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ABSTRACT

SYNTHESIS & CHARACTERIZATION OF MESOPOROUS LiCoO, and

LiMn,O4 THIN FILMS

Giilbahar Saat
M.S. in Chemistry
Advisor: Omer Dag

January 2017

This work focuses on the adaptation of molten salt assisted self-assembly
(MASA) method for the synthesis and characterization of mesoporous LiCoO>
and LiMn2O4 materials without a polymerizing agent in the media. The MASA
process is a new method to synthesize mesoporous thin films and monoliths. Fresh
gel and calcined solid samples were characterized by using XRD, Raman, N:

sorption, FTIR POM, SEM, TEM and UV-Vis measurements.

The first step of the process involves the preparation of clear solutions that
contain two hydrated salts, LiNOs.xH.O and Co(NOs3)..6H20 (or
Mn(NOz3)2.6H20), CTAB (cethyltrimethylammonium bromide, ionic surfactant)
(or CTAN), 10- lauryl ether (C12EO1o, ionic surfactant) and ethanol (or H-O) as
volatile solvents. Additionally, HNOs is needed in the case of LiMn2O4to prevent
formation of [Mn(OH)2(H20)4](s) complex during and/or before the assembly

process.

The clear solutions are spin coated over various substrates to produce the
salt-surfactant LLC mesophase that resists to high temperature treatments (300-
550 °C) in air to form first examples of mesoporous metal lithiates. Thesis is
designed to give the insights on how to change several parameters that control the
features like purity, pore size, surface area and crystallinity of the LiCoO, and



LiMn2O4 mesostructures by determining solvent type, thickness of the LLC film,
acid amount, salt uptake, calcination temperature, calcination time and surfactant

used for the synthesis.

Ethanol was determined to be a good solvent to prepare the clear solutions.
The samples, prepared by spin coating gave better results than the ones prepared
by drop casting to obtain uniform pores with less side products. Addition of
HNOs has no effect on side product formation in the synthesis of LiCoO- but it is
vital to obtain a stable, homogenous solution in the case of LiMn.O4 preparation.
LiCoO. samples, prepared using CTAB are semicrystalline at lower temperatures
and stable up to 550 °C but it undergoes decomposition to Cos04 and Li2O at
higher temperatures. Presence of CTAB in the reaction media has a positive effect
on the uniformity pores. However; due to the role of Br™ ion on formation of side
products, CTAN has been used for further experimentation. Thin films of the
calcined samples showed small angle diffraction corresponds to preserved order
of the mesophase during calcination. Mesoporous pure HT- LiCoO2 synthesized
with MASA is the first example in the literature, having a 65 m?/g specific surface
area and 15 nm pore size. Moreover; mesoporous pure LiMn2Os could be
obtained both using CTAB and CTAN with 82 m?/g specific surface area and 11

nm pore size.

Keywords: Molten Salt Assisted Self-assembly, Mesoporous Thin Films,

Lithium lon Batteries, LiCoO2, LiMn204



OZET

MEZOGOZENEKLI LiCo0O, ve LiMn,O,INCE FILMLERIN SENTEZI VE

KARAKTERIZASYONU

Giilbahar Saat
Kimya, Yiiksek Lisans

Tez Danismani: Omer Dag
Ocak 2017

Bu calisma; tuz ve yiizey aktiflerin kendiliginden olusumu olan EYKO
(eriyik tuz yardimhi kendiliginden olusma) metodunun ortamda bir
polimerizasyon aract olmadan mezogodzenekli LiCoO2 ve LiMn2O4 ince filmlerin
sentezi ve karakterizasyonuna uyarlanmasina odaklanmistir. EYKO islemi, ince
filmleri ve monolitleri sentezlemek icin yeni bir metottur. Sivi kristal faz ve
yakilmig ornekler x- 1gin1 kirmnimi, XRD, Raman ve FTIR spektroskopi, N>
sorpsiyon ve POM, SEM, TEM goriintilleme ve UV-Goriiniir bolge sogurma

spektroskopi cihazlari kullanilarak karakterize edilmistir.

Bu iglemin ilk adimi; i¢inde sulu tuzlar olan LINO3.xH20 ve Co(NO3)..6H20
(yada Mn(NO3)2.6H20), CTAB (setiltrimetilamonyum bromiir, iyonlu yiizey aktif
madde) (yada CTAN, setiltrimetilamonyum nitrat), 10- laurik eter (C12EQ1o, nétiir
yiizey aktif madde) ve ucucu c¢oziiciiler olarak etanol (yada H20) igeren berrak
cozeltiler hazirlamaktir. Buna ek olarak; LiMn2O4 sentezi i¢in hazirlanan ¢ozeltide
[Mn(OH)2(H20)4](s) kompleks olusumunu 6nlemek i¢in HNO3’e ihtiya¢ duyulur.
Sonra ¢ozelti dongiilii kaplama ile cam alttag iizerine kaplanarak fazla ¢oziicliniin
ugmasiyla yiiksek sicaklik (300 ile 550 °C ) uygulamalarina maruz birakilarak,

mezogo6zenekli metal lithiates’in ilk 6rnekleri sentezlenir. Bu tez; mezogdzenekli



LiCoO, ve LiMn2O4'in  saflik, ylizey alani, duvarlarin kristalligi gibi
ozelliklerinin, kullanilan ¢oziicii, film kalinligi, asit miktari, tuz miktari, yanma
sicakligt ve siiresi ve kullanilan yilizey aktiflerin degisimi ile nasil kontrol

edilebilecegini anlatmaktadir.

Cozelti hazirlama kisminda; yiiksek c¢ozintirliigi ve sentez verimliligi
acisindan ¢oziicli olarak etanol tercih edilmistir. Dongiilii kaplama ile hazirlanan
orneklerde damlatilarak yayma yontemi ile hazirlananlara kiyasen daha diizenli
gozenekler ve daha az miktarda yan triin olusumu gozlendi. LiCoO> sentezinde
yan tliriin olusumunda HNOz3‘lin herhangi bir etkisinin olmadigi belirlendi. Fakat
LiMn20O4’1n sentezinde kararli ve homojen bir ¢ozelti elde etmek igin gerekli
oldugu saptandi. CTAB ile hazirlanan . LiCoO> 6rnekleri diisiik sicakliklarda yari
kristal bir yapi gosterir, mezoyap1 550 °C’ye kadar dayaniklidir, sonrasinda
bozunarak Co30s4 ve Li2O’e parcalanir. CTAB’in mezogézenekli LiCoO>
sentezinde diizenli gozenek olusumundaki etkisi gozlemlenmistir. Ama Br
iyonunun yan {riin olusumundaki etkisinden dolay1; ilerki deneylerde CTAN
sentezlenip kullanilmistir. Kalsine edilmis ince film 6rneklerinin diisiik acilt XRD
Ol¢limlerinde kirmim gostermesi, yanma siiresince mezoyapinin diizenliliginin
korundugunu gostermektedir. EYKO metodunun uyarlanmasiyla sentezlenen
mezogézenekli HT- LiCoOz, yanma sicakligi 900 °C’den 300 °C’ye kadar
diisiiriilebildigi icin yiizey alam 65 m?/g ve gdzenek boyutu 15 nm olan
literatiirdeki ilk drnektir. Ayrica, 82 m?/g yiizey alam ve 11 nm gdzenek boyutuna
sahip mezogozenekli saf LiMn2Os hem CTAB hem de CTAN kullanilarak

sentezlenebilmektedir.

Anahtar sozciikler: Eriyik Tuz Yardimli Kendiliginden Olusma, EYKO,
Mezogizenekli Ince Filmler, Lityum Iyon Pilleri, LiCoO2, LiMn,04
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Chapter 1

Introduction

1.1 Ordered Mesoporous Materials

Mesoporous materials have drawn attention due to their extensive variety of
applications with the discovery of ordered mesoporous silicas (e.g. KSW-1,
MCM-41) in the 1990s[1, 2]. Mesopores (2-50 nm in diameter) increase the
surface area and pore volume in a material that provide an increase in reactive
sites, significant interfacial area and size selectivity for molecules[3]. These
structural properties offer potential applications in a wide range like adsorption,
separation, energy storage and conversion, drug delivery, catalysis, photonics,

nanodevices and etc.[4-7].

Depending on the synthesis conditions, silica source or type of surfactant
used, many different types of silica mesostructures have been investigated due to
controllable hydrolysis and condensation processes of the silica precursors (e.g.,
TEOS: tetra ethyl ortho-silicate in water) and stability of the resulting
mesostructure during calcination[8]. However; pure silica materials have low
chemical activities and all the synthesized mesoporous silicas have amorphous
walls[9]. As a result of these obstacles, synthesis of ordered non-siliceous

mesostructures gain importance.

However; in the case of synthesis of non-siliceous mesoporous materials by

using surfactants, the process is hard to control due to the sensitivity of the



precursors to hydrolysis-condensation steps (e.g., metal alkoxides), redox
reactions and structural collapse occur as a result of rapid crystallization during
calcination at elevated temperatures[10]. These difficulties incline scientists to

develop alternative synthesis routes using hard templates.

Over the past few decades; substantial developments have been made in the
preparation and application of ordered non-siliceous mesoporous materials[9],
[11-13]. For instance; Yang and coworkers in 1998 reported used a soft
templating method to produce a series of semi-crystalline mesoporous metal
oxides[14]. Ryoo et. al. found and developed so called “hard templating method”
for the synthesis of ordered mesoporous carbons in early 200s[15-17]. In 2003,
Zhu et. al. synthesized ordered mesoporous Cr.Os by using hard templating
pathway[18]. Grosso and coworkers obtained ordered crystalline mesoporous

SrTiOs, MgTa20e and CoxTi1xO2x by using soft templating method in 2004[19].

Among the other non-silica mesoporous materials, ordered mesoporous
transition metal oxides are receiving intense interest due to their exclusive
applications emerging due to their d-shell electrons being confined to nanosized
walls, redox active internal surfaces and connected pore networks[20]. Within the
scope of this study; the synthesis methods of ordered mesoporous metal oxides

will be covered in detail in the next sections.

1.2 Preparation of Ordered Mesoporous Metal Oxides Using
Hard Templates

Hard templating is a millennium old method of metal casting. A rigid, porous
object with nm or pum-scale features is called as “template” or “mold”[21].
Generally, a liquid precursor adheres to the surface of the template or fills the

2



vacancies within the template is called as “cast” in the “mold”. Then, precursor is
transformed into a solid-phase material by a series of chemical and thermal
treatments. In order to obtain templated, inorganic oxides via sol-gel chemistry, a

common mechanism includes the following steps[22];

Step 1: M-X + H,O — M-OH + ROH, X=Anion
1)

or M-OR + H20 — M-OH + ROH

Step 2: M-OH + XO-M — M-0-M + X-OH, X=HorR
)

or  M-OH + M-OX — M-(OH)-M-OX, X=H or R

The process is initiated by hydrolysis of the salt or alkoxides. Then,
hydroxylated metal species react with other metal centers and go into acid or base
catalyzed condensation reactions, followed by oxo- or hydroxo-linkages between
metal and metalloid atoms form colloidal oxides(oligomers dispersed in a
liquid)[23]. An inorganic framework and a 3-D gel are obtained via further
condensation at higher temperatures. Finally, the template is removed by
dissolution using an agueous NaOH or HF solution (for silica templates) or
combustion (for carbon templates) to acquire a cast as a hollow replica or the
negative replica of the template[24]. Synthetic procedure for the hard templating

method for the preparation of mesoporous materials is shown in figure 1[25].
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Figure 1: Synthetic route for the hard-templating to prepare porous

mesostructures (Copyright © 2008 Wiley. Reprinted with permission from

ref[25]).

In the early studies; porous Al.Osz membranes obtained by anodic oxidation
method were used as a template to produce nanostructures of carbon, metal etc.
with a pore size range of 15 to 150 nm by using electrodeposition, Chemical
Vapor Deposition or Atomic Layer Deposition methods[25-27]. Then, ordered
mesoporous silicas having diverse wall thickness, pore size and pore structure
symmetries like hexagonal P6mm (MCM-41, SBA-15, SBA-3), cubic la3d
(MCM-48, KIT-6, FDU-5), cubic Im3m (SBA-16) and cubic Fm-3m (FDU-12)
and mesoporous carbons having symmetries like cubic 14132 (CMK-1) and cubic

Pm3n (CMK-3) have been also used as mold materials[13], [16-18], [28, 29].

The pioneering study for preparation of ordered highly crystalline
mesoporous transition metal oxides by using hard template was the synthesis of
Cr203 and reported in 2003 by Zhu et. al[18]. Yue et al. produced mesoporous
WO3 and a-Fe>Os3 by using a similar pathway in 2005[31]. In 2007, Rumplecker
et. al. synthesized several mesoporous CoszO4 with wall thickness changing from 4
to 10 nm and pore size from 3 to 10 nm by using cubic 1a3d symmetry KIT-6

templates having different wall thicknesses and pore sizes [32]. Later in 2010,
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Ren et al. prepared a series of ordered mesoporous 3-MnO- with varying pore size
from 3nm to 11nm and wall thickness changing from 4.7 to 10.1 nm by using a
similar procedure[33]. Since then; this method has been developed to synthesize
highly crystalline ordered mesoporous metal oxides with systematically controlled

wall thickness and pore size[33-35].

Hard templating method has advantages like choosing hard templates with
respect to acquired structure of the target material, obtaining highly crystalline
walls and eligibility for post synthesis solid-solid conversion to prepare low-
valence metal oxides and lithiated mesoporous transition metal oxides[11], [36-

38].

However; this method also has remarkable drawbacks. First, target materials
must be stable in NaOH and HF solutions to remove the silica template. Secondly,
stability of the transition metal ion precursors in the solution is curtail. Also,
materials like lithiated mesoporous metal oxides, ZnO or Al,Oz cannot be
synthesized due to the side reaction of precursors with the mesoporous template.
Furthermore; filling the pores with filtrated metal ion precursor is difficult due to
complex interactions between silica and precursor, and poor wetting of the pore
walls of carbon template by the aqueous precursor solution are noticeable

problems[20].

1.3 Preparation of Ordered Mesoporous Metal Oxides Using Soft
Templates

Soft templating is a useful method to synthesize mesoporous metal oxides
using amphiphilic molecules as templates. These molecules are known as
surfactants and have both hydrophilic and hydrophobic domains on their
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structure. When these surfactants are placed in polar solvents, they can self-
assemble into supramolecular aggregates as the hydrophilic domains in contact
with surrounding solvent and hydrophobic tails through the micelle center. For
certain surfactant concentration, temperature and pressure values, these micelles
may organize further and form lyotropic liquid crystalline (LLC) phase. This
phase has long ranged orientational order of the micelles like crystal structure of
solids and mobility like liquids. It has been investigated that certain inorganic
precursors may collaborate with the surfactants by filling up the hydrophilic
domains of the micelles to form a mesostructure. In other words; inorganic
precursor acts as “cast” surrounded by “mold” of the liquid crystalline template.
After hydrolysis, condensation and removal of the surfactants, a mesoporous
negative replica of the LLC template is obtained[24, 40]. Figure 2 shows the
synthetic route of the soft templating method for the preparation of mesoporous

materials[25].

Condensation / Removal of
Polymerization template

Lyotropic liquid crystals Mesostructured materials Mesoporous materials

Figure 2: Synthetic procedure for the soft-template process for the preparation of

porous mesostructures (Copyright © 2008 Wiley. Reprinted with permission from

ref[25]).

Addition of inorganic precursor into a surfactant containing solution causes

significant changes to the liquid crystal formation due to new interactions among



the surfactant, solvent and precursor species. These complex interactions make
the process hard to control during hydrolysis, condensation and calcination

steps[40].

Firstly; the ordered mesoporous silicas were discovered in 1992 by using soft
templating method[1, 14]. In 1994, Huo et al. reported synthesis of ordered
mesoporous metal oxides (WOs, Sb20s, Fe20s, etc.) by using soft templating.
However; during the removal of surfactants by calcination, mesoporous structure
could not be preserved and collapsed[41]. Later on, it has been realized that the
precursor should not condense too rapidly before the LC phase is formed, since
untemplated precursor causes the formation of disordered mesostructures or bulk

materials[40].

Later, so called “ligand assisted method” has been explored by Antonelli et.
al. to prepare ordered mesostructure of TiO2, wherein ligands attached to the
metals decrease the rate of hydrolysis and the reaction proceed safely preserving
the mesostructure during the removal of the template by calcination[42]. In 1996,
the same group adopted the method for the synthesis of ordered mesostructure of
Nb2Os[43]. Some other groups also used ligand assisted method for the synthesis
of ordered mesoporous VO, Ta20s and phosphated ZrO, with amorphous

walls[43-46].

Another important pathway for the formation of ordered semicrystalline
mesoporous metal oxides was demonstrated by Yang et. al in 1998 [14, 48].
Amphiphilic poly(alkylene oxide) block copolymers were used as templates and
inorganic salts as precursors to establish the network-forming metal-oxide species

and obtained mesoporous oxides of TiOz, ZrO2, Al.O3, Nb2Os, Ta:0s, WOs,



HfO2, SnO-, and mixed oxides of SiAlOss, SiTiO4, ZrTiO4, Al2TiOs and ZrW-»0s
containing nanocrystalline domains within amorphous walls[48]. Brinker et. al.

named this process as “evaporation-induced self-assembly” or EISA [49].

In a typical EISA synthesis, a homogeneous solution consisting of surfactant,
soluble metal alkoxide or metal salt, a volatile solvent (like ethanol) and often
acid (usually HCI) are mixed thoroughly. Nanoparticles smaller than 5nm could
also be used as precursors to contribute the self-assembly[40]. The solution is
spread over a large area by spray, spin, or dip coating and is given time for the
evaporation of volatile components. During evaporation; concentration of the
surfactant increases and in due course, the critical micelle concentration (cmc) is
reached where the liquid crystalline phase nucleates. After further evaporation,
water concentration of the phase reaches equilibrium with the relative humidity
(RH) of the surrounding atmosphere in which can change the structure of the non-
rigid mesophase. This stage is called as tunable steady state. With further
condensation, solidified inorganic network of precursor is formed and template is

removed by thermal or chemical treatments[50].

Majority of the previous studies conducted using classical templates in soft
templating method ended up with moderate crystallinity or disordered and
damaged mesostructures. Then, Sanchez and coworkers optimized the process
by performing in- situ experiments in order to understand the structural changes
using simultaneous small and wide angle X-ray scattering (SAXS/WAXS).
Novel amphiphilic block copolymers (KLE polymers) were also preferred which
are more robust, hydrophobic and applicable with a broader range of solvent
systems. By using this method, they obtained mesoporous transition metal oxides
(e.g., MOz, where M= Ti, Zr, Ce), mixed oxides (e.g., SiO2-TiO2, TiO2-ZrOg,
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Zr0,-Ce02) and complex metal oxide nano-crystalline films (e.g., SrTiOsg,
MgTa203) with high control of multiscale porosity and much higher thermal

stability[19, 51].

Soft templating method has advantages like using low cost, non-toxic organic
molecules and is easy to apply. Shape, size and morphology of the target material
can be tuned by changing the composition of the solution[20]. However, there are
also many disadvantages that should be taken into account; like complicated sol-
gel process during the synthesis and high sensitivity to the environment
conditions (e.g., relative humidity). Slow hydrolysis and polymerization;
especially of the transition metal ions are not easy steps to control the formation
of oxides. If condensation proceeds too fast before the LC phase is formed,
disordered worm-like mesopores or untemplated bulk materials may form[40].
The resulting mesostructures generally have amorphous or semi-crystalline walls
and poor thermal stability. High temperature treatment may cause crystallites to
grow uncontrollably, destroy the pores by collapsing the mesostructure. Although;
using surfactants like amphiphilic block KLE copolymers may give high
crystallinity and high thermal stability, the products have large pores and thick
pore walls. The main weakness of soft templating is the metal salt to surfactant
ratio is too low which prevents obtaining a stable mesostructure and makes the

method not an efficient one to form a mesostructure[19, 52, 53].

1.4 Salt- Surfactant LLC Mesophase

The Lyotropic Liquid Crystalline (LLC) mesophases of oligo- (ethylene
oxide) nonionic surfactants (CnHz2n+1(CH2CH20)mOH, shortly symbolized as

CnhEOm) with H20 have been investigated and improved by materials community
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since the second half of the 20" century [1]. The LLC systems of H20, ChEOm
and CTAB, (CisH33sN(CHz)3Br) or SDS (C12H2s0S03Na) have been attempted
and their micellar solutions and the LC phase diagrams have been established[54,
55]. The effects of particular salt ions to the LLC properties of H,O and ChEOm
have also been studied and realized that these WSS (water-salt-surfactant)
systems lose their stable structures after certain salt amounts[56-59]. The limiting
salt quantity changes according to the counter anions of the specific salts. Also;
the evaporation of water causes collapse of the system before mesophase is

formed[60].

A new LLC mesophase of ChEOn and particular transition metal aqua
complex salts ([M(H20)]X2 (M= Co?*, Ni?*, Zn?*etc.) and [M'(H20)4]** (M'=
Cd?* and Mn?*; X= CI', NOs", and CIOx) has been explored by Dag et. al. which
has a very high MX2/C12EO10 mole ratio[61-63]. Some of these salts practically
form LC phases, which are compatible with the Hofmeister’s series (the ordered

list of the ions according to their solubilities). The Hofmeister series is;
S04% > HPO4% > CrO4* > CO3%> > Cl> Br > NOs > I > ClOs > SCN-

On the left hand side of the series, there are lyotropic anions which make the
surfactant molecules more hydrophobic and on the right hand side there are
hydrotropic anions which make the surfactant molecules more hydrophilic and

more soluble[63].

According to the list; ClO4 ions are expected to be more soluble than NO3s
ions in an H.O—surfactant system. However, transition- metal perchlorate salts are
found to be harder to dissolve compared to the transition metal-nitrate salts (TMS)

in a [TMS]- surfactant system because of the efficiency of the coordination of the
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NOz™ ions to metal ions, which decreases the ionic strength of the medium.
Therefore; decrease in the ionic strength prevents the crystallization of the

salt[62].

Later; Dag et. al. reported that NOs salts of [Ni(H20)s]?*, [Co(H20)e]*",
[Zn(H20)6]?* and [Cd(H20)4]** form lyotropic liquid crystal (LLC) phase with
CnEOn surfactant easily. However; the CI- and SO, salts of these transition
metals do not form LC phase since they are not soluble in ChEOn surfactant with
an exception of [Co(H20)s]Cl> [56-58]. The LC mesophases could have
hexagonal 2D, hexagonal 3D or cubic structures depending on the type and the
amount of the complex salt. The coordinated H,O molecules in transition metal
aqua complexes induce ChEOm to form the LC mesophase by hydrogen bonding.
Furthermore, the ion-dipole and ion-ion interactions have an effective role on the

self-assembling of LC mesophases [63-66].

In 2010; the presence of new types of LLC mesophases which are based on
mixture of two surfactants of C12EO10-CTAB and C12EO10-SDS have been
investigated by Dag et. al. [68]. [Zn(H20)e](NOs). has been used as salt
maintaining minimum H>O concentration to increase the stability of the systems.
In the resulting new phase; the TMS/ C12EO10 mole ratio increased up to 8.0,
which has been the highest metal ion density in a lyotropic liquid crystalline
(LLC) system[68]. Since CTAB is a cationic surfactant, the interaction between
the alkyl tails of surfactants (CTAB and C12EO10) increases the hydrophobicity of
the core and the interaction of the charged head groups enhances the
hydrophilicity of the EO shell. There occurs a NS*A)M* interaction where NS*
is the micelle of C12EO10-CTA" complex cation, A" is the counter anion (it is NO3
for this system), and M* is [Zn(H20)s]?" or [Zn(H20)x(0NO)]" ions. In the case
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of SDS (sodium dodecyl sulfate), there occurs a NS'M*A" interaction, where the
NS is a micelle of C12EO10 - DS ~ complex anion. Both of these charged
surfactants stimulate the system to dissolve more TMS at the hydrophobic-
hydrophilic interface of the lyotropic liquid crystalline mesophase[69]. Figure 3
shows the representation of the LLC phase before and after addition of CTAB and

[Zn(H20)6](NO3)a.

CTAB
+

[Zn(H0)el(NO3),

Figure 3: Representation of self-assembly of C3EO0 - CTAB -
[Zn(H20)6](NO3)2 species in LLC phase.

These studies illustrate that in order to increase the TMS concentration, the
amount of the charged surfactant and water must also be increased and that there
is a linear correlation between the mole ratio of TMS/C12,EO10 and the mole ratio
of CTAB/C12EO10 for higher water contents[63, 64]. It is also important that for
two surfactant systems, free water is necessary to avoid the crystallization of TMS
ions; however, water concentration must be minimized since presence of extra
water decreases the stability of the system. Therefore, in order to stabilize the
system back, excess water could be evaporated or addition of more surfactants is

required[63, 64].
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1.5 Preparation of Ordered Mesostructures Using Molten Salt
Assisted Self Assembly (MASA) Method

In 2011, Dag et.al. developed a new pathway of soft templating to synthesize
mesoporous materials with higher surface area and thinner pore walls by using
small non-ionic surfactants, named as molten salt assisted self-assembly (MASA)
approach[70, 71]. First, mesoporous ZnO (or CdO) coated silica thin films were
prepared with different salt/silica ratios[70]. These thin films were then used as
metal ion precursors to react with H>S or H>Se producing mesoporous silica metal
sulfide or silica metal selenide thin films wherein the pore walls are made up of
silica covered by metal sulfide or metal selenide nanoflakes. Then, the silica was
removed by chemical etching with dilute HF solution to obtain metal
chalcogenide nanoflake thin films[71]. Later, the polymerizing agent was
changed from silica to titania source to produce mesoporous metal chalcogenide-

titania thin films by using the same pathway[72].

In the MASA method, salt and non-ionic surfactant (10-lauryl ether or
pluronics) can form lyotropic liquid crystalline self-assembly after evaporation of
the volatile solvent (ethanol or water). Since the salt is confined in the hydrophilic
domains of the mesophase, its melting point decreases below room temperature
and solubility increases due to soft confinement effect and the molten salt acts as
a second solvent in the self-assembly. Salts (alkaline metal, alkaline earth metal,
transition metal or lanthanide salts) that have low melting point and high

hygroscopicity are more suitable for the formation of mesophase [55].

The first step of the MASA process involves the preparation of a clear

solution that contains salt, 10- lauryl ether (C12EOj1o, as non-ionic surfactant),
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CTAB (cetyl trimethyl ammonium bromide as ionic surfactant), polymerizing
agent (e.g., titanium(lIV)butoxide or tetra methyl ortho silicate), acid and ethanol
(or H20) as a volatile solvent. The resulting solution has a low viscosity and
hence could be spin or spray coated over a glass substrate to evaporate the volatile
solvent forming a mesophase. After calcination, optically transparent mesoporous
thin films or monolithic powders are obtained[72]. Figure 4 depicts the formation

mechanism of metal oxide coated silica (or titania) mesostructures via MASA
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Figure 4: The formation mechanism of the mesoporous metal oxide coated silica
(or titania) thin films by MASA method. (Copyright © 2012 Nature. Modified
with permission from ref [73]).

The MASA approach has many advantages over the previously mentioned
synthesis methods. First of all; in this method molten salt is used as a second
solvent to form a LLC phase with the surfactants. Also; addition of an ionic
surfactant (CTAB) to the media, stabilizes the interface of charged hydrophilic-
hydrophobic domains and increases the salt uptake of the mesophase. Moreover;
polymerizing agent forms a stable 3-D framework and prevents suffering from
high temperature treatments, compared to the other soft templating methods.

Finally; precursors like metal salts, titania, and silica are very common,
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additionally synthesis of certain mesoporous ternary oxides is possible without
any side reaction. Therefore, the MASA is a promising method, with potential
applicability in preparing many other mesoporous materials that have not been

synthesized yet [55].

1.6 Lithiated Transition Metal Oxides

Certain lithiated transition metal oxides are used as high performance
materials in energy storage devices like Li ion batteries, rechargeable metal- air
batteries, redox supercapacitors and catalysts for water splitting reactions [74-77]
These materials are useful as cathodes for lithium batteries due to their high cell
voltage of 4V and high charge capacity from a given amount of electrode material
(120 mAh/g)[74]. They exhibit high electrocatalytic activity and stability in both
OER (Oxygen evolution reaction) and ORR (Oxygen reduction reaction)[75]. In
the case of supercapacitors, they have high energy density ascribed to their
multiple valence state changes[76]. The valence fluctuation of transition metals
and diffusivity of Li* ion make these materials also ideal for the water-

splitting[77].

Recent studies show that, in all these fields of applications, with their higher
specific surface area and ordered pore structures, mesoporous lithiated transition
metal oxides show higher efficiency than that of nanoparticulate or bulk materials

[77-84].

For the scope of this thesis, the synthesis methods and properties of LiCoO>
and LiMn2O4 mesostructures from the literature are stated briefly in the next

section.
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1.7 Literature on LiCoO; and LiMn204

LiCoO> is the most widely used cathode material due to its high charge
capacity and outstanding cycle life[84]. It is a semiconductor with a band-gap value
of 1.7 eV [85]. LiCoO2 has two forms, hexagonal and cubic structure. The cubic
structure (referred as layered structure) is ideal for energy storage devices
providing a 2D pathway for Li* diffusion in-out of the lattice during charge—
discharge cycling. The theoretical capacity of layered LiCoO- is 272 mAh/g, but
the reversible capacity is 140 mAh/g when the LiCoO: cathode is cycled between 3
and 4.2 V (measured with respect to Li metal)[86]. The layered HT (HT stands for
high temperature) phase of LiCoO> is formed at high temperatures such as 900 °C
and usually crystallizes in bulk form[74]. On the other hand, the hexagonal-spinel
LT (LT stands for low temperature) phase which is more applicable as catalysts for
water splitting reactions, is formed at low temperatures (like 350 °C) and can be
tailored into nanostructures[75]. In other words; both phases have their own
advantages and disadvantages in terms of applications.

In 2005, synthesis of mesoporous low temperature spinel LiCoO- and LiCoO>
nanowire were first reported by Bruce et.al.[87]. It is difficult to use hard
templating to synthesize mesoporous Li containing ternary oxides since Li source
reacts with the template. Hence, post templating method was preferred. First
mesoporous Co304 has been synthesized using mesoporous silica and after removal
of the template, lithiation was carried out by reacting with LiOH at 400 °C for 1
hour. Surface area of the synthesized material was measured by low temperature
isothermal adsorption/desorption of N2 via the five point Brunauer-Emmett-Teller
(BET) method and pore size distribution and the average pore size were determined

by Barrett-Joyner-Halenda calculations from the desorption isotherms of the
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samples. The resulting ordered mesoporous LT-LiCoO, (LT stands for low
temperature) has crystalline walls with a thickness of 8 nm, a narrow pore size
distribution around 3.7 nm and a BET surface area of 92 m?g. They also
synthesized crystalline LiCoO2 nanowires with a broad pore size distribution [68].
There is no other method that has been proposed for the synthesis of mesoporous

LiCoOz in the literature yet.

Secondly; the cubic spinel LiMn204 (lithium manganese oxide, LMO) was
reported to be a promising material due to its low cost, high energy density, high
thermal stability, and nontoxicity[88]. LiMn.Os exhibits only cubic-spinel
structure. Tetrahedral and monoclinic-spinel phases have also been reported, but
being highly unstable, these structures transform into cubic-spinel phase in
time[88]. The band gap of this semiconductor is 1.3 eV[89]. The theoretical

capacity of spinel LiMn204 is 120 mAh/g[90].

The first synthesis of well-ordered mesoporous spinel LiMn2O4 was reported
by Luo etal. in 2007[91]. After obtaining the mesoporous MnO. via hard
templating, lithiated mesoporous MnO> was annealed at 350 °C for 2 hours to
obtain the final product. The BET surface area of the mesostructure was found to
be 55 m?/g, wall thickness and pore size were 4.9 nm and 18 nm, respectively[91].
several studies were reported, using the same pathway to synthesize different
mesostructures by changing the template, optimizing the temperature and
calcination time[33, 92]. In 2013; Hwang and coworkers obtained mesoporous
LMO by using soft templating[93]. P123 was used as a surfactant, LiNO3z and
Mn(NO3)2 as metal sources obtaining a product with 3.8 nm pore size, 31 nm

wall thickness and 13.8 m?/g BET surface area[93]. Chen et. al. used P123,
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Mn(CH3C0OO0)..4H,0 and LiOH.H>0 as ingredients that resulted a material with a

pore size of 5.5 nm and BET surface area of 42.5 m?/g[74].

In this thesis, we adopted the MASA approach to synthesize first two metal
oxides without a polymerizing agent in the media. The first step involves
preparation of a clear solution of all the ingredients. Then, the solution is spin
coated over a substrate producing the salt-surfactant LLC mesophase that resists
to high temperature treatments to form first examples of mesoporous metal
lithiates. Thesis is designed to give the insights of synthesis steps, like mesophase
formation and structural changes during the heat treatments. Figure 5 depicts the
proposed formation mechanism of the mesoporous LiCoO> / LiMn2O4 by using

MASA method.
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Figure 5: The formation mechanism of the mesoporous LiCoO2 / LiMn;O4 by
using MASA method. (Copyright © 2012 Nature. Modified with permission from

ref [73]).
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Chapter 2

Experimental

2.1 Sample Preparation

The process is initiated with preparation of clear solutions that contain two
hydrated salts, LiNO3.xH20 and [Co(H20)s](NO3). (or [Mn(H20)4](NO3)2),
CTAB (C16H33sN(CH3)3Br, ionic surfactant), 10-lauryl ether (C12EO10, non-ionic
surfactant), HNO3z and ethanol (or H.O) as a volatile solvent. Solution is
homogenized for 12 hours by stirring over a magnetic stirrer and spin coated over
a glass substrate to form lyotropic liquid crystalline (LLC) films. The LLC films
are calcined at temperatures ranging from 300 °C to 700 °C in air. Figure 6 briefly

illustrates preparation of the samples.
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Figure 6: Schematic illustration of sample preparation via MASA method.
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2.2 General Optimizations

2.2.1 Determination of salt uptake of LLC fresh films

The amount of salts has been optimized for the LiCoO> as prepared samples.
The general pathway in Figure 6 has been followed for the preparation of the
samples. Seven homogenized solutions containing 0.8 mmol C12EO10, 0.8 mmol
CTAB, 6 g of ethanol with different amounts of salts have been prepared. The salt
amounts were 4.5, 6, 9, 12, 15, 16 and 17 (Li + C0):C12EO10 mole ratios. The
samples were prepared by spin coating above solutions over glass substrates at
1500 rpm for 7 seconds. The POM (polarized optical microscope) images of the
fresh samples have been recorded. The small angle x-ray diffraction (XRD)
patterns of the fresh samples have been collected. Then high angle XRD patterns

of the 60 minutes aged samples were collected.

2.2.2 Determination of solvents (H2O vs Ethanol)

The effect of the solvent used in solution has been tested. The general process
in Figure 6 has been used for the preparation of the samples. 2 homogenized
solution containing 2.4 mmol LiNO3z.xH20, 2.4 mmol [Co(H20)s](NO3)2, 0.8
mmol C12EO10, 0.8 mmol CTAB but different solvents (S1: 6g of ethanol, S2: 6¢g
H>0) have been prepared. 2 sets (each set consists of 60-80 slides) have been
prepared by spin coating on glass substrates at 1500 rpm for 7 seconds. Then
these samples were calcined at 300 °C for 3 hours in an oven. Powders were
obtained by scraping the slides carefully. High angle X-ray diffraction (XRD)
patterns of the samples have been measured from 10° to 80° with 0.5 °/min scan
rate. Raman spectra of the samples with 100 scans have been measured.
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2.2.3 Determination of spin rate (LLC film thickness)

The effect of film thickness on the structure of products has been measured
for LiCoO, samples. The general process in Figure 6 has been used for the
preparation of the samples. A homogenized solution containing 1.8 mmol
LiNOz.xH20, 1.8 mmol [Co(H20)s](NO3)2, 0.8 mmol C12EO10, 0.8 mmol CTAB
and 6g of ethanol has been prepared. Three sets (each set consists of 60-80 slides)
have been obtained by spin coating on glass substrates at 1000 rpm, 1500 rpm and
2000 rpm, respectively. Then these samples were calcined at 300 °C for 3 hours in
air. Powders were obtained by scraping the slides carefully. High angle x-ray
diffraction (XRD) patterns of the samples have been measured from 10° to 80°

with 0.5 °/min scan rate.

2.2.4 Determination of the method (drop casting vs spin coating)

The method of coating on the formation of products has been tested for the
LiCoO2 samples. A homogenized solution containing 3.6 mmol LiNO3z.xH20, 3.6
mmol [Co(H20)s](NO3z)2, 0.8 mmol C12EO10, 0.8 mmol CTAB and 6g of ethanol
has been used for 2 different sets (each set consists of 60-80 slides). Set | was
obtained by spin coating on glass substrates at1500 rpm for 7 seconds. Set 11 was
obtained by using drop casting method. For each substrate; 5 drops of the solution
have been used for coating. Samples waited for 1 hour for the formation of
ordered LLC phase. Then both sets were calcined at 450 °C for 1 hour. Powders
were obtained by carefully scraping the slides. High angle XRD patterns and N2

sorption isotherms of the samples have been collected.
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2.2.5 Determination of the amount of Concentrated Nitric Acid

The effect of amount of concentrated nitric acid on the structure of products
has been tested for the LiCoO2 samples. The general process in Figure 6 has been
used for the preparation of the samples. Fife homogenized solutions containing
2.4 mmol LiNO3z.xH20, 2.4 mmol [Co(H20)s](NO3)2, 0.8 mmol C12EO1o, 0.8
mmol CTAB, 6g of ethanol but different amounts of concentrated HNO3: 500 mg,
375 mg, 250 mg, 125 mg, 0 mg have been prepared. Another solution containing
500 mg concentrated HNO3z without CTAB (other compositional ratios are same
with others) have been prepared and used to prepare six sets (each set consists of
60-80 slides) of samples by spin coating on glass substrates at 1500 rpm for 7
seconds. The small angle x-ray diffraction (XRD) patterns of the samples have
been recorded after spin coating (1 sample in each set) over glass slides. Then
these samples were calcined at 300 °C for 3 hours. Powders were obtained by
scraping the slides carefully. High angle XRD patterns of the samples have been

measured from 10°to 80° with 0.5 °/min scan rate.

2.2.6 Optimization of the calcination temperature

The effect of the temperature during calcination on the formation and
structure of products has been tested for the LiCoO, samples. A homogenized
solution containing 3.6 mmol LiNO3z.xH20, 3.6 mmol [Co(H20)s](NO3)2, 0.8
mmol C12EO10, 0.8 mmol CTAB and 69 of ethanol has been used for fife different
sets (each set consists of 60-80 slides). Sample sets prepared by spin coating on
glass substrates at 1500 rpm for 7 seconds, were calcined at 400, 450, 500, 550,

and 600 °C for 1 hour. The powder samples were obtained by carefully scraping
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the slides. The high angle XRD patterns, N> sorption isotherms, and Raman

spectra of the samples have been collected.

2.2.7 Optimization of the calcination time

The optimization of the calcination time on the structure of products has been
done for the LiCoO. samples. A homogenized solution containing 1.8 mmol
LiNOz.xH20, 1.8 mmol [Co(H20)s](NO3)2, 0.8 mmol C12EO10, 0.8 mmol CTAB
and 6g of ethanol has been used for three different sets (each set consists of 60-80
slides). The sample sets were prepared by spin coating on glass substrates at 1500
rpm for 7 seconds, and then calcined at 300 °C for 1, 5, and 10 hours in air,
respectively. The powder sample were obtained by carefully scraping the slides.
The high angle XRD patterns and N sorption isotherms of the samples have been

measured.

2.2.8 Optimization of the pore size and surface area with respect
to salt amounts

The amount of salts has been optimized for the LiCoO, samples. The general
pathway in Figure 6 has been followed for the preparation of the samples. Fife
homogenized solutions containing 0.8 mmol C12EO19, 0.8 mmol CTAB, 6g of
ethanol with different amounts of salts have been prepared. The salt amounts were
45, 6,9, 12, and 15 (Li + C0):C12EO10 mole ratios. Fife sets (each set consists of
60-80 slides) of samples were prepared by spin coating above solutions over glass
substrates at1500 rpm for 7 seconds. Then these samples were calcined at 300 °C
for 3 hours. The POM (polarized optical microscope) images of the calcined

samples have been recorded. The small angle x-ray diffraction (XRD) patterns of
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the calcined samples have been collected (1 sample in each set). The powder
samples were collected by carefully scraping the slides. The high angle XRD

patterns and N2 sorption isotherms of the powders were collected.

2.3 LiCoO: preparation with/without CTAB

The effect of CTAB on the structure of products has been tested for the
LiCoO, samples. The general pathway in Figure 6 has been followed for the
preparation of the samples. 3 homogenized solutions containing 0.8 mmol
C12EO10, 0.8 mmol CTAB, 6g of ethanol but different (Li + C0):C12EO10 mole
ratios: 4.5, 6, and 9 have been prepared, respectively. Three more solutions
having same compositional ratios as the previous group without CTAB have also
been prepared. Six sets (each set consists of 60-80 slides) have been obtained by
spin coating on glass substrates at 1500 rpm for 7 seconds. Then these samples
were calcined at 450 °C for 1 hour. The powder samples were collected by
carefully scraping the slides. The high angle XRD patterns and N2 sorption

isotherms of the powders have been collected.

2.4 LiCoO; preparation using CoBr- as cobalt source

The general pathway has been followed for sample preparation in Figure 6.
Two solutions have been prepared with the mole ratios, given in Table 1 (amounts
of components were set by using 0.8 mmol of C12EO1o as a reference) with 6g of

ethanol.
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CoBr, Co(NO,),H,0 | CTAB:C,EO,, Co
:C,EO,, :C,EOQ,, mole ratio ‘C1oEOyg
mole ratio mole ratio mole ratio
S1 0 4.5 1 45
S2 2 2.5 0 45

Two sets (each set consists of 60-80 slides) of samples have been prepared by
spin coating above solutions on glass substrates at 1500 rpm for 7 seconds. Then
these samples were calcined at 450 °C for 3 hours. The powder samples were
collected by carefully scraping the slides. The high angle XRD patterns of the
samples have been collected. Then, the powder obtained from the solution
containing CoBr2 (S2) has been washed up by suction and dried out. The high

angle XRD pattern of the dry sample has been measured.

2.5 Synthesis of CTAN (Cis6H33sN(CHz3)sNOs3)

The cationic surfactant cetyltrimethylammonium nitrate (CTAN) has been
synthesized by following a literature method.[94] A AgNOz methanol-water (1:1
ratio) solution has been prepared in dark by using 9.157g AgNOz, 100g methanol
and 100g distilled water. A solution of cetyltrimethylammonium bromide (CTAB)
has been prepared by dissolving 20 g of CTAB in 100 g of methanol. These two
homogenized solutions have been mixed in the dark slowly and was stored in the
dark (by covering the bottle with aluminum foil), for 10 days at low temperature
(+4 °C in the fridge). The solution was filtered with a Millipore TM system with a
pore diameter of 1 micron and AgBr was removed by filtration. Methanol and
water were evaporated first by a rotating evaporator and then by using a vacuum

oven. The resulting product was dissolved in methanol and was recrystallized two
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times. The XRD patterns and FTIR spectra of the powders of CTAB and CTAN

were measured.

2.6 LiCoO: preparation with CTAN vs CTAB

The general pathway in Figure 6 has been followed for the preparation of the
samples. Three homogenized solutions containing 3.6 mmol LiNO3.xH20, 3.6
mmol [Co(H20)6](NO3)2, 0.8 mmol C12EO10 and 6 g of ethanol has but different
ionic surfactants with same mole ratio (S1 containing 0.8 mmol CTAB, S2
containing 0.8 mmol CTAN, S3 containing no ionic surfactant) have been used
for 3 different sets (each set consists of 60-80 slides). Sample sets were prepared
by spin coating on glass substrates at 1500 rpm for 7 seconds, were calcined at
450 °C for 10 hours in air. The powder samples were obtained by carefully
scraping the slides. The high angle XRD patterns and N> sorption isotherms of the

powders have been collected.

2.7 Optimization of the calcination temperature of the LiCoO:
prepared with CTAN

The calcination temperature has been optimized for the LiCoO> samples. A
homogenized solution containing 3.6 mmol LiNO3.xH2O, 3.6 mmol
[Co(H20)6](NO3)2, 0.8 mmol C12EO10, 0.8 mmol CTAN and 6 g of ethanol has
been used for 3 different sets (each set consists of 60-80 slides). Sample sets
prepared by spin coating on glass substrates at 1500 rpm for 7 seconds, were
calcined at 350, 400 and 450 °C for 10 hours in air, respectively. The powder
samples were obtained by carefully scraping the slides. The high angle XRD

patterns and N2 sorption isotherms of the samples have been collected.
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2.8 LiMn2O4 preparation with CTAN vs CTAB

The general pathway in Figure 6 has been followed for the preparation of the
samples. Two homogenized solutions containing 1.6 mmol LiNO3.xH20, 3.2 mmol
[Mn(H20)4](NO3)2, 0.8 mmol C12EO1 and 6 g of ethanol has but different ionic
surfactants with same mole ratio (S1 containing 0.8 mmol CTAB, S2 containing
0.8 mmol CTAN) have been used for 2 different sets (each set consists of 60-80
slides). Sample sets, prepared by spin coating on glass substrates at1500 rpm for 7
seconds, were calcined at 350 °C for 10 hours. The powder samples were obtained
by carefully scraping the slides. The high angle XRD patterns of the powders have

been collected.

2.9 Determination of solvents (H20 vs Ethanol) for LiMn204
synthesis

The effect of the solvent used in solution has been tested. The general process
in Figure 6 has been used for the preparation of the samples. Two homogenized
solution containing 2.0 mmol LiNO3z.xH2O, 4.0 mmol [Mn(H20)4](NO3)., 0.8
mmol C12EO10, 0.8 mmol CTAB but different solvents (S1: 6 g of ethanol, S2: 8g
H20) have been prepared. Two sets (each set consists of 60-80 slides) have been
obtained by spin coating on glass substrates at 1500 rpm for 7 seconds. Then these
samples were calcined at 350 °C for 1 hour. The powder samples were obtained by
carefully scraping the slides. The high angle x-ray diffraction (XRD) patterns of the
samples have been measured from 10° to 80° with 0.5 °/min scan rate. Raman

spectra of the samples with 100 scans have been measured.
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2.10 Optimization of the salt amounts for LiMn2O4 samples

The effect of change in the amount of salts on the structure of products has
been measured for the LiMn2O4 samples. The general pathway in Figure 6 has
been followed for the preparation of the samples. Five- homogenized solutions
containing 0.8 mmol C12EO1, 0.8 mmol CTAB, 6 g of ethanol but different
amounts of salts have been prepared. The salt amounts were optimized by using
(Li + C0):C12EO10 mole ratios of 4.5, 6, 7.5, and 9. Four sets (each set consists of
60-80 slides) have been obtained by spin coating on glass substrates at 1500 rpm
for 7 seconds. The POM images of the fresh samples have been recorded. The
small angle XRD patterns of the fresh samples have been recorded (1 sample in
each set). Then these samples were calcined at 350 °C for 1 hour. The powder
samples were collected by carefully scraping the slides. The high angle XRD
patterns of the samples were recorded from 10° to 80° with 0.5 °/min scan rate.
Raman spectra of the samples with 100 scans have been measured. N2 sorption

isotherms of the powders have been collected.

2.11 Instrumentation

2.11.1 TEM Analysis

Homogenized solution of the required sample has been spin coated over a
glass substrate at 6000 rpm for 10 seconds to obtain a LLC thin film. Fresh
sample was calcined at certain temperature and time, scraped from the substrate
and grinded in a mortar for 10 minutes to obtain smaller particles. The sample
was then placed in a solution of ethanol and sonicated for 2 hours to disperse the

particles. The dispersed mixture was dropped on a carbon coated Cu grid with 300
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mesh under an UV lamp. The dried grid was placed into the high resolution
transmission electron microscope (HRTEM) of JEOL JEM 2100 F operating at a

voltage of 200 kV for imaging.

2.11.2 XRD Measurements

Thin film and powder x-ray diffraction (XRD) patterns were recorded by
using a Rigaku Miniflex diffractometer, equipped with a Miniflex goniometer and
an x-ray source with Cu Ko radiation, at 4 = 1.5405 A, 30 kV and 15 mA. XRD
pattern of the thin films were collected between 1 and 4° with 0.5 °/min. For
certain fresh samples, Cu block (sometimes 2 or 3 blocks) was inserted in front of
the detector to decrease the intensity of the diffraction line in order to protect the
detector. Each Cu block decrease the intensity of the line by a factor of ten. The
powder sample was packed into a standard glass sample holder and the pattern
was collected between 10 and 80° 20, values with a scan rate of 0.5 °/min. The
diffraction patterns were indexed using the Joint Committee on Powder

Diffraction Standards (JCPDS) cards.

2.11.3 N2 (77.4 K) Sorption Measurements

Specific Surface Area (SSA) and pore size of the certain samples were
measured by low temperature isothermal adsorption/desorption of N2 via the five
point Brunauer, Emmett, and Teller (BET) and the average pore size were
determined by Barrett-Joyner-Halenda calculations from the desorption isotherms
of the samples respectively. Before the measurement, the samples were
dehydrated at 573 K for 2 h in vacuum. The samples were measured by using a

TriStar 3000 automated gas adsorption analyzer (micrometrics) in a relative
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pressure range, P/Po, from 0.01 to 0.99 atm. The saturated pressure was measured
over 120 minutes’ intervals. The surface areas of the different samples measured

were calculated in the range 0.05 to 0.3 atm relative pressure with 5 points.

2.11.4 Polarized Optical Microscopy (POM) Measurements

The POM images were recorded by using ZEISS Axio Scope.Al polarizing

optical microscope in transmittance mode.

2.11.5 FT-IR Measurements

The FT-IR spectra were recorded using a Bruker Tensor 27 model FT-IR
spectrometer. A Digi Tect TM DLATGS detector was used with a resolution of
4.0 cm™ from 400 cm™ to 4000 cm™ range. The data obtained after 256 scans

were recorded.

2.11.6 Micro-Raman Measurements

LabRam confocal raman microscope with a 300 mm focal length has been
used for the measurements. The device has a Ventus LP 532, 50 mW, diode
pumped solid-state laser operator at 20 to 34 Mw with a polarization ratio of
100:1, a wavelength of 532.1 nm and a 1024x256 element CCD camera. The
signal collected was transmitted via a fiber optic cable into the spectrometer with
600 g/mm grating. The Raman spectra of the samples were recorded by placing

the probe tip on the desired point of the sample over the glass or silicon wafer.
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Chapter 3

Results & Discussion

3.1 The general synthesis method for the mesoporous LiCoO: thin
films.

Certain mixture of salts (LiNO3 and [Co(H20)s](NOs).) and surfactants are
homogenously dissolved in ethanol. The solution is stirred on a magnetic stirrer at
least for 6 hours and spin coated on glass substrates to obtain a thin LLC
mesophase on the substrates. Small angle XRD patterns and POM images of the
fresh samples were recorded to identify the liquid crystalline mesophases. These
fresh LLC films are then calcined at certain temperatures for 1-3-5 or 10 hours to
obtain mesoporous LiCoO2 monoliths and powders. The small angle XRD
measurements and POM images of the calcined films were also collected to
determine the order of the mesostructure. Powder of these samples were collected
by scraping 60-80 calcined films over the glass substrates and used to collect the
high angle XRD, Raman, TEM and BET data for the characterization of the

samples.

During the synthesis, several parameters that control the features like purity,
pore size, surface area and crystallinity of the LiCoO2 mesostructure have been
optimized by determining solvent type, thickness of the LLC film, acid amount,
salt uptake, calcination temperature, calcination time and surfactant used for the

synthesis.
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In the next section; determination of salt uptake of the LLC fresh films of the

solutions will be discussed briefly.

3.1.1 Determination of salt uptake of LLC fresh films

MASA approach states that melting point of the salt confined in the
hydrophilic domains of the mesophase decreases even down to cryogenic
temperatures and molten salt acts like a second solvent in the LLC media. The
hydrophobic forces between alkyl tails and hydrogen bonding network in the
hydrophilic domains of the surfactant molecules hold the micelle units of the
mesophase together. Compositional ratio determines the geometric arrangement
of the micelles as cubic, 2D hexagonal or 3D hexagonal and etc. Increasing salt
amount, the micellar hydrophilic domains expand, and are pushed further apart.
As a result, lattice parameters and d-spacing values of the mesophase increase, see
Figure 7(a). There is a certain salt uptake of each transition metal LLC system at
which above this ratio, the system cannot form ordered mesophase, since the
weak attractive forces among the micelles cannot hold the mesostructure
anymore. Order and uniformity of the structure is important for the formation of
the mesoporous materials. Hence, the small angle XRD measurement and POM
measurement were used to determine maximum salt uptake of the liquid
crystalline phase and also the order of the mesostructure of LiCoO: fresh films.
Figure 7 illustrates the small angle XRD patterns, POM images and calculated d-

spacing values of the samples with increasing salt:surfactant mole ratios.
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Figure 7: A) Small angle XRD pattern of the fresh samples B) The Bragg angle
and the d-spacing values of the samples C) POM images of the fresh samples
prepared using different salt:C12EO10 mole ratios (as indicated in the patterns and
images).

Up to 15 mole ratio, the diffraction lines of fresh samples are highly intense
and sharp, indicating a long range order in the mesophase. Hence, Cu blocks have
been inserted in between the source and detector in order to protect the detector of
the diffractometer. Bragg’s law has been used to calculate d-spacing values of
each sample, tabulated in Figure 7(b). The XRD patterns and the calculated d-
spacing values confirmed the increase in the lattice parameters of the fresh
samples with ascending amount of salt in the media. The last sample containing
17 salt:surfactant ratio did not diffract since there is no ordered stable mesophase
formed due to excess amount of salt loaded to the media. The POM images of the

fresh samples shown in Figure 7(c) are also consistent with the XRD data. First 4



samples exhibit hexagonal geometry and the sample containing 17 salt:surfactant
ratios did not show any pattern. That might be due to mixed geometry or cubic

geometry of the mesophase.

In order to find out whether there was any salt leached out of the mesophase,
the high angle XRD patterns of the samples have also been measured from the

aged samples, see Figure 8.
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Figure 8: High angle XRD patterns of the as prepared samples containing
different salt: surfactant ratios aged for 60 minutes.

The XRD patterns of the aged samples exhibited no diffraction lines and it is
clearly shown that no salt or CTAB crystals were observed even after 60 minutes
aging of the films. The mesophases, in all compositions, were stable long enough
and ready for further heat treatments. It means that all the salt is in molten state in
the media of each sample. However; since there was no diffraction of the 17 mole

ratio in the small angle XRD pattern, likely the mesophase is not ordered. Hence;
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the salt uptake of the LLC system has been determined as high as 16

salt:surfactant ratio to obtain an ordered mesostructure after calcination.

3.1.2 The effect of the solvent on the formation of the LiCoO:
mesostructure.

To investigate the effect of the second solvent, two different solvents have
been used. The clear solutions of the ingredients were prepared in both water and
ethanol with and without CTAB as the charged surfactant. The thin films were
obtained first by spin coating above clear solutions over a silicon wafer and glass
slide and then calcined to collect the Raman spectra and XRD patterns,
respectively. The Raman spectra of the samples from both water and ethanol are

shown in Figure 9.
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Figure 9: Raman spectra of the powders obtained by using H-O and ethanol on Si

wafer.
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Briefly, the hexagonal LiCoO> with R-3m symmetry has two Raman active

modes at 486 and 597 cm™, arising from the Eq and A1 modes, respectively[95].

Spinel LiCoO; exhibits peaks at 483, 525, 621, and 690 cm™ that are correspond

to the 2Ty, Eg, and A1g modes, respectively[95]. Spinel Co304 has five Raman

modes at 194, 488, 522, 618 and 691 cm™[96].

The Raman spectra of the

powders obtained without CTAB is given in Figure 9. The sample prepared by

H.0 has distinctive Co3O4 peaks arising at 194 and 691 cm™ compared to the one

prepared by ethanol and it has weak peaks of LiCoO, at 486 and 597 cm

compared to the one prepared with H20. The peak at 522 cm™ is due to Si wafer

and T2g mode of C030a4.
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Figure 10: XRD pattern of the powders obtained by using H>.O and ethanol as

solvents. Assignments of the diffraction patterns were performed (JCPDS 044-

0145, 043-1003, 01-080-4682. 04-006-3706). o: line of CoO, A: line of LiO and *:

lines of CO304 are the assignments of side products.
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The XRD pattern of the same samples, in Figure 10, also confirms the Raman
data. The most intense line of LiCoO; originates from the (104) plane and the
most intense line of Co304 having Fd3m symmetry is due to (311) plane,
according to the JCPDS 044-0145 and 043-1003 PDF cards, respectively. The
sample obtained by using ethanol has more intense lines, which correspond to R-
3m LiCoO- only. The lines arising from possible side products of Co304, Li>O and

CoO are more intense in the case of the sample obtained by using H20.

The samples containing CTAB prepared using water and ethanol as the

solvents also gave the similar results, see Figures 11(A) and (B).
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Figure 11: A) Raman spectra of the powders obtained by using H2O and ethanol
on Si wafer. B) XRD pattern of the powders obtained by using H20 and ethanol
as solvents. Assignments of the diffraction patterns were performed (JCPDS 044-
0145, 043-1003, 01-080-4682, 04-006-3706, 023-0182).

On the Raman spectra; the broad peak appeared at around 941 cm™ could be
due to Si wafer or CoBr, side product, since there appears the most intense
Raman peak at the same position in the bulk CoBr; [97]. Other peaks of the bulk
CoBr; are relatively weak and appear at 87 cm™, 154 cm™, 242 cm™ and 463 cm'?

[97]. Intensity of the line at 29.7° in the XRD pattern increased, compared to the
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sample prepared without CTAB. The reason might be due to presence of Br™ ion
coming from CTAB that may produce CoBr2.H20 crystals as a side product
during aging and calcination of the sample; it is the most intense line at 29.7 ° of
CoBr2.H20 crystals, according to the JCPDS 023-0182 PDF card. As all the data
obtained from XRD and Raman measurements were examined, since the samples
prepared with ethanol have less side products than the ones prepared with H>O for
both of the sample sets with/without CTAB, it could be concluded that the ethanol

is an efficient solvent to synthesize the mesoporous LiCoOa.

3.1.3 Determination of spin rate (LLC film thickness)

We also investigated the role of spin coating rate that pre-determines the
thickness of the films. The thickness is important for various reason and also for
the synthesis. This step ensures if the film thickness is an important parameter for
obtaining the same pore system in all thicknesses. Therefore, calcined films were

obtained at three different spin rate, namely 1000, 1500, and 2000 rpm.

High angle XRD patterns of the powder samples containing no CTAB
prepared by using 3 different spin rates and JCPDS cards of the possible side

products are given in Figure 12.
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Figure 12: High angle XRD pattern of the samples obtained by different spin

rates. o: lines of CoO, A: line of Li2O and *: lines of CO304 are the assignments

of side p

roducts.

There is no visible difference observed between the patterns by changing spin

rate. The preparation of the powders from the thinner films did not prevent side

product formation. These data show that there is no thickness dependent side

product formation among the thicknesses investigated in this thesis work. This is

important to show that mesophase before calcination must be the same in all

thickness investigated. However, much thicker samples show differences, see next

section.
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3.1.4 Determination of the method (drop casting vs spin coating)

The effect of the method of coating on the formation of side products were
investigated by comparing high angle XRD patterns of the samples coated by two

methods (drop casting and spin coating), Figure 13.
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Figure 13: High angle XRD patterns of the samples obtained by drop casting and
spin coating and JCPDS cards of the possible Br~ containing side products. a: line

of CoBr2.H20 and B: line of LiBrO, are the assignments of side products

The samples were prepared at 9 salt/surfactant mole ratio. The sample obtained by
drop casting has relatively sharper and more intense lines for both target material
and side products. N2 sorption data are also consistent with the XRD data, Figure

14.
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Figure 14: N2 (77.4 K) sorption isotherms of the samples calcined at 450 °C for
1-hour.

It can be easily seen from the Figure 14 that the isotherms are type IV
(characteristic for mesoporous materials) with hysteresis. The BET surface area
decrease from 57 m?/g to 34 m?/g which can be attributed to the excessive
crystallization with the change of method. Desorption BJH pore size also
increased from 16 nm to 21 nm by changing the method to drop casting. The
changes in the pore volume are coherent with the pore size, as 0.24 cm®/g and
0.18 cm®/g from spin coating to drop casting, respectively. This confirms the
consistency of the XRD data with the N2 sorption data and also proved that the
mesoporous walls grow in size and further crystalize with increasing thickness of
the film. It is important to note that the thicker films usually have more disordered
region between the two interfaces, the interface between the substrate and the gel
and gel and air. In between these two ordered regions, there is a more disordered
region in the middle. With increasing thickness; the disordered region in the

middle increases and during calcination the sample gets more non-uniform
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structure with crystallization. Figure 15 shows the pore size distribution plots of
the same samples. The pore size distribution is broader for the sample prepared by
drop casting as expected. Since obtaining an ordered mesostructure is important
for various reasons, drop casting method has been considered as not appropriate

for the production of LiCoO2 ordered mesostructures.
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Figure 15: Pore size distribution plot of the samples prepared with different

methods.

3.1.5 Determination of the amount of concentrated nitric acid

As of the last parameter, we also checked the role of acid in the synthesis
media. In order to obtain pure LiCoO, mesostructure, all Co?* ions in the solution
must be oxidized to Co®" and react with Li* ions. HNOs is a strong oxidizing
agent and could oxidize Co*™? to Co*® and decrease the formation of CoxOy
species. 6 set of samples containing different amount of acid with and without

CTAB have been synthesized and their high angle XRD patterns were obtained.
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The samples were prepared at 6 salt/surfactant mole ratio. The effect of amount of

concentrated nitric acid on the formation of products has been illustrated in Figure

16.
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Figure 16: XRD pattern of the powders obtained using different amounts of
HNOsz with/without CTAB-calcined at 300 °C for 3 hours. (o: lines of CoO, a:
line of CoBr2.H20, *: line of CO304and A: line of Li2O are the assignments of
side products)

As it is shown in Figure 16, contrary to the expectations, with increasing acid
amount the intensity of the lines of side products are also slightly increasing and
removal of CTAB also did not cause a distinctive change on the peak intensities.
This could be due to H2O in the concentrated HNOs solution. As mentioned
before, the samples prepared using H>O as solvents form side products more than
the ones prepared using ethanol. Presence of H.O somehow might trigger the

formation of CoxOy species. Since no positive effect has been measured with the
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addition of acid to the media, the HNOs; addition was excluded from the

preparation of solutions.

3.1.6 Optimization of the calcination temperature

In this section, the calcination process will be discussed to investigate the
effect on the structure and pore size of the target material and formation of the
side products. Calcination process is important since all volatile and burnable raw
materials (surfactants, metal nitrates, and ethanol) are processed at this step.
During calcination, the organic species burn in air and form COz and CO gases,
metal nitrates decompose to MxOy and NOy and the target material is obtained by
further reactions. Determining the optimum calcination temperature is important
since the temperature must be high enough to get rid of all the organic molecules
and to complete all the reactions in order to eliminate formation of side products.
However, it must also be kept at a certain temperature to preserve the mesoporous
structure of the target material without collapsing due to further crystallization

and growth.

To determine the formation temperature of LiCoO2 mesostructure, a solution
was prepared at 9 salt/surfactant mole ratio and spin coated on a Si wafer. The
Raman and IR spectra of a heat-treated sample from 50 °C to 300 °C have been

collected, Figure 17 and 18.
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Figure 17: Raman spectra of LiCoO2 sample calcined at different temperatures

It is seen in Figure 17 that the peaks located at 521 cm™ and 940 cm™ are
from Si substrate and no other significant peaks from the sample at 50 °C. It
means the sample is still in the liquid crystalline form and salts do not leach out of
the mesophase. At 100-150 °C, the broad peak appeared around 690 cm™ and the
shoulder appeared at 488 cm™ are attributed to the most intense A1y mode and Eg
mode of Co304 respectively [96]. Note that the most intense T>g mode of Li2O
and T2g mode of CosO; are also located at 521 cm™ [98]. At 200 °C, a new peak
formed at 468 cm™ and the shoulder at 672 cm™ could be attributed to the Raman
active modes of CoO[98]. The broad peak located at around 590-620 cm™ could
be due to the most intense Raman active mode of R3m LiCoO2 (597 cm™), Tag

mode of Co304 (618 cm™) and CoO (605 cm™) [95]. At 300 °C, the peak located
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at 468 cm™ from CoO disappeared and the others became more distinctive.
According to Figure 17, it could be concluded that the formation temperature of
LiCoO; is around 200 °C. However, in order to minimize the formation of side

products, the temperature must be increased further.
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Figure 18: IR spectra of the heat-treated sample coated on Si wafer
In Figure 18; IR spectra also confirms the formation temperature of LiCoO:
starts at around 200 °C due to the characteristic peaks of LiCoO; raised around
522 cm L and 610 cm ! [99]. However; the peaks due to presence of surfactants,
H>0 and NOsz ion disappear at 300 °C. Therefore; the minimum calcination

temperature for the synthesis has been set to 300 °C for LiCoO..
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3.1.7 Optimization of the pore size and surface area with respect
to the amount of the salt

In order to examine the change in pore size and surface area of the LiCoO>
mesostructure with increasing precursors, the high angle XRD and BET
measurements of the samples have been recorded. The salt amounts were set to

45,6,9, 12, and 15 (Li + C0):C12EO10 mole ratios.

]
]

afAx]  * ;‘0 a  * * 45 salt

500 ! 16 salt
250 - N
0 -
1 v | ! 1 !
10 20 30 40 50 60 70 80

20(°)

Figure 19: High angle XRD patterns of the samples with increasing salt amounts.
o: lines of CoO, a: line of CoBr2.H20, A: line of Li2O and *: lines of CO304

The sample sets were spin coated and calcined at 300 °C for 3 hours.

In Figure 19; all the lines of side products are getting sharper and more
intense which points out an increase in the formation of side products and larger

crystals. Increasing intensity of the line at 29.7° could be due to excessive CoO
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formation. The lines of Co304 assigned with “ * ” and the line located at 32.2°
from Li20O also increased in intensity. The lines of the possible side products are

assigned by using o, o, A and * signs.

The Raman spectra of the samples in Figure 20 also confirms the outcomes of
XRD patterns. As it is seen in the figure; with increasing salt amounts, the peak
located at 691 cm™ (attributed to CosOs) slightly broadens and red-shifts with a
shoulder around 672 cm™, which is attributed to Raman active mode of CoO.
Notice also that the peak located at 468 cm™ is also another strong Raman active

mode of CoO.
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Figure 20: Raman spectra of the samples prepared with increasing salt amounts
The N2 sorption data of the same samples were examined. The specific

surface areas of the samples were measured as 44 m?/g, 48 m?/g, 57 m?/g, 9 m?/g

and 3 m?/g with increasing salt ratio from 4.5 to 15, respectively, see Figure 21.
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The surface area of the mesostructures increase from 4.5 to 9 salt ratio since up to
this salt amount formation of side products are limited and much less crystals
form. For 12 and 15 salt:surfactant ratios, the reason might be both the over
formation of side products and higher quantity of precursors that might lead a
thicker pore walls and uncontrollable crystal growth of the target material.
According to Raman spectra; the peaks of target material are getting weaker

which means the second case is unlikely to happen.
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Figure 21: Isotherms of samples with increasing precursors
The pore size distribution of the samples is shown in Figure 22. The
desorption BJH pore sizes were measured as 6, 9, 15, 16, and 20 nm from the
same samples with pore volumes of 0.10, 0.11, 0.24, 0.03 and 0.02 cm%/g,

respectively.
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Figure 22: Pore size distribution of the samples with increasing salt amounts
According to Figure 22; the pore size is more uniform at lower salt
compositions since there are less amount of side products. With increasing salt
amounts the pore size distribution gets broader due to excessive formation of
bulky side products. As a result; although fresh films of the higher salt:surfactant
compositions don’t leach out any salt for a long time, formation of the side

products directly proportional with the salt:surfactant ratio.

3.1.8 Effect of calcination temperature on the pore size and
surface area

The samples of 9 salt/surfactant mole ratio were calcined at different
temperatures to investigate the effect of calcination temperature on structural

properties and pore size/ surface area of the mesoporous LiCoO,. Raman spectra
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of the samples coated on Si substrate and calcined at different temperatures are

seen in Figure 23.
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Figure 23: Raman spectra of the samples coated on Si substrate and calcined at
different temperatures.

With increasing calcination temperature, the Raman peaks of mesoporous
LiCoO2 get stronger and sharper pointing out the formation of larger crystalline
structures meanwhile the peaks of CosOs4 and the peak located at 941 cm™ (might
be due to CoBr2 as mentioned before) are getting weaker, indicating the decrease
in amount of foregoing side products up to 550 °C, see Figure 24. After this
temperature, the peaks of LiCoO; (483cm™ and 597cm™) are getting weaker and
the ones attributed to Co3O4 and Li,O (521 cm™ and 691 cm™) are getting more
intense. The reason could be due to decomposition of the LiCoO; to Li,O and

C0304. The decomposition temperature of bulk Ram LiCoO; is > 900 °C.
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However, this temperature could be suppressed to lower temperatures for

nanocrystalline structures.
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Figure 24: High angle XRD patterns of the samples calcined at different
temperatures. o: line of CoO, A: line of Li2O, *: line of CO30s4, a: line of
CoBr2.H20 and B: line of LiBrO> are the assignments of side products.

The high angle XRD patterns of the samples calcined at 300 °C, 450 °C and
550 °C were also collected, see Figure 24. The XRD data also confirm the similar
outcomes. All the lines are getting sharper and more intense implying further
crystallization. The lines that assigned to side products are getting weaker but not

disappeared. In other words; increasing calcination temperature did not prevent

formation of side products.
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Then, N2 sorption measurements of the same samples have been carried to
monitor the effect of temperature on pore size, wall thickness and surface area of

the samples, Figure 24.
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Figure 25: Temperature dependent isotherms of mesoporous LiCoO».

The specific surface area changes from 60 m? /g to 56 m?/g and to 41m?/g
with increasing calcination temperature which is ascribed to formation of larger
crystals at higher temperatures. The pore size increased with calcination
temperature and given as 10, 15 and 16 nm at 300, 450, and 550 °C, respectively.
The corresponding pore volumes are 0.24, 0.20 and 0.16 cm®/g at 300, 450, and
550 °C respectively. This reverse trend between pore size and pore volume
indicates that while the pores are expanding, the walls of the mesostructure are
getting thicker. The pore size distribution of the same samples is shown in Figure

26.
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Figure 26: Pore size distribution of the samples calcined at different
temperatures.

As it is illustrated in the Figure 26, the pore size distribution plot gets broader
with increasing temperature. In other words; the calcination temperature and
uniformity of the pore size are inversely proportional which shows some of the
pores coalesce with neighboring ones and form larger pores with increasing wall
thickness of the mesostructure. As a result; the mesostructure synthesized by
using MASA method is stable up to 550 °C and less uniform and disordered
mesostructures with higher crystallinity are synthesized via higher calcination

temperatures.

3.1.9 CTAB effect on pore size distribution

As mentioned before, being a charged surfactant, CTAB,; stabilizes the

charge distribution and increases the salt uptake of the mesophase in the fresh
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samples. In order to analyze the effect of CTAB on pore size distribution of the

mesoporous LiCoO», 6 different samples containing 4.5, 6, and 9 salt ratios

with/without CTAB have been calcined at 450 °C for 1 hour. In Figure 27, the

pore size distribution plots of these samples are given.
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Figure 27: Pore size distribution plots of the samples having 4.5, 6, and 9 salt

compositions (as indicated in the plots).

In the figure, the samples with the same mole ratios, the pore size decreases

and size uniformity increases with the addition of CTAB. In other words; using

CTAB helps the formation of ordered and uniform structures that are important

for various applications of the mesoporous materials. Therefore, presence of a

charged surfactant is crucial to obtain more ordered target materials.
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3.1.10 Br- effect on side product formation

In order to analyze the effect of Br~ ion on the formation of side products, the
solutions prepared with/without CTAB have been examined. In Figure 28; a wine-
colored solution prepared without CTAB and a violet colored solution prepared
with CTAB could be seen. Usually, the wine color appears due to formation of
hexaaqua complexes of Co(ll) ions. The violet color of the other solution
attributed to the contamination of blue color due to tetrahedral symmetry of Co(ll)

coordinated to halogens like Br -, Cl ~ etc together with hexaaqua complexes.

A) B)

Figure 28: A) Solution prepared without CTAB and B) Solution prepared with
CTAB

UV-Vis spectra of the same solutions is shown in Figure 29; in both samples
there are broad absorption peaks in the range of 450 to 600 nm due to octahedral
symmetry of [Co(H20)s]?*. However, in the case of the sample containing CTAB,
there are also fingerprint absorption bands of tetrahedral [CoBr4]* ion in between
550 to 750 nm which points out the formation of the complex [CTA]2CoBr; in the

mesophase.
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Figure 29: UV-Vis spectra of the fresh samples prepared with/ without CTAB

Then, Br ~ amount was increased 4 times by using CoBr, as Co source and
samples of 9 salt/surfactant mole ratios with/without CTAB, see the compositions
in Table 1. These samples were calcined at 400 °C for 3 hours to determine the

effect of the formation of [CTA].CoBr4complex.

CoBr, Co(NO,),.H,0O CTAB:C,,EOQ,, Co
:C,EO,, :C,EO, mole ratio :C1oEOyg
mole ratio mole ratio mole ratio
S1 0 4.5 1 4.5
S2 2 2.5 0 4.5

Table 1: The composition of the samples S1 and S2



Upon XRD measurements, the powders were washed with distilled water by

suction, dried samples have been examined once more and the results have been

compared.
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Figure 30: XRD pattern of the powders with different compositions o: line of

CoO, A: line of Li2O and *: line of CO304 are the assignments of side products.
According to the XRD pattern shown in Figure 30, there are sharp lines

belong to unknown products in the sample containing CTAB. It could be seen that

the intensity of these sharp lines increased and some others formed with
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ascending Br- amount in the sample containing CoBr». In other words, presence of
Br ~ ion caused formation of bulk crystals of water soluble side products like
CoBr2.H20, LiBrO> etc. Moreover; bulk CoBr, does not react under air even at

678 °C[100].

However; due to soft confinement effect; this temperature might be
suppressed to the lower values leaving oxide forms of relevant metals behind as
side products. After washing the samples, the sharp peaks due to these side
products have been disappeared, clearly indicating that these side products are
unreacted salt species. However; some other peaks which are consistent with

Li»O, Co304 and CoO are still present for both the samples after washing.
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Figure 31: A), B) are SEM images of the sample having 4.5 salt ratio prepared
with CTAB and C) EDAX of the area shown in red circle in B).
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The SEM images of the sample having 4.5 salt amount prepared using CTAB
are shown in Figure 31(A and B). In Figure 31(A), it is clearly shown that the
sample is composed of spherical particulates and it is mesoporous. In Figure
31(B), there are small unknown side products having different crystalline
structures and distinctive shapes on the uniform mesoporous film of LiCoOs>. In
Figure 31(C), the EDAX of the area shown in red circle has been given to make it
easy to identify the unknown crystals. As it is shown, a small amount of Br is also
in the structure of the crystal which verifies the results obtained via XRD

measurements.

3.1.11 Samples prepared using CTAN

The necessity of using charged surfactant have been discussed in section
3.12. In order to eliminate the effect of Br ~ion on side product formation, CTAN
(cetyl trimethyl ammonium nitrate) has been synthesized by changing Br ~ ion
with NOs ~ion as described in experimental part. The IR spectra of CTAN and

CTAB is shown in Figure 32.
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Figure 32: IR Spectra of CTAN and CTAB
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In the figure; the absorption peak of NOs ~around 1324 cm™ could be seen

distinctively and there are XRD patterns of CTAB and CTAN in Figure 33. XRD

patterns show that both crystals have the same crystal structure that display a very

similar diffraction patterns with a slight change on the unit cell parameters.
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Figure 33: XRD Pattern of CTAB and CTAN
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A set of samples were prepared using CTAN in place of CTAB to identify

the side products. In Figure 34(A); 2D hexagonal POM texture of the fresh
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sample of 6 salt ratio prepared with CTAN have been calcined and the image in
Figure 34B) has been obtained. As it is shown the texture of the film could be
preserved during calcination and diffraction on the small angle XRD pattern seen

in Figure 35 also verifies that calcined films have an order in their

structures.

Calcined film of 6 salt ratio prepared with CTAN
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Figure 35: XRD pattern of a calcined film of a 6: 1 sample prepared with CTAN.
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In order to understand the effectiveness of CTAN for the synthesis of
LiCoO, a set of samples having the same salt ratios (9 salt ratio) but different or

no ionic surfactants have been compared in Figure 36.
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Figure 36: XRD pattern of different 9 salt ratio samples prepared with CTAB,
CTAN and without an ionic surfactant calcined at 350 °C for 3 hours.

According to Figure 36; the samples prepared using CTAB or without any
ionic surfactants have extra lines coming from the side products and the lines of

LiCoO, have different intensities than the ones on the JCPDS PDF card.
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However; the sample prepared using CTAN has only lines coming from the

targeted material and their intensities accords with the ones on the JCPDS PDF

card.

Presence of the bulk side products would be expected to decrease the specific

surface area of the samples. Figure 37 shows the pore size distribution plots of the

samples prepared with CTAB, CTAN and without any ionic surfactant, calcined

at 450 °C for 1 hour. It could be seen that the sample having no ionic surfactant

has a nonuniform pore size distribution and the lowest surface area compared to

others. In the case of the sample prepared with CTAN; the slight increase of the

surface area from 57 m? to 65 m? might be due to lack of bulk crystals.
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Figure 37: Pore size distribution plots of the samples prepared with CTAB,

CTAN and without any ionic surfactant.
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Furthermore; both CTAN and CTAB have similar roles on pore size
distribution, building more ordered and uniform pores on the mesoporous

material.

The TEM and STEM images of the samples (having 9 salt ratio, calcined at
450 °C for 1 hour) are shown in the Figures 38, 39(A-C). Crystalline structure of

the LiCoO: is clearly visible in the images. Each crystalline domain is around 4-5

nm size.

Figure 38: TEM image of the sample prepared at 9 salt ratio, calcined at 450°C

for 1 hour (scale bar is 5 nm).
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Figure 39(A) shows the same area with a larger scale bar to identify the
dimensions of the mesopores which is around 20-25 nm pore size. In figure
39(B), a higher magnification TEM image is seen to examine that the structure
exhibits homogeneity and a sponge like formation throughout the film. The
STEM image of the film scraped from the substrate is shown in Figure 39(C), also

confirms both film like and sponge-like uniform structure of the sample.

3.1.12 Optimization of the calcination temperature of the LiCoO-
prepared with CTAN

In order to identify the effect of temperature on formation of side products
and pore size and surface area of the mesoporous LiCoO2; 3 samples of 9 salt
composition were calcined at 350, 400 and 450 °C for 10 hours respectively. The
thin films were scraped form the substarates and their powders were analzed by
XRD measurement,Figure 40. The duration of the calcination has been kept long

to obtain visible bulk crystals of side products.

As it is shown in Figure 40; the samples start decomposing (to Li.O and
Co0304) when the calcination temperature raised to 400 °C and the lines of side
products became more distinctive when it increased to 450 °C. All the lines of the
XRD patterns get sharper with increasing temperature as an outcome of
increasing crystallinity, see Figure 40. As a result, in contrast with CTAB; in the
case of CTAN; the temeprature should be decreased down to 350 °C’s to obtain

pure mesoporous LiCoO:..
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Figure 40: XRD Patterns of the samples having 9 salt composition, calcined at
350, 400 and 450 °C for 10 hours. A: line of Li,O and *: line of CO304 are the
assignments of side products.

Then, N2 sorption measurements of the same samples have been examined to
analyze the effect of temperature on pore size, wall thickness and surface area of

the samples, Figure 41(A) and (B).

As it is seen; with increasing temperature, the specific surface are decreased

from 58 to 48 and to 34 m?/g, respectivelty.
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Figure 41: (A) Nz-sorption isotherms (B) pore size distribution plots of the
mesoporous LiCoOzsamples having same composition calcined at different

temperatures prepared with CTAN.
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Moreover; the pore size increased from 11 to 13 and to 16 nm by increasing the
calcination temperature to 350, 400, to 450 °C, respectively. It points out further

crystallization in the structure also confirms the XRD measurements.

3.2 The general synthesis method for the mesoporous LiMn2O4
thin films.

Certain amount of CTAB is dissolved in ethanol and the clear solution is
stirred for 2 hours. Then; a mixture of salts (LiINOs and [Mn(H20)4](NO3)z2),
HNO3 and C12EO1o are dissolved in the same solution and stirred on a magnetic
stirrer at least 12 hours until is a clear homogeneous solution that is spin coated
on glass substrates to obtain a thin LLC mesophase on the substrates. The small
angle XRD patterns and POM images of the fresh samples are recorded to
determine the liquid crystalline order. These fresh LLC films are then calcined at
300 °C for 1-2 or 3 hours to obtain mesoporous LiMn20O4 monolith and powder.
The small angle XRD measurements and POM images of the calcined films are
also collected to determine the order of the mesostructure. Powder of these
samples are obtained by scraping 60-80 slides of calcined films over the glass
substrates. The powder is used to collect the high angle XRD patterns, Raman

spectra, TEM images and N2 sorption data for the characterization of the samples.

During the synthesis, several parameters that control the features like purity,
pore size, surface area and crystallinity of the LiMn2O4 mesostructure have been
optimized. These parameters are salt uptake, addition of acid, calcination

temperature, calcination time and surfactant used for the synthesis.

In the next section; determination of salt uptake of the LLC fresh films of the
solutions will be discussed briefly.
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3.2.1 Determination of salt uptake of LLC fresh films of LiMn2O4

As it was mentioned in section 3.2, order and uniformity of the structure is
important for various application of the mesoporous materials. Hence, the small
angle XRD measurement and POM measurement were used to determine
maximum salt uptake of the liquid crystalline order and the order of the
mesostructure of LiMn2O4 films. Figure 42 illustrates the small angle XRD
patterns, POM images and calculated d-spacing values of the samples with

increasing salt:surfactant ratios.
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Figure 42: A) Small angle XRD pattern of the fresh samples and the Bragg angle
and the d-spacing values of the samples and B) POM images of the fresh samples
prepared using different salt:C12EO10 mole ratios (compositions are in the
figures).

The diffraction patterns of the fresh samples up to 12 mole ratio display
highly intense lines, indicating a long range mesoorder in the samples. Hence, Cu
blocks have been inserted in between the source and detector in order to protect
the detector of the diffractometer. Bragg’s law has been used to calculate d-

spacing values of each sample, tabulated in inset of Figure 42(A). The XRD
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patterns and the calculated d-spacing values confirmed the increase in the lattice
parameters of the fresh samples with ascending amount of salt in the media. The
last sample containing 14 salt:surfactant ratio did not diffract since there is no
ordered stable mesophase formed due to excess amount of salt loaded to the
media. The POM images of the fresh samples shown in Figure 42(B) are also
consistent with the XRD data. First 3 samples exhibit hexagonal geometry with
fan like texture and the sample containing 14 salt:surfactant ratio display a dark

image.

3.2.2 The effect of the solvent during solution preparation

To investigate the effect of solvent, two different solvents have been used.
The solutions of the ingredients were prepared in both water and ethanol with
CTAB as the charged surfactant. First of all; CTAB was added to the particular
solvents and stirred for 2 hours to obtain clear solutions. The mixture prepared
with ethanol formed a yellow clear solution after the addition of all other
ingredients and used after 12 hours of extra stirring. However, the mixture
prepared with H,O formed vyellow precipitate with addition of the
[Mn(H20)4](NO3)2 salt to the media and did not dissolve back even after 1 week
of stirring. Yellow precipitate could be seen at the bottom of the vial in Figure

43(A).

It is known that the strong interactions between hydrophobic tail groups of
CTAB with ethanol make the formation of CTAB micelle difficult in ethanol.
Hence; the CMC (critical micelle concentration) value of CTAB is 0.0009 mol/L
in water, while it is up to 0.24 mol/L in ethanol [101]. In other words; there are

more micelles in water solution. Since the micelles of the CTAB-C12E10 have high
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negative charges on them, they might attract positively charged Mn?* cations and
could be the reason of formation of yellow [CTA].MnBrs precipitate in the

solution prepared with HO.

The yellow [CTA].MnBrs precipitate has been removed and dried and its
XRD patten is recordes then the patterns of [CTA].MnBrs and CTAB have been

analyzed for the comparison, see Figure 42(C).
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Figure 43: Mixture prepared (A) with H20, (B) with ethanol and XRD pattern of
CTAB and the yellow precipitate.
Since, a clear solution could not be obtained via using H2O; ethanol was

determined to be used as a solvent for further experimentation.

3.2.3 The effect of HNO3 during solution preparation

Initially solutions were prepared without addition of acid. However; after around
2 hours the solution started changing color from yellow to brown as shown in
Figure 44(A and B). It is known that aqueous solutions of metal ions attract water
molecules and form hexaaqua ions, which act as a Lewis acid and donates H* to

neighboring H20 molecules. As this typical reaction goes one step further,
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forming a new [Mn(OH)2(H20)4] complex that is a brown solid and gives the
brownish color to the solution. The common reaction mechanism includes the

following steps;

Step 1:  [Mn(H20)6)**(aq) + H20 — [Mn(OH)(H20)s]*(aq) + HsO",

Step 2: [Mn(OH)(H20)s5]"(aq) + H20 — [Mn(OH)2(H20)4](s) + H3O*

A)

Figure 44: Solutions containing (A) with HNOs3, (B) without HNO:s.
Addition of acid might reverse these reactions and hexaaqua ions could be
preserved. That’s why; HNOs3 is added during the preparation of solutions and

amount is set to 1:1 ratio of Mn:HNOs3 by changing the salt amounts.

3.2.4 Optimization of the calcination temperature for LiMn2O4

In this section, the calcination process will be discussed to investigate the
effect on the formation of the side products. As discussed in section 3.1,
calcination process is important since all volatile and burnable raw materials
(surfactants, metal nitrates, and ethanol) are processed at this step. During

calcination, the organic molecules burn in air and form CO2 and CO gases, metal
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nitrates decompose to MxOy and NOx and the target material is obtained by
further reactions. Determining the optimum calcination temperature is important
since the temperature must be high enough to get rid of all the organic molecules
and to complete all the reactions in order to eliminate formation of side products.
However, it must also be kept at a certain temperature to preserve the mesoporous

structure of the target material without collapsing.

To determine the formation temperature of LiMn>Os mesostructure[102], a
solution was prepared at 9 salt/surfactant mole ratio and spin coated on a Si wafer.
The IR spectra of a heat-treated sample from fresh to 300 °C have been collected,
Figure 45(A and B). The sample was kept at each temperature for 1 hour. As it is
shown in Figure 45(A), up to 160 °C; the amounts of H>O (the broad band around
3404 and 1600 cm™ ) and NOs™ ion ( broad bands between 1500 and 1250 cm™, a

sharp one around 1100 cm™ are distinctive ones) decreases accordingly.

The two absorption bands at 518 cm™ and 617 cm™ are identified as spectral
feature of cubic nano LiMn2Og spinel in the literature [3]. It could be shown that

the LiMn204 species start forming around 160 °C.
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Figure 45: A) IR spectra of the heat-treated sample coated on Si wafer from as

prepared to 160 °C and B) IR spectra of the heat-treated sample coated on Si wafer

from 180 °C to 300 °C
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However; the peaks of nitrate, water, and surfactants completely disappear at
around 300 °C. Therefore; minimum calcination temperature for the synthesis also

has been set to 300 °C for the LiMn204 samples.
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Figure 46: XRD pattern of the powder obtained by using 9 salt composition
calcined at 300 °C for 1, 2 and 3 hours. Assignment of the diffraction pattern of

LiMn20O4 was performed JCPDS 035-0782.



In order to set the duration and verify the temperature, the sample 9 salt ratio
have been calcined 3 times at 300 °C for lhour and the XRD patterns of the

sample have been recorded after each calcination step, Figure 46.

As it is clearly shown in Figure 46; the patterns of the sample, calcined for 1
hour and 2 hours, there appears a line around 29.2°, which does not belong to
LiMn20s4. This peak disappears after 3 hours of calcination. In other words; 3
hours of calcination is necessary for all ingredients to give reaction and form the
targeted material. That’s why calcination duration has been set to 3 hours for

further experimentation.

3.2.5 Br- effect in solution and on the formation of mesoporous
LiMn204

In order to investigate whether Br™ ion has a similar effect like side product
formation as it was discussed in section 3.1; we prepared 2 solutions having the

same salt ratios but with different ionic surfactants (CTAN or CTAB), see Figure

47.

Figure 47: Solutions prepared with CTAN and CTAB.
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The solution prepared using CTAN is not yellow due to lack of Br ion. Then,
both solutions have been calcined at 300 °C for 12 hours so that any side product
might form large crystals and become visible in the XRD pattern, Figure 48. As it
is shown in Figure 48; there is no distinctive difference in between the patterns of

the samples and both forms LiMn2Oa.
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Figure 48: XRD pattern of the samples prepared with CTAB and CTAN.

Raman spectra of the samples also confirmed the outcomes of XRD

measurement, Figure 49. The Raman band located around 625 cm  is attributed
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the symmetric Mn—O stretching vibration of MnOe groups and there are a group
of bands between 200 and 500 cm "t with a weaker intensity. The weak peak
located at 382 cm™ has T2g symmetry and the peak at 300 cm™ could be due to
the cationic disorder that induces a breakdown of the translation symmetry,
respectively[103]. Both samples have a similar Raman spectrum that indicates,

none of the samples has any side product.
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Figure 49: Raman Spectra of the samples prepared with CTAN and CTAB.

As of the last; isotherms and pore size distribution plots have also been
examined in Figure 50 and 51, respectively. Both the isotherms and pore size
distribution plots show pretty similar results as expected. The specific surface area
of the one prepared using CTAN was 55 m?/g, while the other one prepared using
CTAB gave 54 m?/g with a pore size of 9 and 11 nm, respectively. Therefore; it
could be concluded that on the contrary of the synthesis of LiCoO2; CTAB or Br -
ion do not cause any side product formation during the preparation of mesoporous

LiMn20g4
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Figure 50: N2 (77.4 K) sorption isotherms of the samples prepared with CTAB

and CTAN and calcined at 300 °C for 3-hour.
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Figure 51: Pore size distribution of the samples prepared with CTAB and CTAN.
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3.2.6 Optimization of the pore size and surface area with respect
to salt amounts

In order to examine the change in pore size and surface area of the LiMn,O4
mesostructure with increasing precursors, the high angle XRD, Raman and N2
sorption data of the samples have been recorded. The salt amounts were set to 4.5,

6,9, 12, and 14 (Li + Mn):C12EO10 mole ratios.
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Figure 52: High angle XRD patterns of the samples with increasing salt amounts.

The sample sets were spin coated and calcined at 300 °C for 3 hours. There
are no visible change in intensities of the lines and no extra lines due to side
product formation on the XRD patterns of the samples, see Figure 52. The Raman
spectra of the samples in Figure 53 also confirms the outcomes of XRD patterns.
As it is shown in Figure 53; with increasing salt amounts, the peaks located at 625

cm® and the other weaker ones (all belong to LiMn204) slightly broaden around
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their location which is attributed to nano-crystalline behavior and there is no sign

of side product formation.
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Figure 53: Raman spectra of the samples prepared with increasing salt amounts.
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Figure 54: Isotherms of samples with increasing precursors.
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Then, N2 sorption isotherms of the same samples were examined, see Figure
54. The specific surface area of the samples were measured as 55, 66, 71, and 82
m?/g from the samples obtained from 4.5, 6, 9, and 12 salt ratio, respectively.
Since there are no bulk crystals in the samples, it is reasonable to conclude that

the surface area of the mesostructures increase with increasing salt amounts.

The pore size distribution of the samples is shown in Figure 55 The BJH
desorption pore sizes are 7, 9, 11, and 11 nm, respectively, for the same samples

with pore volumes of 0.15, 0.16, 0.24, 0.29 cm®/g, respectively.
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Figure 55: Pore size distribution of the samples with increasing salt amounts
According to Figure 55; the pore size is more uniform at lower salt
compositions. With increasing salt amounts, the distribution of pore size is getting
broader. It could be due to uncontrollable crystallization of the structure during
calcination that might lead to nonuniform pore formation. As a result; it could be
concluded that although the fresh films of the higher salt: surfactant compositions

don’t leach out any crystals, during calcination uncontrollable crystallization
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might lead decrease in the uniformity of the pores and formation of the less

ordered structures.

The TEM images of the mesoporous thin films of LiMn2O4 with 2 and 5 nm
scale bars are shown in Figures 56 and 57. 15-20 nm sized highly crystalline
particulates and 20-25 nm pore size could be identified clearly from these images.
A uniform film like structure and pores of the LiMn20O4 films are shown in Figure
58(A and B). In Figure 59; STEM image of a spongy film of LiMn2QO4 is shown

with 200 nm scale bar.

Figure 56: TEM micrograph of LiMn2O4 with a 2 nm scale bar.
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Figure 58: TEM images of LiMn2O4 with scale bar of (A) 0.1um and (B) 50 nm.
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Figure 59: STEM image of LiMn204 with a 200 nm scale bar.
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Chapter 4

Conclusion

In this study, it has been demonstrated that the molten salt assisted self-
assembly (MASA) method could be used for the synthesis of mesoporous

LiMn204 and LiCoO> materials without a polymerizing agent in the media.

It has been established that the purity, pore size, surface area and crystallinity
of the LiCoO> and LiMn>0O4 mesostructures can be controlled by determining the
solvent type, thickness of the LLC film, acid amount, salt uptake, calcination
temperature, calcination time and surfactant used for the synthesis. In the case of
solution preparation of both LiCoO. and LiMn2Os; ethanol is determined to be
effective solvent due to low solubility of ingredients and efficiency of the
synthesis. HNO3z has no effect on the synthesis of LiCoO> but is crucial in the case
of LiMn2O4 to prevent formation of [Mn(OH)2(H20)4](s) complex during and/or
before the assembly process. The method of spin coating gave better results than
drop casting to obtain uniform pore size distribution and less side product
formation. LiCoO. samples prepared with CTAB are semicrystalline at lower
temperatures, mesostructure is stable up to 550 °C but then it undergoes
decomposition to CosO4 and Li2O. Pore size and specific surface area of the
samples could be tuned by changing the calcination temperature and duration. In
the case of mesoporous LiCoOz; with increasing temperature from 300 to 550 °C,
the specific surface area changes from 60 to 56 and to 41 m?/g, respectively. The

desorption BJH pore size increased with calcination temperature as 10, 15 and 16
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nm and the corresponding pore volumes are 0.24, 0.20 and 0.16 cm®/g. This
reverse trend between pore size and pore volume indicates that while the pores are
expanding, the walls of the mesostructure are getting thicker. The positive effect
of CTAB to obtain uniform pore size for the synthesis of LiCoO. have been
examined in detail. However; due to role of Br~ion on formation of side products,
CTAN is found to be a more effective charged surfactant in the MASA process.
The thin films of calcined samples preserved order of the mesophase during
calcination. Mesoporous pure HT- LiCoO- synthesized with MASA is the first
example in the literature since calcination temperature decreased from 900 to 350
°C. The mesoporous LiCoO; films have 65 m?/g specific surface area and a 15 nm
pore size. Moreover; the mesoporous pure LiMn2O4 could be obtained using both

CTAB and CTAN with 82 m?/g specific surface area and 11 nm pore size.
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