with DI water for several times. The substrates were
further treated with the mixture of concentrated NHs, 30% H,>O, and H,O (1:1:5 in
volume) at 40 — 50 °C for 30 min. After that, the cleaned substrates were dried at room

temperature.

3.5.2 Preparation of multilayer thin films

Multilayer thin films were prepared by modifying the layer-by-layer
(LBL) assembly procedure of Sasaki ef /. [31]. The clean substrates were immersed
in 50 mL 10 mM Poly(diallyldimethylammonium chloride) (PDAD) aqueous solution
containing 0.5 M NaCl. The experiment was under shaking with 50 rpm for 10 min to
get a positively charged substrate, and followed by thorough washing with Milli-Q
water for 3 times (10s each time). Then the positively charged substrate was
immersed in a 50 mL colloidal suspension of Up-HCMO0.2 for 10 min, and washed
with Milli-Q water for 3 times again. After that, it was dried at room temperature. The
apparatus set-up of this process is shown in Figure 3.1.

mnmml!l+

Figure 3.1 Apparatus set-up for multilayer thin film preparation.
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A series of these operations were repeated # times to obtain multilayer films of
(PDAD/HCMO0.2), ; n = 0 - 20, as shown in scheme 3.2. The multilayer films
fabricated on quartz substrates were analyzed by UV-Vis spectroscopy. The samples
for AFM prepared on glass slide were examined by AFM in a tapping mode. Infrared

spectra were recorded on samples pressed into KBr disks using FT-IR spectrometer.

H2O Hgo
E— > Dry at RT

10 mM PDAD (Up-HCMO0.2) (PDAD/HCMO0.2),

L 10 min 10 min -

Scheme 3.2 Experimental steps of thin film preparation.

3.5.3 Effect of Na(l concentration

The effect of NaCl concentration to the thin film preparation was
studied in the substrate with one bilayer (PDAD/HCMO0.2),; n = 1). The procedure
was similar to section 3.5.2 with the addition of 0.00 - 1.00 M NaCl in the PDAD

solutions.

3.5.4 Effect of dipping times

The effect of dipping times to the thin film preparation was studied in
the substrate with one bilayer (PDAD/HCMO0.2),; n = 1). The dipping time in the
PDAD solution containing 0.50 M NaCl was fixed at 10 min. The dipping times in the
colloidal suspension of HCM0.2 were varied at 1, 2, 5, 10, 20, 40 and 60 min.
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3.6 Characterization techniques

3.6.1 Powder X-ray diffraction (XRD)

The XRD patterns of all samples were determined by a Rigaku, Dmax
2200/Ultima’ diffractometer equipped with a monochromator and Cu Ka radiation.
The tube voltage and current were set at 40 kV and 30 mA, respectively. The
diffraction pattern was recorded in the 2-theta ranged from 2 - 30 degree and 15 - 60
degree with a scan speed of 3 degree/min and a scan step of 0.02 degree. The
scattering slit, divergent slit and receiving slit were fixed at 0.5 degree, 0.5 degree and

0.15 mm, respectively.

3.6.2 Inductively coupled plasma-atomic emission spectroscopy (ICP-

AES)

Lithium, cobalt and manganese contents in the LCMx and HCMx
samples were analyzed using the Perkin Elmer Plasma-1000 inductively coupled
plasma-atomic emission spectrometer (ICP-AES). The samples were digested with
acid as the followings: 0.0200 g of samples in a 100 mL beaker was soaked with 5 mL
of 6 M HC1 and heated on a hotplate to a clear solution. The step was repeated for 3
times. The clear solution was transferred to a 500 mL volumetric flask and made
to the volume with reverse osmosis water. The sample concentration was

approximately 40 mg/L (ppm).

3.6.3 UV-Visible spectroscopy (UV-Vis)

The absorption spectra of colloidal suspensions and thin films were
recorded by a Shimadzu UV-2550 UV-Visible spectrophotometer in the absorbance
mode. The measurement was in the range of 190 to 900 nm, the sampling interval and

slit width were 0.1 nm and 1.0 nm, respectively.
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3.6.4 Fourier transform infrared spectroscopy (I'T-IR)

Fourier transform infrared (FT-IR) spectra were recorded on a Nicolet
Impact 410 FTIR spectrometer. Sample powders were prepared as a KBr pellet, by
grinding a small amount of sample with dried KBr and pressing to 6000 psi in a pellet

press. IR data were collected from 4000 to 400 cm™.

3.6.5 Transmission electron microscopy (TEM)

The morphology and particle size of layered 1.iCo;.xMn,O; before and
after exfoliation process were investigated by a JEOL; JEM-2100 transmission

electron microscopy.

3.6.6 Turbidity meter

The turbidity of colloidal suspensions was determined by a TN-100
turbid meter with an infrared-emitting diode (850 nm wavelength) light source and

silicon photovoltaic detector.

3.6.7 Atomic force microscopy (AFFM)

Atomic force microscopy (AFM) with the NanoScope IV A controller
was used to examine the surface topology and the thickness of thin films prepared on

glass substrates. AFM images were acquired in a tapping mode.

3.7 Instruments and apparatus

3.7.1 Muffle furnace

The caleination was performed on a Carbolite RHF 1600 muffle furnace
in air. The furnace was used for LiCo;xMnyO; synthesis. The process was able to
remove the moisture and decompose organic impurities from the samples. The

temperature program for the calcination of LiCo; xMnxO> is shown in Scheme 3.3.
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300 -700°C,6-12h

2 °C/min
2 °C/mi

100°C
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Scheme 3.3 The temperature program for the calcination of LiCo;.xMn;O.

3.7.2 Centrifuge

The separation and collection of the HCMx samples were processed by
a Sanyo centrifuge at speed of 3,000 rpm for a few minutes. In addition, this
equipment was used to separate the precipitates (Dep-HCMx) from colloidal

suspension (Up-HCMXx) at speed of 3000 rpm for 10 min.

3.7.3 Oven

The HCMx and Dep-HCMx samples were dried in an EYELA VOS-

301SD vacuum oven at 50 °C overnight.

3.7.4 Shaker

The suspensions of HCMx were obtained by Heidolph VIBRAM100
shaker with setting at 300 rpm for 24h, In addition, the multilayer thin films were
prepared using Memmert shaker with setting at 50 rpm (speed no. 4).

3.7.5 Ultrasound

The dispersions of HCMx were obtained using VC 505 ultrasonic

processor with Ti alloy probe (13 mm diameter) at 125 watts.



CHAPTER 1V

RESULT AND DISCUSSION

4.1 Synthesis and characterization of LiC00O; powders

4.1.1 X-ray diffraction (XRD)

LiCoO; was synthesized by modifying the method of Hanh et ol [6].
The temperature and time of calcination to obtain a single-phased LiCoQO, were
studied. The XRD patterns of as-synthesized and calcined LiCoO- samples are shown

in Figure 4.1.
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Figure 4.1 XRD patterns of (a) as-synthesized LiCoQO; and (b) calcined LiCoO; at
300 °C for 6 h, (¢) 300 °C for 12 h, (d) 400 °C for 6 h and (e) 400 °C for 12 h.
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The pattern of the as-synthesized LiCoQ; presents an amorphous
phase. Using the calcination temperature of 300 °C for 6 and 12 h, XRD reveals that
the sample is composed of LiCoO; phase (JCPDS 44-0145) and Co3;O4 phase
(JCPDS 42-1467). As the calcination temperature increased to 400 °C for 6 h, the
XRD pattern shows a single-phase of LiCoQ;. The sharp diffraction lines of LiCoO-
at 20 = 19.06, 37.56, and 45.38 correspond to (003), (101), and (104) reflections,
respectively. These patterns are indexed as a rhombohedral structure (JCPDS 44-
0145). The crystallite size of LiCoO; is estimated from the widths of the diffraction
line of 003, 101, and 104 planes using the Scherer equation in Table 4.1. It can be

observed that the prepared LiCoQ; crystallites are in the nanosize range.

Table 4.1 Crystallite sizes of calcined LiCoQ, samples at 400 °C

Crystallite size (nm)*
Calcined condition
Los Lo L1o04 L average
400°C, 6 h 21.5 21.1 223 21.6+0.6
400°C,12h 23.4 22.5 23.2 23.0%£0.5

* The data were calculated, based on the Scherer method by the MDI Jade software.

4.1.2 Transmission electron microscope (TEM)

Figure 4.2 shows the TEM images of the calcined LiCoO, at 400 °C for
6 h. It can be observed that the average particles size have diameters about 25 nm,
which agrees well with the data obtained from XRD studies (Table 4.1). The
individual crystallite of 1.iCoQ3 is shown in the high-resolution lattice image (Figure
4.2-d). This image presents a well-defined layered structure of cobalt oxide.
Furthermore, TEM images do not show other morphologies except sheet-like

particles; therefore, layered LiCoQ; is the dominant phase.
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100 nm S0 nm

Figure4.2 TEM images of the calcined LiCoOs at 400 °C for 6 h.

4.2  Synthesis and characterization of LiC 01 Vn 0z powders

The LiCo1eln, Oy (z = 0.0 - 1.0Y powders were synthesized by the same
method. The as-synthesized LiCo1,Mn, O3 was calcined in the range of 400 - 700°C
for & h to obtain the single-phased LiCo 1 Idn, O,

4.2.1 Crystal structure and crystal size of calcined LiCoj  Mn, D2

The HED patterns of the LiCoy Mn, O (x = 0.0 - 1.0) caleined at 400
and 500°C for 6 h are shown in Figure 4.3 and 4.4, respectively.
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Figure 4.3

XRD patterns of LiCo; xMn;O5 (x = 0.0 - 1.0) calcined at 400 °C for 6 h.
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Figure 4.4 XRD patterns of LiCo; xMnyO; (x = 0.0 - 1.0) calcined at 500 °C for 6 h.
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Figure 4.3 shows XRD patterns of LiCo;xMnxO; (x = 0.0 - 1.0)
calcined at 400 °C for 6 h. As x = 0.0 - 0.8, the samples appear to be a single-phased
LiCoO;. As x = 0.9 and 1.0, the small peak of an impurity phase (Li,MnQOj3; JCPDS
27-1252) at 22 ° was observed. When the samples were calcined at 500 °C for 6 h
(Figure 4.4), the patterns of compounds with x = 0.7 - 1.0 contains the Li,MnQO;3
phase (JCPDS 27-1252). It can be concluded that the single-phased LiCoQO, were
observed for Mn-doping up to x = 0.6. However the board peaks of the patterns refer
to the small crystallite size of samples which may cause the difficulty to maintain the
layered structure of the samples during the exfoliation process. In the colloid
preparation, using ultrasound radiation causes cavitation phenomenon. This
phenomenon creates high impact energy to the solid surface and high temperature of
the solution that may causes the degradation of the unstable layered structure. To
obtain the stability of single-phased LiCo; xMnyO, with optimized ratio of Mn/Co,
the samples were calcined at 700 °C for 6 h. Furthermore, the patterns of all samples
calcined at 400 °C and 500 °C have too low intensity of characteristic peaks to
calculate the lattice parameters. Thus, the lattice parameters of LCMx calcined at 700
°C are calculated.

Figure 4.5 illustrates XRD patterns of LiCo1xMn;O; (x = 0.0 - 1.0)
calcined at 700 °C for 6 h. The intense diffraction lines of LCMO0.0 at 20 = 19.02,
37.48, 38.48, 39.16, 45.30, 49.50 and 59.70 correspond to (003), (101), (006), (012),
(104), (015) and (107) reflections, respectively. These diffraction patterns are indexed
as a thombohedral structure, similar to that of LiCoO, (JCPDS 50-0653, simulated in
Figure 4.6).
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Figure 4.5 XRD patterns of LiCo; xMnyO» (x = 0.0 - 1.0) caleined at 700 °C for 6 h.
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Figure 4.6 Simulated XRD pattern of LiCoQ; from JCPDS: 50-0653.

The single-phagzed oxides were found for Mn doping up to x = 0.2. The
secondary phases were found in the samples with the x = 0.3 — 1.0. These impurity
phases were identified as MnO; phase (JCPDS 42-1169), Li; MnO5 (JCPDS 27-1252)
and Coz04 (JCPDS 42-1467). Furthermore, the samples with x is 0.9 and 1.0 are the
mixed phase of Li:MnOs; LiCoO; andLizCoMn:Qz (JCPDS 48-0261). With
increasing Mn content in the single phased LCMx (x = 0.1 and 0.2), the XRD
intengities of all peaks decrease. Moreover, the (003) peak, slightly shifted to a lower
angle with an increase in Mn content. To obtain the lattice parameters for each
composition in Table 4.2, the (003), (101) and (104) reflections were chosen because
of their high intensities. Substitution of Co by Mn results to the expansion of the unit
cell parameters consistent with the differences in size between Co'" and Mn™* (C03+ =
0.56 A and Mn™" = 0.63 A). The result agrees well with Caballero et @i [24] and
Suresh 2t al. [26].

Table 4.2 Lattice parameters and d-spacings of single-phased LiCo;_ ,Mn, O5 calcined at
700°Cfor6 h

Lattice parameter (1)
Samples dooz(A)

a c oa

LCMO.0 4.665540.0152 2.81160.0031 13.996610.0457 4.9781+0.0117
LCMO.1 4.70460.0031 2.8132+0.0024 14.1139+0.0091 5.0151+0.0026
LCMO.2 4.709510.0097 2.814310.0018 14.1285+0.0292 5.020240.0082




44

The crystallite sizes of single-phased oxides are calculated from the
XRD patterns using the Scherer method, using a full width at half maximum of shaper
and clearer peaks of (003), (101) and (104) reflections as shown in Table 4.3. The
data indicates that the crystallite sizes of synthesized LiCo;MnyO» are in the
nanosized range. Furthermore, the crystallite size decreases with an increase of x from

0.0to0 0.2.

Table 4.3 The crystallite sizes of single-phased LiCo;.xMn;O; (x = 0.0 - 0.2) calcined
at 700 °C for 6 h

Crystallite size (nm)*
Samples
Loos Lo Lio4 Laverage
LCMO0.0 66.9 89.8 58.2 71.6116.3
LCMO.1 39.6 39.8 32.3 37.2+4.3
LCMO0.2 26.4 29.4 23.6 26.512.9

* The data were calculated, based on the Scherer method by the MDI Jade software.

The effect of the calcination temperature at 400 — 700 °C towards the
crystallinity is shown in Figure 4.7. As the temperatures increase (400, 500 and 700
°C), the crystallite size of all samples is risen indicating the gradual growth in the
particle size [88]. The growth of the particle size results from the rearrangement of the

atoms in the samples through diffusion at high temperature.
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Figured.7 Crystallite sizes of singlephased LiCo1 Mn, O (x=0.0 - 0.2) using various

calcined temperatures of 400 — 700 °C,
4.2.2 Transmission electron microscope (TEM)

Figure 4.8 shows TEM images of LCIW0O.0, LCWO 1 and LCKO. 2. It can

be cbszerved that the LOMWO 0, LCWMO. 1 and LCWO 2 have diameters in the range of 30
- 100 nm, 40 - 60 nm and 25 - 50 nm, respectively. The Mn doping apparently leads

to the reduction of particle size. This result agrees well with the data obtained from

HED studies (Table 4.3



LCMO0.0

S0 nm

Figure 4.8 TEM images of single-phased LiCo;.xMn,O; calcined at 700 °C for 6 h.
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The individual crystallites of LiCo M, O (x=0.0- 0.2} 15 shown mn
the high-resolution lattice images (Figure 4.9) These images present a layered
structure and the d-spacings of Mn doping-cobalt oxides It observed that, the
distances of between layers are expanded with mcreasing amount of Mn. This result

concurs well with the data obtained from XRD studies (Table 4 43

4
2 nm

= (b2)

Figure 4.9 High resolution TEM images of (a) LCWO 0, (by LCMO. 1 and () LCKMO.2
calcined at 700 °C for 6 h

Table 4.4 The d-spacings of single-phased TiC o, Mn, O calcined at 700 °C for 6 h

dogz (nm)
Samples
XED TEM
LCH0.0 46655200152 04633200063
LCM01 47046400031 0.4797£0.0054

LCMD 2 4709510 0097 0486240 0082
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4.2.3 Fourier transform infra-red spectroscopy (FT-IR)

Figure 4.10 shows the FT-IR spectra of single-phased LiCoy Mng Oz
calcined at 700°C for 6 h. All samples show the four characteristic peaks in the range
500-700 cm™, which are attributed to the asymmetric stretching CoOg and MnOg
groups. This observation 15 similar to that Rao et al. [89], Tao et af. [90], Kalyam et
al, [14] and Li et al. [90]. While the stretching mode of 11Oy octahedron 1s observed
in the far-infrared region around 240 - 270 cm™ [91] but that region is not covered

here, & summary of peak position assignments is provided in Table 4. 5,

2; Transmittance

| I | |
1200 1000 300 G0 400

Wavenumber (c m'l]

Figure 4.10 FT-IE. spectra of singlephased LiCoq Mn. Oz caleined at 700°C for 6 h,

Furthermore, the peak at 521 em™ of LCMO.0 shifts towards lower
wavenumbers (~503 - 505 cm™) as the Mn content increases (x = 0.1 and 0.2). The

shifing of this vibrabon peak results from a decrease in the strength of Co-O
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interaction due to the expansion of the lattice parameter from the substitution of Co

(IIT)1ons in LCMO0.0 by the larger Mn (III and IV) ions [92-93].

Table 4.5 FT-IR peak positions and assignments of single-phased LiCo; xMn;O-
calcined at 700 °C for 6 h

; Observed values
Literature values (v, Cm")

(v, Cm™)
Assignment
LiCoO, LiCoO, LiMn,0; LiMn,0, LCM LCM LCM
[89] [88] [90] [14] 00 0.1 0.2
507 510 503 505 v,-MnOg®
525 520 521 - - ve-CoOg"
556 575 558 562 562 vge-CoOg®
597 605 604 608 610 vu-CoOg®
613 620 Vas-MnOg*
651 660 655 Vas-CoOg"

Vas = asymmetric stretching
“Ref. [14, 91]
b Ref. [89]

4.2.4 Chemical composition of the single-phased of LiCo; ;yMn;O;

The chemical composition of the single-phased oxides was analyzed by
ICP-AES as shown in Table 4.6. In all cases, the analyzed compositions are close to
the targeted chemical composition. Substitution of Co (IIT) ions in LiCoO; by Mn (III
and IV) ions results to a decrease in the lithium content. From the calculation (shown
in appendices 4), the oxidation number of Mn in LCM0.1 and LCMO0.2 is about 3.20
and 3.15, respectively. Furthermore, the less amount of lithium cations by Mn-doping

suggests the reduced charges of cobalt manganese oxide layered sheets.
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Table 4.6 Chemical compositions of single-phased LiCo;.xMnyO> calcined at 700 °C
for6h

Stoichiometry
Samples Composition
Li/(Cot+Mn) Co/(CotMn) Mn/(Co+Mn)

1.CMO0.0 1.00 1.00 ; Li; 00C01 0005
T.CMO.1 0.98 0.90 0.10 Lio_ggCOo_goMno_1002
LCMO.2 0.97 0.80 0.20 Lio_ngOo_goMl’lo_zoOg

4.3. Characterization of HCMx

Some layered transition metal oxides are not active for intercalation process
because of the difficulty associated with the intercalation of guest molecules. This
resistance to intercalation is attributed to the higher charge density of the sheets [95].
Generally, layered oxides can be converted into the proton-exchanged forms and
preserved their layer structure [30, 32, 46]. Proton-exchanged layered compounds
with low negative charge densities [95]. Allow high degree of intercalation that means
the easy incorporation of a wide variety of guests such as cations and organic
molecules into the interlayer [96]. In many cases, proton-exchanged forms were used
as starting materials to prepare colloids and thin films [31, 42-43]. In this thesis, the
proton-exchanged form of LiCo; xMnxO, was obtained by stirring the powder in an

acid solution.

4.3.1 X-ray diffraction (XRD)

The XRD patterns of the single-phased 1.iCo; 4 Mn O, calcined at 700

°C for 6 h and their proton-exchanged form are shown in Figure 4.11.
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Figure 4.11 XRD patterns of single-phased LiCo;_xMn;O; calcined at 700 °C for 6 h
and their proton-exchanged form. ( V Indicates that the proton exchanged reaction is

not complete).

From the patterns, the (003), (101) and (104) peaks of HCMO0.0, HCM0.1 and
HCMO0.2 are broaden after the proton-exchanged process. The peaks broadening
results from the structural deformation by acid treatment, leading to the smaller
particle size [96]. The pattern of HCMO.0 presents the mixture phase between
LCMO0.0 and HCMO.0, indicating that the proton-exchanged reaction was incomplete.
The incomplete ion-exchange was found in LCMO.0 because it has larger crystallite
size compared to LCM0.1 and LLCMO0.2 have. The large crystallites have less external
surface area to contact with the acid solution; therefore, the diffusion of proton into
the layered structure requires longer time. The crystallite sizes of HCMx are estimated
from (003) reflection, reported in Table 4.7. The data indicates that the crystallite

sizes of LCMx and HCMx are in the nanosized range. The crystallite sizes of
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HCMO.1 and HCMO0.2 are smaller than LCMO0.1 and LCMO0.2, respectively, while that
of HCMU0.0 is not reported because of the broaden and overlap peaks of the mixture

phase.

Table 4.7 Crystallite sizes of single-phased LiCo;.xMnyO> calcined at 700 °C for 6 h

and their proton-exchanged form

Samples Crystallite size (nm)”
LCMO0.0 71.6

LCMO.1 37.2

LCMO0.2 26.5

HCMO.0 £

HCMO.1 16.8

HCMO0.2 18.6

* The data were calculated, based on the Scherer method by the MDI Jade software.

B Proton-exchanged reaction is not complete.
4.3.2 Transmission electron microscope (TEM)
Figure 4.12 shows TEM images of the HCM0.0, HCM0.1 and HCMO0.2.

It can be observed that the particles sizes of all samples decrease after proton-

exchange. The trend of the particle size of HCMx is as the followings;

HCM0.0 > HCMO0.1 > HCMO.2



HCMO0.0

Figure 4.12 TEM images of HCMx.
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4.3.3 Chemical composition of IICMx

The element compositions of LCMx samples before and after proton-
exchange were analyzed by ICP-AES as shown in Table 4.8. It is noted that all lithium

ions can not be replaced by protons.

Table 4.8 Chemical compositions of single-phased LiCo; xMn;O; samples before

and after proton-exchange process

Stoichiometry

Samples H Li Co Mn Composition

H/(Co+Mn) Li/(Co+Mn) Co/(Co+Mn) Mn/(Co+Mn)

LCMO0.0 - 1.00 1.00 - Li; 00C010003
LCMO0.1 - 0.98 0.90 0.10 Lio_ggCOo_goMno_loog
LCMO0.2 - 0.97 0.80 0.20 Lig97C0050Mng 2002
HCMO0.0 (.88 0.12 1.00 - HoggLio12CoO2

0.83 0.15 (.89 0.11 Ho_g3Li0_15COo_ggMn0_110
HCMO.1

2

0.81 0.16 0.82 0.18 H0_31Li0_16C00_82Mn0_180

HCMO0.2

2

4.4 Characterization of colloid suspension

The colloidal suspensions of HCMx were obtained by dispersing 0.20 g of
HCMzx in 50 mL 0.04 M TBAOH solution (TBA/HCMx = 1). The mixture was
shaken at 300 rpm for 24 h at room temperature, and then sonicated for 30 minutes.
After sonication, the suspension was centrifuged at 3000 rpm for 10 min to remove
the deposited phases. The upper phase (Up-HCMx) and deposited phase (Dep-HCMXx)
were cast on glass substrates and dried in air for 24h prior to characterize by XRD.
The percentage of HCMx in colloidal suspension phase can be estimated by
subtracting the mass of the solid that remained at the bottom of the glass bottle from

the initial mass (0.20 g). Thus, the calculated amounts of the solid oxides in
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dispersion phase of HCM0.0, HCM0.1 and HCMO0.2 are about 6, 11 and 29 wt%,
respectively.

4.4.1 X-ray diffraction (XRD)

The deposited solid and the colloidal suspension of HCMx (HCMO.1
and HCMO.2) after exfoliation process were cast on glass slides and dried at room
temperature. Their XRD patterns are shown in Figure 4.13. For all cases, the patterns
of the deposited solid are similar to the HCMzx, referred that the TBA® cannot
intercalate into layered structure. On the other hand, the patterns of colloidal
suspension appeared two noticeable basal spacing of 4.67 A and 11.50 A. The former
is due to HCMx phase, and the latter is assigned to a TBA" intercalated phase. The
free TBA" ion is a spherical-liked shape with the size in the range of 9.50 - 10.50 A
[97]. During an exfoliation process, the free TBA ™ ion can be intercalated into the
confined space between layered structure, then its spherical-like shape could change
because of the electrostatic interaction. The size of TBA" ion in the space between
layered host (11.50 - 4.67 = 6.83 A) is smaller than the free ion because of the
attractive interaction between TBA' cation and negative-charged layer of host. In
order to increase the attractive force, the distance between opposite charges should be
shorten; therefore, the alkyl chains of TBA' ion rearrange themselves and the
spherical-liked shape becomes flatter [28-29].

Not only the TBA" intercalated phase, the XRI) patterns of Up-HCMO0.1
and Up-HCMO.2 also show a starting HHCMx phase with d-spacing about 4.67 A,
indicating the incomplete intercalation of TBA" ion, leading to the imperfect
exfoliation of HCMx in solution. In addition, the colloidal suspension of HCMO.0 is
not stable in this condition. Thusg, the XRD of Up-HCMO0.0 is not available.
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Figure 4.13 XRD patterns of colloidal suspension (Up-HCMx) and deposited solid
(Dep-HCMx) of HCMx.

4.4.2 Tyndall effect

The colloidal suspensions of HCMx samples were obtained using the
procedure above. Figure 4.14 (a) shows photographs of the colloidal suspensions of
HCMO0.0, HCMO0.1 and HCMO0.2. The color of the colloids was varied from colorless
to dark-brown, depending on the Mn content. However, the colloidal suspension of
HCMO.0 was not stable, this result may cause from the larger particles and higher
charged layers of HCM0.0 compared with the other samples. Figure 4.14 (b) shows
the light scattering of the HCMx suspension. It observed that the suspension of
HCMO.1 and HCMO0.2 exhibits the Tyndall effect but the suspension of HCMO0.0 is

not present. This effect shows the characteristic property of a colloid.
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Figure 4.14 (a) Photographs of the colloidal suspensions of HCM= (diluted by 10-
fold with Mulli-Q water) and (b) the demonstration of Tyn dall effect.

4.4.3 UV-Vis spectroscopy

Figure 413 shows TUV-Visspectra of the prepared colloidal
suspensions of HCMWO 1 and HCMO 2 The spectra exhibits optical absorption with a
broad peak centered on 254 nm and 244 nm, respectively. In the case of HCWO O, the
specttum  does not appear because of the unstable collotd The broad peaks of
collotdal suspension HCMO 1 and HCWO.2 are ascribed to the combination of a
characteristic absorption peak of the exfoliated HCIIO 2 and the scattering from its
larger particles in suspension. The peak of HCMWO 2 suspension with the highest
absorbance could be explaned as HOMO 2 was dispersed in higher amount than the
other two oxides, because the HCMWO 2 has smaller particles size and lower charged
layers than HCMOD 1 and HCTMO0, as discussed in sections 424 and 432
Furthermore, the substitution of Co by Mn results in the expansion of the space
between CoOz sheets. Then, the interaction between CoOg sheets of HCMO 2 layers

decreases, so that it can be more dispersed in TBACH solution.
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Figure 4.15 UV-Vis spectra of colloidal suspensions of HCMx in TBAOH solution
(diluted by 50-fold with Milli-Q water).

4.4.4 The stability of colloidal suspension (Up-HCMO0.1 and Up-HCMO0.2)

Figure 4.16 shows the relationship between the turbidity of colloid and
a suspension time. The turbidity of the colloid is decreased when the suspension time
increases. This result may cause from the precipitation of the larger particles of
HCMzx over a standing period. On the other hand, the UV-Vis spectroscopy ensures
the stability of colloids. Figure 4.17 shows the relationship between the maximum
absorbance and a suspension time. The peak absorbance is slightly decreased even
after standing for 10 day. Thus, the colloidal suspension of HCMO0.1 and HCMO0.2 is
suitable for used as precursor for thin film preparation. This UV-Vis result contrasts
with the turbidity because the UV-Vis absorption at the characteristic peak results
from the nanosheets of HCMx, while the turbidity corresponds with the larger

particles.
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Figure 4.16 Relationship between a suspension time and a turbidity of colloid
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4.4.5 Transmission electron microscopy (T EM)

The morphology of HCMx powders and HCMx suspensions was
examined by TEM as shown in Figure 4.18. The TEM 1mages reveal that the HCMx
sheets in colloids were not fully exfoliated but much more dispersed after shaking
with TBAOH solution. The result also indicates that the sizes of Mn-doping cobalt
oxides are about 5 - 10 nm (Figure 4.18 (c-d)).
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100w LU g
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Figure 4.18 TEM images of (a) HCMO0.1, (b) HCMO0.2, (¢) Up-HCMQO.1 and (d) Up-
HCMO.2.

Therefore it can be concluded that the HCMx colloidal suspensions are
comprised of the HCMx nanoparticles and exfoliated Mn-doping cobalt oxides

nanosheets. In the next experiment, HCMO0.2 was chosen as the starting material for
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study of the effect of TBAOH concentration and a sonicate time in exfoliation

Process.

4.4.6 Effect of TBAOH concentration

The effect of TBAOH concentration was studied with a fixed amount of
0.20 g HCMO0.2 by varying the mole ratio of TBA/HCMO.2 in the range of 0.0 - 5.0.
The dispersion condition was shaking at 300 rpm for 24 h and sonicating for 30 min.
Figure 4.19 shows the photographs of Up-HCMO.2. After sonication, all sample
showed the dark-brown suspension (Figure 4.20 (a)). Then, centrifuge at 3000 rpm for
10 min, the samples with TBA/HCMO0.2 mole ratio in the range of 0.0 - 3.5 still
contained the large amount of HCMO0.2 in solution. As TBA/HCMO0.2 = 5.0, the
suspension presented the light-brown solution and the precipitate presented HCMO.2
in the bottom because of the ionic strength in the suspensions. Figure 4.19 (¢) and (d)
shows the photographs of Up-HCMO.2 diluted for 10-fold and 20-fold, respectively. It
can be observed that, the TBA/HCMO0.2 mole ratio of 0.5 - 1.0 had the highest dark-

brown suspension, indicating to the largest amount of HCM0.2 in a solution.
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Figure 4.19 Photographs of UTp-HCMMO 2 with various mole ratio of TEAHCHKO 2 in
the range of 0.0-5.0 {a) after sonication at 125 W for 30 min, and (k) after
centrifugation at 3000 rpm For 10 min, () diluted by 10-fold, (d) diluted by 20-fold
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4.4.6.1 UV-Vis spectroscopy

Figure 420 {a) shows the absorption spectra of HCMODZ
suspensions with vanous molar ratios of TEAS HCMOD 2, and Figure 4.20 (b) shows
the relationship between an absorbance (M) at 244 nm and the mole ratio of
TBAHCHMD. 2 Tt can be observed that the spectrum with TBAHCMOD 2 = 0.5 have
the highest absorption spectrum. Howewer, with increasing the mole ratio of
TBAHCHMD 2 higher than 0.5, the absorbance of the spectrum decreases as some
solid precipitates. The result causes from the increase of the 1onic strength in the
suspensions. In the suspension, the region near a charged sutface forms a double

layer, consisted of a firmly bound layer (stemn layer) and a diffuse layer. When
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HCMO.2 particles approach each others, their surface induces ¢lectric potential fields
and associates with a diffuse layer interaction, creating a repulsive force that can
overcome the attractive van der Waals force, and keep the HCMO.2 particles separate.
Increasing ionic strength reduces an electrostatic repulsion and thereby increases
HCMO0.2 particle aggregation and precipitation [99]. Bizeto et al. [100] reported the
effect of mole ratio n-bultylamine/H -niobate on exfoliation process. With increasing

the amine ratio, the amount of exfoliated niobate particles decreases.
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Figure 4.20 (A) The absorption spectra of Up-HCMO0.2 (diluted by 50-fold with
Milli-Q water) with various TBA/HCMO.2 of (a) 0.0, (b) 0.1, (¢) 0.5, (d) 1.0, (¢) 2.0,
(H) 3.5 and (g) 5.0, and (B) the relationship between an absorbance at 244 nm (Z.max)
and the mole ratio of TBA/HCMO.2.

4.4.6.2 X-ray diffraction (XRD)

XRD patterns, shown in Figure 4.21, of colloidal suspensions
were recorded by cast the colloid on a glass slide and dried it at room temperature. At
the mole ratio of TBA/HCMO.2 in the range of 1.0 - 3.5, the patterns are presented the
TBA" intercalated phase with d-spacing about 11.5 A. However, the pattern of all
samples showed a small peak of HCM0.2 at 2theta about 19 degree indicated that the
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exfoliation process iz not fully complete. Figure 4 22 shows XED patterns of
deposited solids of the samples prepared with various TEAHCHMO 2. The patterns are
similar to the pattern of a starting material HCWMO0.2; therefore, TBAY is can not

intercalated into layered structure.

d=11.50 A
v d=4.67 A

Relative indensity

2theta (degree)

Figure 4.21 ¥ED patterns of (a) glass substrate and Up-HCTMO 2 prepared wath
various mole ratio of TBAMHCKMO 2 of (b 0.0, () 0.1, (d) 0.5, {e) 1.0, {f) 2.0 and (g)
5L
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Figure 4.22 XED patterns of Dep-HCMO 2 prepared with various mole ratio of
TEAHACMO 2 of (a) 0, (b) 0.1, (2) 0.5, () 1,(e) 2, (£) 3.5 and (2) 5.

4.4.7 Effect of sonication time

The effect of sonication time in exfoliation process was studied in the
range of 1 - 90 min. The suspensions were prepared by shaking the HCWMO 2 (0.20 g)
in 50 mL TEAOH sclutton with TEAHCMO 2 =1 0for 24 h and then sonicated with
125 w.

4.4.7.1 UV-Vis spectroscopy

Figure 4 23 (a) shows the spectra of HCM0O 2 suspensions with
various sonication times. The absorbance in the spectra increases when the sonication
time increases. The plot of an absorbance at 244 nm versus sonication time 15 shown
in Figure 4 23 (b). The absorbance increases dram ati cally upon sonication, and almost
reaches the saturation at sonication time of 30 munutes of the colloads using

soni cation.
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Figure 4.23 (a) The UV-Vis spectra of Up-HCMO.2 (diluted by 50-fold with Milli-Q
water) with a mole ratio of TBA/HCMO0.2 = 1 with various sonication times in the
range 0 - 90 min and (b) the relationship between an absorbance at 244 nm and

sonication time.

4.4.7.2 X-ray diffraction (XRD)

The XRD patterns of Up-HCMO0.2 and Dep-HCMO.2 using
various sonication times were recorded by casting the samples on a glass slide and
drying at room temperature as shown in Figure 4.24 and Figure 4.25, respectively.
Figures 4.24, the XRD patterns of all sample presents the small peak of HCMO0.2 with
a d-spacing about 4.67 A. Furthermore, the broad peak with a d-spacing about 11.50
A assigned to a TBA" intercalated phase is observed. Considering the patterns of
Dep-HCMO0.2 (Figure 4.26), all patterns are similar to the pattern of HCMO0.2, as
discussed in section 4.4.6.2. The crystallite sizes of deposited solid are indicated in
Table 4.9. All the sonicated samples show a small crystallite size about 17 nm. This
result is similar to the crystallite size of HCMO.2 precursor. Therefore, ultrasound in
these conditions does not affect on the crystallite size but it assists the dispersion of

solid in colloidal suspension.
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Figure 4.24 XRD patterns of Up-HCMO0.2 with various sonication times at (a) 0
min, (b) 30 min, (¢) 60 min and (d) 90 min.
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Figure 4.25 XRD patterns Dep-HCMO0.2 using various sonication times at (a) 0 min,
(b) 30 min, (¢) 60 min and (d) 90 min.
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Table 4.9 Crystallite sizes of HCM0.2 and Dep-HCMO0.2 with various sonication

times.
Sample Crystallite size (nm)*
HCMO.2 starting material 18.6
Dep-HCMO.2, Sonicate for 0 min 17.8
Dep-HCMO.2, Sonicate for 30 min 19.2
Dep-HCMO.2, Sonicate for 60 min 16.3
Dep-HCMO.2, Sonicate for 90 min 18.3

* The data were calculated, based on the Scherer method by the MDI Jade software.

4.4.8 Preparation of colloidal suspensions of single-phased LiCo;;Mn;O;

calcined at 400°C for 6 h

From the results above, the HCMx sheets in colloids were not fully
exfoliated but much more dispersed after shaking with TBAOH solution. This result
may cause from the large crystallite sizes, the high charged layers, the nature of the
samples efc. In the next experiment, the single-phased LiCo;  Mn;O, (x = 0.0 - 0.2)
calcined at 400 °C for 6 h (LCMx-400) was chosen as the starting materials for study
of the effect of reduced crystallite size in exfoliation process. The proton-exchanged
materials (HCMx-400) were prepared by stirring LCMx-400 powders in 0.35 M
H>SO4 for 24 h. The colloidal suspensions of HCMx-400 were obtained by disperse
0.20 g of HCMx-400 in 50 ml. 0.04 M TBAOH solution (TBA/HCMx-400 = 1). The
dispersion condition was shaking at 300 rpm for 24 h and sonicating for 30 min. After
sonication, the suspension was centrifuged at 3000 rpm for 10 min to remove the
deposited phases. The percentage of HCMx-400 in colloidal suspension phase can be
estimated by subtracting the mass of the solid that remained at the bottom of the glass
bottle from the initial mass (0.20 g). Thus, the calculated amounts of the solid oxides
in dispersion phase of HCM0.0-400, HCMO0.1-400 and HCMO0.2-400 are about 19, 33
and 42 wt%, respectively.
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4.4.8.1 UV-Vis spectroscopy

Figure 4.26 shows UV-Vis spectra of the prepared colloidal
suspension of HCMx-400 (Up-HCMx-400). The spectra of Up-HCMO0.0-400 exhibit
optical absorption with a broad peak centered on 295 nm. The broad peak is ascribed
to the combination of a characteristic absorption peak of the exfoliated HCMO0.0-400
and the scattering from its larger particles in suspension Up-HCM0.0-400. In contrast,
the Up-HCMO0.1-400 and Up-HCMO0.2-400 show narrower absorbance features with
peak centered on 256 nm. These absorbance peaks may be attributed to the
characteristic absorption of Mn-doping cobalt oxide nanosheets. The peak of Up-
HCMO0.2-400 with the highest absorbance could be explained as HCM0.2-400 was

dispersed in higher amount than the other two oxides, as discussed in section 4.4.3.
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Figure 4.26 UV-Vis spectra of (a) Up-HCMO0.0-400, (b) Up-HCMO0.1-400 and (c)
Up-HCMO0.2-400 (diluted by 50-fold with Milli-Q water).

4.4.8.2 X-ray diffraction (XRD)

The upper phase (Up-HCMx-400) and deposited phase (Dep-

HCMx-400) were cast on glass substrates and dried in air for 24 h as shown in Figures

4.27 and Figures 4.28, respectively. Figures 4.27, the XRD patterns of all sample
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presents the peak of HOMz <00 with a d-spacing about 4.65 & indicated that the
exfoliation process 13 not fully complete. Furthermore, the broad peak with a d-
spacing about 11.55 A assigned to a TBAY intercalated phase is observed.
Considening the patterns of Dep-HCh=z-400 (Figure 4 28), all patterns are similar to
the pattern of HCMO 2, as discussed in section 4.4.1.
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Figure 427 XED patterns (a) Up-HCWO 0-400, (b Tp-HCMWMO 1-400 and (&) Tp-
HCW0 2400
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Figure 4.28 XED patterns (a) Dep-HCW0 0400, (k) Dep-HCW0O 1400 and (c) Dep-
HCW0.2-400.

4.5 Fabrication of multilayer thin films

4.5.1 Effect of NaC'l concentration

The thin filmz were prepared by dipping the substrates in FDAD
solution containing various MaCl concentratons in the range of 0.00 - 1.00 i and
then immersed in Tp-HCMO 2 By naked-eves observation before TV -Vis analyzing,
the sutface of MaCl-dipped film was smoother and more covered by HCWO 2 than
MaClfree film. This effect indicates to the increase of the 1onic strength in the FDAD
solution (polyelectrolyte), when the amount of IMaCl increased The effect could ke
explained 1n the same way as Claesson et al. [100] whom reviewed the interaction
between polyelectrolytes and substrate surfaces. As the salt concentration was
increased, the 1onic strength of the solution has the effect of screening electrostatic
interactions in the system resulting in 1) more coiled polyelectrolyte solution
conformations due to screening of intrachain repulsion; 1) reduction in the number of

directly surface bound segments and increased length and fraction of loops and tails
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of the adsorbed polyelectrolyte. To explain the result above, the higher amount and
better distribution of adsorbed layer polyelectrolyte PDAD cations, as the NaCl
content increases, allows the negatively charged layers of HCMO0.2 deposited in
higher content and more homogencously. Previous work on the investigation of the
construction of poly(vinyl sulfate)/poly(allylamine hydrochloride) (PVS/PAH) film
using NaCl solutions of different ionic strengths was reported by Lvov et al. [101]. As
the NaCl concentration increases, thickness and surface roughness of PVS/PAH
layers are increased.

Figure 4.29 (a) shows the UV-Vis spectra of PDAD/HCMO0.2 films,
prepared with various NaCl concentrations. The plot of absorbance at 211 nm versus
concentration of NaCl is shown in Figure 4.29 (b). The absorbance in the spectra
increases when the NaCl concentration increases up until NaCl concentration is 0.5.
At NaCl concentration are 0.75 and 1.0, the absorbance does not increase due to the

saturation of HCMO0.2 adsorption on the surface.
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Figure 4.29 (a) UV-Vis spectra of PDAD/HCMO.2 thin films, prepared with various
NaCl concentrations in polymer solution, and (b) the relationship between an

absorbance at 211 nm (A, ) and the concentration of NaCl.
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4.5.2 Effect of dipping time

Figure 4.30 (a) shows the UV-Vis spectra of the PDAD/HCMO.2 films.

- Thin films were prepared by fixing the dipping time of the PDAD solution containing
0.50 M NaCl at 10 min and varying the dipping times of Up-HCMO.2 in the range of
1- 60 min. The plot of absorbance at 211 nm versus dipping time of Up-HCMO.2 is
shown in Figure 4.31 (b). With increasing the dipping time, the absorbance is
increased until the dipping time reaches 10 min, resulting from the saturation of

HCMO.2 adsorption on the substrate surface.
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Figure 4.30 UV-Vis spectra of PDAD/HCMO.2 thin films with various dipping times
of Up-HCMO.2 between 1 - 60 min, and (b) the relationship between an absorbance at
211 nm (AMmax) and the dipping times.

4.5.3 Preparation and characterization of the films

From the results above, the suitable condition for thin film preparation
is by dipping the clean substrate in 10 mM PDAD containing 0.5 M NaCl for 10 min,
followed by thorough washing with pure water, and then dipping in Up-HCM0.2 for
10 min, and washed again. After that, the resulting films were dried at room

temperatufe. As shown in Figure 4.31, the thin films shows light-brown to deep-
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brown color with the increase of number of bilayer, therefore the preparation method

supports the consecutive growth of the films.

0 S ) N 3 4 £ ¢ 7

Figure 4.31 Photographs of (PDAD/HCMO0.2), thin films, when n = number of
bilayer (n=1- 7).

4.5.3.1 UV-Vis spectroscopy

UV-Vis absorption spectra of thin films are shown in Figure
4.32 (a). The spectra shows broad peak centered at 211 nm, due to the characteristic
absorption of HCMQ.2 nanoparticles or Mn-doping cobalt oxide nanosheets. The
absorbance at 211 nm increases almost linearly as a function of number of bilayer

(Figure 4.32 (b)), indicating the successful layer-by-layer growth.
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Figure 4.32 (a) UV-Vis spectra of multilaver thin films (PDAD/HCM0.2)p:n=1 -7,

and (b) the relationship between the absorbance at 211 nm and a number of bilayers.

4.5.3.2 X-ray diffraction (XRD)

Figure 4.33 (a) shows the XRD patterns of multilayer thin films
(PDAD/HCMO.2),. The weak and board XRD peaks at a d-spacing of 4.67 A
indicates the nature of nanocrstallline MCoQO», where M = interlayered cation. For thin
films of 1 and 3 bilayer, the peak is not observed because the very thin metal oxide
layer on the substrate is lower than the detection limit of XRD. However, the
intensity of (003) peak increases and gets sharper as more layers are deposited onto
the substrate, since the repeating pair of PDAD/HCMO0.2. Figure 4.33 (b) shows the
linear relationship between the area of (003) peak and (1/n); n = number of bilayers.
As the number of bilayers increases, the area of these peaks increases exponentially,

suggesting that XRD could be used to study the growth of nanostructure films.
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Figure 4.33 (a) XRD patterns of thin film (PDAD/HCMO0.2), with various n number
of bilayer and (b) the relationship between the area and 1/n.

4.5.3.3 Atomic force microscopy (AFM)

Figure 4.34 shows the tapping-mode two and three-dimensional
(2-D and 3-D) AFM images of the multilayer thin films (PDAD/HCMO0.2), (n=1-15)
on a glass substrate. AFM images shows that the HCMO0.2 nanoparticles have
diameters in the range of 30 - 60 nm. The surface of glass substrate was densely
covered and the large aggregated HCMO.2 nanoparticles are found on some parts. The
aggregation of the nanoparticles may cause from the incompleted exfoliation of
HCMO0.2 in the colloidal suspension. This effect may cause the higher roughness of

thin film surface as the number of bilayer increases.



T

Figure 4.34 Tapping-mode 2-D and 3-D AFM images of (PDAD/HCMO0.2),, films on

a glass substrate.
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Figure 4.34 (Continue) Tapping-mode 2-D and 3-D AFM images of
(PDAID/HCMO.2), films on a glass substrate.

Figure 4.35 (a) shows the cross-sectional analysis of the thin films. For the
PDAD/HCMO.2 film (n=1), a section analysis revealed the film have an average
thickness about 98 nm. These average thicknesses mcreased linearly as a function of a
number of bilayer (Figure 4.36(b)). indicating the success of the layer-by-layer
growth.
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Figure 4.35 (a) A cross-sectional analvsizs revealed the roughness in the films. (b)
Relationship between average thickness of multilayer films (PDAD/HCMO 2), and
number of bilayers (n).

4.5.3.4 Fourier transform infrared spectrometer (FT-IR)

The presence of PDAD in the multilayer thin films was
confirmed by FI-IR. The FT-IR spectra of HCMO02 and multilayver films
(PDAD/HCMO0.2),; ate shown in Figure 4.36.The spectra of the films present
characteristic absorption peaks due to existing organic and inorganic components. The
HCMO 2 has a strong peak at 571 cm™, with a shoulder at 665 ¢cm™'. These absorption
bands are attributed to the asymmetry stretching mode of CoOy and MnO; [90-91].
The bands at 2957 2923 and 2855 cm™ are assigned to the stretching vibrations of
CH;— and —CH;— groups of PDAD. The bands at 1459 and 1384 cm™ are assigned to
the bending and deformation modes —CH;— groups. Furthermore, the spectra presents
a broad band around 3432 em’’' (stretching) and 1630 cm™’ (bending) of the H; O [31,
103].



@
o
= (PDAD/HCMD.2)4,
.E‘
: :
= Wy ==
H o oI g ™
o o —
& o 5
o w3
- e
™ =

571

571

| | |
4000 3000 2000 1000

Wavenumber (cm’l)

Figure 4.36 FT-IR spectra of (a) HCMO.2 and (b) (PDAD/HCKMO 2)1g films.

400

g0



CHAPTER V

CONCLUSION AND SUGGESTION

5.1 Conclusion

LiCo; xMnxO, (x = 0.0 - 1.0), abbreviated as LCMx (x = the molar ratio of
Mn-doping), were synthesized by sol-gel method with a citric acid as a chelating
agent. The as-synthesized oxides were calcined at 300 — 700 °C for 6 h to obtain the

fine powders needed to prepare the colloids.

The single-phased LCMx, with the rhombohedral structure, was observed for
Mn-doping up to x = 0.2, calcined at 700 °C for 6 h, (LCMO0.0, LCMO.1 and
LCMO0.2). Substitution of Co by Mn was found to result in the expansion of unit cell
parameters, consistent with the larger size of Mn®" than that of Co’". The particles
sizes of LCM0.0, LCMO0.1 and LCMO0.2, observed by TEM, have diameters in the
range of 50 -100 nm, 40 - 60 nm and 25 - 50 nm, respectively. The Mn-doping
apparently leads to the reduction of particle size. XRD studies revealed the decreasing

of crystallite size with Mn-doping as well.

The single-phased LCMx was used as a starting material for the preparation of
colloids and multilayer thin films. The proton-exchanged materials, HCo; 4 Mn;0O,
(HCMx) were prepared by stirring LCMx powders in 0.35 M H;S04 for 24 h. The
colloidal suspensions of HCMx were obtained by dispersion in tetrabutylammonium

hydroxide (TBAOH) at various mole ratio of TBA/HCMx of 0.0 — 5.0 with the help

of ultrasound at various sonication time of 0 — 90 minutes.

The optimum condition was observed at the mole ratio of TBA/HCMx = 1.0
and the setting of ultrasonic processor at 125 W for 30 minutes. The stable colloids
were observed for HCMO0.1 and HCMO0.2. The degrees of stable colloid are 11 wt.%
and 29 wt.% for HCMO0.1 and HCMO0.2, respectively. However, TEM images and
XRD studies indicated that the colloidal suspensions of HCMO0.1 and HCM0.2 were

not fully exfoliated. The colloids were comprised of HCMx nanoparticles and
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exfoliated Mn-doping cobalt oxide nanosheets. TEM images were observed that the
Mn-doping cobalt oxides nanosheets have thickness about 5-10 nm. Colloidal
suspension of HCMO0.2 was further used as the starting precursor for the thin film
preparation because its colloidal dispersion has higher solid content than of HCMO.1

has.

Multilayer thin films, poly(diallyldimethylammonium) (PDAD) ions and
HCMO.2 nanoparticles has been successfully deposited layer-by-layer (LBL) onto the
glass substrates by dipping coat technique. The optimum condition for thin film
preparation was using 10 mM PDAD solution containing 0.5 M NaCl, dipping time at

10 min.

The photographs of thin films (PDAD/HCMO0.2),; n = number of bilayers
were exhibited light-brown to deep-brown color with increasing number of bilayers.
FT-IR spectrum was indicated the LBI. formation of organic-inorganic
nanocomposite films. UV-Vig, XRD and AFM analyses were supported the

consecutive growth of the films. The average thickness of a bilayer is 98 nm.

.2 Suggestion for further work

From the obtained results, further work shall be focused on the following:

1. To study the conductivity of the (PDAD/HCMO.2), films in order to

prepare electrode materials.

2. To apply the thin films as a solid electrode and test their electrochemical

properties.
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Appendices



1. The calculation of synthesis LiCo; xMn;O; by citric acid assisted sol gel

method

Table A-1 Molecular weight of reactant for LiCo;.xMny;O- synthesis

94

Chemicals Molecular weight (Mw)
LiNO; 68.94
Co(NO3),6H,0O 291.03
Mn(NO3),4H,O 251.01
Citric acid 192.13
LiCoggMng -0, 97.07

Example Preparation of 0.010302 mole LiCogsMng202 (LCMO0.2; 1g)

LiNO;

LCM0.2 with 1 mole, Li
LCMO0.2 0.010302 mole , Li

Co(NO3),6H,0

LCMO0.2 with 1 mole, Co
LCMO0.2 0.010302 mole, Co

1 mole

0.010302 mole x 1 mole

1 mole

0.010302 mol
nx MW
0.010302 x 68.94
0.7102 g

0.8 mole

0.010302 mole x 0.8 mole

1 mole

0.00824 mole
nx MW

0.00824 x 291.03
23981 ¢
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Mn(NO3)4H,0
LCMO0.2 with 1 mole, Mn = 0.2 mole
LCM0.2 0.010302 mole, Co = 0.010302 mole x 0.2 mole
1 mole
= 0.002060 mole
g = nx MW
= (0.002060x 251.01
= 05172 ¢
Citric acid

Citric acid (mole ratio of citrate/nitrate = 1)

Mole nitrate of LINQ3;
Mole nitrate of Co(NO3),6H,0
Mole nitrate of Mn(NO3),4H,O

Total mole nitrate

Mole ratio of citrate/ nitrate = 1

So, Moles of mole citrate

Weight of citric acid

=1x0.010302 = 0.010302 mole
=2 x 0.008240 = 0.016480 mole
=2 x 0.002060 = 0.004120 mole

=0.010302+0.016480+0.004120
= (.03090 mole

= 0.03090 mole

=nx MW

= 0.03090 mole x 192.13 g/mole
=59372¢



96
2. The calculation of lattice parameters
Bragg’s Law nA =2d sin 6

. 1 R+Er+ 2
Cubic g BB R

d? - a’
1 W+kE P
Tetragonal D LI
d- a: &
1 B B
Orthorhombic —=—+—+—3
- i a b
Hexagonal LI i( W + hk + kz] " f_
T d* 3 a’ c?
11 (£+ Kan'p I* zmcmﬁJ
s == 2 2 T
Monoclinic d® sn® fla b c ac
bic?sin’ a+ k'a’c? sin® g+ Pa’bsin® y
Trichinic 1 1|+ 2hkabc*(cosacosB- cosy)

d* V| +2Ha*be(cos Beosy - cosa)
+ 2hlab*c(cosacosy - cos )

= ab(.{1~ cos” @ - cos® B- cos” y+ 2cos acosﬁcosy)m

Hexagonal system

For example The calculation of the 003 and 104 plane of an hexagonal cell with
doos= 4.6621 A and dy04= 2.0001 A (B), as shown Figure A-1

From 003 plane



97

I 41 o0*+o+0? 3?
. 7 L)
4.6621 3 a gt
1 . 9
21.7352 ¢’
& = 13.9863 A (As shown in Figure A-1 (C))
From 104 plane
7 ~
1 4| hi+hktk I
2 g 2 2
d 3, @ y e
1 41 17+0+0 4
s & ) T
2.0001 3 a c
. vy

I AL
BLa J 13.9863*

a = 2.8156 A (As shown in Figure A-1 (D))
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3. Calculation of d-spacing from TEM technique

Wt Al =1.85n
a

v\NS:II], Ls=4.62

\ N3=12, [T

WPl ST ,=7.84 n

2 nm

FigureA-3 High resolution TEM image of LCMO0.0.

For example L.CMO0.0-0 from FigureA-3

n
d-spacing average =X (Li/Ni)
i=1
Where L; = the length of arrow line (nm)

N; = Number of spacing between cobalt oxide
layers

n = Number of sampling arrow line

Thus, d-spacing average = (L1/N1) +H(Lo/N3) HL3/N3 ) ...+ (Li/Ny)
n

((O.46;’1)+(_2.26;’5)+(5.64f’12)+(7.84;’1 TIH(4.62/10)+(1.85/4)+. . +Li/N)n

= (0.4600 + 0.4520+0.4700+0.4618+0.4620+0.4625+.. +HLi/N)n

d-spacing average = 0.4633 nm
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4. Calculation of Standard deviation

4.1 Standard deviation of crystallite sizes of caleined LiCoQ; at 400 °C

Table A-2 Crystallite sizes of calcined LiCoQ, samples at 400 °C

Crystallite size (nm)*
Calcined condition
Loos Lio1 L 104 L average
400°C, 6 h 21.5 21.1 22.3 21.6x0.6
400 °C, 12 h 23.4 22.5 232 23.0+0.5

* The data were calculated, based on the Scherer method by the MDI Jade software.

Standard deviation (S.D.) =\/ Z(X—; )2/N—1

Example S.D. LiCoO, at 400 °C for 6 h —Jz (x- x YYN-1
= J ((21.5-21.6)* +(21.1-21.6)* +(22.3-21.6)")/2

- \I ((-0.1)° +(-0.5)" +(0.7)") /2
S.D. = 0.6

4.1 Standard deviation of crystallite sizes of LCMx at 700 °C for 6 h

Table A-3 The crystallite sizes of LCMx calcined at 700°C for 6 h

Crystallite size (nm)*
Samples
Loos L1o01 Lio4 Laverage
LCMO0.0 66.9 89.8 58.2 71.6%16.3
LCMO.1 39.6 39.8 323 37.2+4.3

LCMO.2 26.4 294 23.6 26.5£2.9
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*The data were calculated, based on the Scherer method by the MDI Jade software.

Example S.D. LCMO.2 —J % (x- % )/N-1

—\/((26.4-26.5)2 +(29.4-26.5)* +(23.6-26.5)))2
S.D. = 29

4.3 Standard deviation of lattice parameters and d-spacings of LCMx calecined at

700 °C for 6 h

Table A-4 Lattice parameters and d-spacings of single-phased LiCo;.4Mn; O, calcined at
700°C for 6 h

Lattice parameter (A)
Samples doo:,(z&)
a c ca

LCMO0.0 (1) 4.6621 2.8127 13.9863 4.9726
LCMO0.0 (2) 4.6822 2.8141 14.0466 4.9915
LCMO0.0 (3) 4.6523 2.8081 13.9569 4.9702

average 4.665510.0152 2.8116+0.0031 13.9966+0.0457 4.978110.0117
LCMO.1 (1) 4.7065 2.8158 14.1195 5.0144
LCMO.1 (2) 4.7063 2.8128 14.1188 5.0195
LCMO.1 (3) 4.7011 2.8111 14.1034 5.0170

average 4.704610.0031 2.8132+£0.0024 14.1139+0.0091 5.0151%0.0026
LCMO0.2 (1) 4.7016 2.8122 14.1048 5.0158
LCMO0.2 (2) 4.7203 2.8155 14.1611 5.0297
LCMO0.2 (3) 4.7065 2.8152 14.1034 5.0155

average 4.7095£0.0097 2.8143£0.0018 14.1285%20.0292 5.0202+0.0082

Standard deviation (S.D.) = J Z(x—; )ZIN—I

Example S.D. T.CMO.0 —\/2 (x-x )N

—\/((4.6621-4.6655)2 +(4.6822-4.6655)" +(4.6523-4.6655)%)/2



102

= [((-0.0034)* +(0.0167)* +(-0.0132)%) /2
S.D. = 0.0152

7.4 Standard deviation of d-spacings of LCMx calcined at 700 °C for 6 h

Table A-5 the d-spacings of LCMx calcined at 700 °C for 6 h, analyzed by TEM

d-spacing (003) of LCMx (nm)
Line (sample)

LCMO0.0 LCMO0.1 LCMO0.2
L1 0.4615 0.4808 0.4868
L2 0.4688 0.4761 0.4774
L3 0.4615 0.4821 0.4947
L4 0.4701 0.4786 0.4912
L5 0.4615 0.4743 0.5000
Lo 0.4615 0.4701 0.4825
L7 0.4743 0.4872 0.4803
L8 0.4615 0.4872 0.4737
LY 0.4513 0.4821 0.4842
L10 0.4615 0.4786 0.4912
Average 0.4633 0.4797 0.4862
S.D. 0.0063 0.0054 0.0082

Example S.D. LCMO.0 —J % (x-x )UN-1

= \/ ((0.4615-0.4633)% +(0.4688-0.4633) +...+(0.4615-0.4633)2)/9

S.D. = 0.0063



5. Calculation of oxidation mumber of Mn in LCMx

Table A-6 Chemical composition and oxidation number of Mn in LCMx
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Stoichiometry Ox.
Samples Li Co Mn Composition No.
Li{Co+Mn) Co/{(Co+Mn) Mn/(Co+Mn) (Mn)
LCMO.0 1.00 1.00 0.00 Lij 00Coq 0002 -
0.98 0.90 0.10 Lio_ggCOo_goMno_loo
LCMO.1 3.20
2
0.97 0.80 0.20 Li0_97C00_30M110_200 3.15
LCMO.2
2
Oxidation Number of O =-2, Co=4+3, Ia=+1
For example Oxidation Number of Mn in LCMO0.2
097xDH+(0.80x3)+(0.20xMn)+(2x(-2) =0
(0.97x 1)+ (0.80 x 3) + (0.20 x Mn) =4
Mn =3.15
6. Calculation of mole proton of HCMx
6.1 Calculate from the residue mole of Li after proton exchange.
For examnle LCMO.2 = Lio_gjiCOo_goMIlo_g()Og
HCMO0.2 = HXLi0_16C00_82Mn0_1302
Mole H" (x) = mole Li of LCMO0.2 - mole Li of HCMO0.2
= 0.97-0.16
Mole H' = 0.81

6.2 Calculate from oxidation number
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For exam[!le HCMO0.2 = HXLi0_16COO_82Mn0_1802

X = (0.16x1)+0.82x3)+(0.18x3.15)H2x(-2))
= 4-[0.16 +2.4610.57]
= 4-3.19

MoleH (x) =  0.81

7. Calculation of percentage mass of HCMXx in dispersion phase (Mass-HCMXx)

Mass-HCMx (Yowt) = —_—

Where A = Weight of HCMx before exfoliation process (0.20xx g)
B = Weight of deposited solid HCMx after exfoliation process

Table A-7 Turbidity of the colloidal suspension of HCMx in TBAOH soluiton

Turbidity (NTU)
Samples

0 day 1 day 2 day 3 day Sday 7 day 10 day

HCMO.1 3765 3495 2900 2980 2415 1610 1440
HCMO.2 7850 7650 6800 6500 5400 4320 2660

Table A-8 Absorbance at Ay of Up-HCMO.1 and Up-HCMO0.2

Absorbance
Samples

0 day l1day 2day 3day Sday 7day 10day

HCMO.1, 254 nm 0.229 0.220 0.234 0215 0.177 0.189 0.175
HCMO.2, 244 nm 0.824 0.824 0.829 0.781 0.806 0.739 0.730
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Figure A-4 UV-Vis spectra of the colloidal suspension HCMO. 1 with various

suspension times.
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Figure A-5 UV-Vis spectra of the colloidal suspension HCM0.2 with various

suspension times.
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FigureA-9 XRD pattern of LCMO.0 calcined at 700 °C for 6 h.
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FigureA-11 XRD pattern of LCMO.2 calcined at 700 °C for 6 h.
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