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ABSTRACT

Role of Silica in the Self-Assembly of Salt-Surfactant Mesophases and

Synthesis of Mesoporous Metal Oxides

Najeeb Ullah

M.Sc. in Chemistry

Advisor: Omer Dag
July, 2023

In recent years, mesoporous metal oxides have attracted great attraction due to their unique
optical, electrochemical, and catalytic properties. Mesoporous nickel oxide (m-NiO) is a
p-type semiconductor, versatile in its application due to its high surface area, and has been
investigated towards electrochromic devices, electrodes, supercapacitors, and catalysts.
The electrochemical properties of NiO depend on its morphology, surface area, and
particle size. In this thesis, mesoporous nickel oxide has been synthesized by combining
soft templating (molten salt-assisted self-assembly method) and hard templating methods
to attain a high surface area. Homogeneous aqueous solutions of nickel(ll) nitrate
hexahydrate ([Ni(H20)s](NO3)2), TMOS (as silica source), and two surfactants, CTAB
(charged surfactant) and Ci12E10 (nonionic surfactant) are stable only if a concentrated
nitric acid is added before the TMOS addition. In the absence of nitric acid, TMOS
hydrolyzes and condenses quickly, resulting in silica precipitation. The silica precipitation
also occurs by using other salts, such as nickel(1l) chloride hexahydrate, nickel(l1) sulfate
hexahydrate, cobalt(ll) nitrate hexahydrate, and manganese(ll) nitrate tetrahydrate. The
silica precipitate is characterized by ATR-FTIR, small-angle, and wide-angle XRD and
N2 adsorption-desorption measurements. The diffraction lines at 1.7 and 23°, 26, indicate

the formation of mesostructured amorphous silica, in which the surfactant species fill the



pores. . The silica precipitate is calcined at 450 °C for two hours to remove the surfactant
completely, and characterized by ATR-FTIR, small-angle and wide-angle XRD
measurements, N»- adsorption-desorption analysis and SEM-EDX techniques. The
maximum surface area (1395 m?/g) is obtained from the cobalt(I1) nitrate hexahydrate salt,
and the EDX analysis confirms that there is no element other than silicon and oxygen in

its elemental detection limit.

The homogeneous, stable aqueous solutions of the nickel(Il) nitrate hexahydrate
([Ni(H20)6](NO3)2), HNO3, TMOS (as silica source), and two surfactants, CTAB
(charged surfactant) and C12E10 (nonionic surfactant) solution is drop-casted on a glass
slide to form a mesophase and analyzed by small-angle XRD, ATR-FTIR and POM
techniques. The diffraction lines at 1.5 and 1.6°, 26, show the formation of ordered
lyotropic liquid crystalline mesophases. The mesophases are then calcined at different
temperatures (from 250 to 500 °C), to obtain m-NiO/SiO, powders and characterized by
ATR-FTIR, XRD measurements, N»- adsorption-desorption analysis, and SEM-EDX
techniques. The XRD patterns show broad lines at small- and wide-angles, indicating the
formation of m-NiO/SiO2 at 300 °C, where the pore-walls are made up 2.6 nm crystalline
NiO coated amorphous silica . The NiO particle size (on the pore wall) grows with
increasing annealing temperature, and at 500 °C, the particle size reaches 7.9 nm. This is
also supported by the BET surface area that decreases at higher temperatures. At 300 °C,
the BET surface area is 305 m?/g, which drops to 174 m?/g at 500 °C. However, the pore
size of m-NiO/SiO2 does not responds to annealing temperature. It means that the pore
walls grow in 2D space rather than 3D due to the presence of silica as a hard template.
Therefore, combining the hard- and soft-templating methods can efficiently synthesize the

crystalline materials with a high surface area.

The m-NiO/SiO; films can be coated over the FTO glass and calcined at different
temperatures to fabricate the electrodes for oxygen evolution reaction (OER). During CV
measurement, the NiO pore-walls get oxidized to NiOOH and reduced to Ni(OH)2 in the
back cycle. Moreover, overpotential that is determined for the OER improves with the

usage of the electrode, independent of the electrode thickness.
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Tuz-Yuzey Aktif Arafazlariin Kendiliginden Olusumunda Silika’nin Rolii

ve Mezog06zenekli Metal Oksitlerin Sentezi

Najeeb Ullah

Kimya, Yiksek Lisans
Tez Danismani: Omer Dag

Temmuz, 2023

Son yillarda, mezogodzenekli metal oksitler benzersiz optik, elektrokimyasal ve katalitik
oOzellikleri nedeniyle biyuk ilgi gekmektedir. Mezogdzenekli nikel oksit (m-NiO), yuksek
yiizey alanina sahip olmas1 ve p-tipi bir yari iletken olmasi nedeniyle uygulama alanlari
cok yonludir. Bu nedenle, mezogdzenekli nikel oksit elektrokromik cihaz, elektrot,
stperkapasitor ve katalizor alanlar1 igin yogun ¢alisilmigtir. Nikel oksitin elektrokimyasal
Ozellikleri morfolojisine, ylizey alanina ve partikiil boyutuna baglhidir. Bu tezde, yiiksek
yiizey alanina ulagsmak i¢in yumusak kaliplama (eriyik tuz yardimli kendiliginden olusma
yontemi) ve sert kaliplama yontemleri birlikte kullanilarak mezogdzenekli nikel oksit ince
filmleri sentezlenmistir. Homojen sulu ¢ozeltilerde nikel(ll) nitrat hekzahidrat
(INi(H20)6](NO3)2), TMOS (tetrametilortosilikat, silika kaynagi) ve iki ylzey aktif madde
CTAB (yuklu yizey aktif madde) ve Ci2E10 (iyonik olmayan yuzey aktif madde)
cOzeltileri, yalmizca TMOS eklenmeden 6nce nitrik asit eklenirse karalidir. Nitrik asit
olmadiginda, TMOS hizla hidrolize olup polimerleserek, silika olarak ¢oker. Silika ayrica
nikel(11) klorlr hekzahidrat, nikel(Il) stlfat hekzahidrat, kobalt(Il) nitrat hekzahidrat ve
mangan(ll) nitrat tetrahidrat gibi diger tuzlar kullanilarak da olusur. Bu silika ¢okeltileri
¢ozeltiden ayrildiktan sonra ATR-FTIR, kiiglik-a¢1 ve genis-a¢1t XRD ve N2 adsorpsiyon-
desorpsiyon olgtimleri ile karakterize edilmistir. 1.7 ve 23° derecedeki difraksiyon
kirmimlari, numunin mesoyapili ve yiizeyaktif bolimler arasinda yer alan amorf silika

oldugunugostermektedir. Silika ¢okeltileri 2 saat boyunca 450 °C'de kalsine edilerek
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yuzey aktif madde tamamen uzaklastirilmis ve olusan malzeme ATR-FTIR, kii¢lk-a¢1 ve
genis-a¢c1 XRD Ol¢iimleri, N2 adsorpsiyon-desorpsiyon analizi ve SEM-EDX ile
karakterize edilmistir. Maksimum yiizey alam (1395 m?/g) kobalt(l1) nitrat hekzahidrat
tuzu ile elde edilmistir ve EDX analizi, elementel analizinde silikon ve oksijenden baska

bir element olmadigini dogrulanmustir.

Nikel(l1) nitrat hekzahidrat ([Ni(H20)s](NOs)2), HNO3z, TMOS ve iki ylzey aktif madde
(CTAB veCi12E10) homojen kararli sulu ¢ozeltileri, arafazlar1 olusturmak amaci ile, cam
bir alttas lizerine damlatilarak kiiciik-a¢ci XRD, ATR-FTIR ve POM teknikleri ile analiz
edilmistir. 1.5 ve 1.6 derecedeki difraksiyon kirinimlar1 diizenli liyotropik sivi kristal
arafazlarin olusumunu gosterir. Bu arafazlar daha sonra farkli sicakliklarda (250 ila 500
°C) kalsine edilmis ve elde edilen mezog6zenekli NiO/SiO> tozlart ATR-FTIR, XRD, N2
adsorpsiyon-desorpsiyon ve SEM-EDX teknikleri ile karakterize edilmistir. 300 °C'de
yakilan malzemelerden elde edilen XRD desenleri, mezog6zenekli 2.6 nm kristalin NiO
kapli silika (m-NiO/SiO>) ince filmlerin olusumunu gosterir. Gézenek duvarlarinda kaph
nickel oksit parg¢acik boyutu, sicaklik arttik¢a biiyiir ve 500 °C'de parcacik boyutu yaklasik
7.9 nm olur. XRD verisi, yiiksek sicakliklarda azalan BET yiizey alan1 analizi tarafindan
da desteklenmektedir. 300 °C'de BET yiizey alan1 305 m?/g iken, 500 °C'de bu deger 174
m?/g'ye diiser. Bununla birlikte, m-NiO/SiO2'nin gozenek boyutu degismez, bu da
gozenek duvarlarimin silika sert sablonun varligindan dolay: ii¢ boyutlu alanda degil, iki
boyutlu alanda biyldiglinii gosterir. Dolayisiyla, sert ve yumusak kaliplama
yontemlerinin birlestirilmesi yontemi, yiiksek yiizey alanina sahip kristalin malzemelerin

sentezinde verimli bir sekilde kullanilabilir.

m-NiO/SiO: filmleri FTO alttas Uzerine kaplanip farkli sicakliklarda kalsine edilerek
elektrokimyasal oksijen retme tepkimesi (OER) icin elektrotlar dretildi. Dénglsel
voltametri sirasinda, m-NiO/SiO2 gdzenek duvar1t NiOOH'a oksitlenir ve geri dongiide ise
Ni(OH).'ye indirgenir. Ayrica, bu elektrotlarin OER overpotansiyel dlglimleri, zamanla
ve kullandik¢a azaldig: ve elektrot kalinligina bagli olmadigi belirlendi.

Anahtar kelimeler: sert kaliplama, yumusak kaliplama, eriyik tuz yardimli kendiliginden
olusma yontemi, liyotropik siv1 kristal, mezog6zenekli nikel oksit, mezog6zenekli silika.
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Chapter 1

1. Introduction

During the past couple of decades, scientists have devoted great attention to synthesizing
new inorganic materials for various applications. The fact that most of the chemical
reactions involving charge transfer occur on the surface of solid materials, leads them to
bring innovation and improvement in the methods used for the synthesis of such materials.
Therefore, materials with a high surface area are of extreme importance for such
applications. One main approach to attain high surface area is to make porous materials.
These porous materials, based on their pore size, are categorized as microporous (< 2nm),

mesoporous (2-50 nm), and macroporous materials (> 50nm)[1].

Zeolites are typical examples of microporous materials that consist of a tetrahedral
crystalline framework of SiO4 and AlO4 units, also known as aluminosilicates[2], [3]..
This crystalline framework is built by repeating tetrahedra, which forms a complex

network ensuring uniform cavities with small channels connecting each other[4], [5]..



These cavities in zeolites are the active sites for chemical reactions. Although zeolites are
useful for many applications like catalysis[6], gas-separating membranes[7], etc., they
also have some limitations[8]. One of these limitations is their inaccessible pores for large
molecules. Additionally, the resulting products during the catalytic applications can
obstruct zeolites’ pores, further reducing their competence for such activities. Therefore,

there was a need to synthesize the materials with larger pores to get rid of these problems.

1.1. Mesoporous Materials and Metal Oxides

Mesoporous materials with a pore size between 2 nm and 50 nm have proved to be ideal
materials for achieving large surface area and eliminating the limitations of microporous
materials[9], [10]. In 1992, the synthesis of mesoporous solids was first reported by
Kresge et al. by calcining the aluminosilicate gels using a surfactant[11], [12]. They
successfully proposed the liquid crystal templating approach for synthesizing mesoporous
materials, where inorganic micelle walls were formed by silica materials. Also, Beck et
al. proposed the mechanistic formation of the M41S family in detail where they designated
MCM-41 as a hexagonal phase with a uniform channels and pore distribution with a high
surface area of more than 700 m?/g[11], [13]. They also proposed that the MCM-41 can
be prepared with controlled pore size distribution ranging from 15 A to greater than 100
A depending on the chain length of the cationic surfactant used in the synthesis[13]. Over
the last three decades, a lot of work has been devoted in these materials' synthesis,

characterization, and mechanistic studies[12].

Furthermore, in 1995, Bagshaw et al. proposed another method for the synthesis of
spherical and hexagonal mesoporous silica using block copolymers as templating agents
and tetraethylorthosilicate (TEOS) as silica source[14], [15]. However, mesoporous silica
has limited applications due to its chemical inertness and amorphous pore walls[16], [17].
Also, the synthesis of mesoporous non-siliceous materials is difficult due to the
uncontrolled fast hydrolysis & condensation reactions of metal alkoxide precursors. It was
observed that rapid crystallization occurs at high-temperature calcination, which results

in collapsing pores of the material[18]. As a result, the synthetic methods of the



mesoporous silica materials are modified to synthesize non-silica mesoporous

materials[19].

In 1998, Yang et al. reported the use of the soft templating method for the synthesis of
mesoporous metal oxides and mixed metal oxides, such as Al203, Nb2Os, Ta>Os, SnO2,
Al>TiOs, ZrW,0g, and SiTiO4 etc.[20]. The inorganic salts have been used as metal
precursors and poly (alkylene oxide) block-copolymers as the soft templates in a non-

aqueous medium([21].

Moreover, Guo et al. reported another method for the synthesis of mesoporous metal
oxides by thermal decomposition of transition metal oxalates. They reported a successful
synthesis method for various mesoporous metal oxides, such as CoFezOs, NiFezOs4,
Co0304, and NiO etc.[22]. They also claimed that calcination temperature is an important
factor for determining the final mesoporous structure of the materials. This method is more
beneficial as it is more cost effective, versatile, and environmentally friendly. However,

this method has a major limitation as production of non-uniform porous materials[22].

Transition metal oxides have gained a lot of attention among all the non-siliceous
materials due to their emerging applications. In the following chapters, two main methods
for the synthesis of ordered mesoporous materials using surfactant templates will be
discussed in detail[18].

1.1.1. Synthesis of mesoporous metal oxides using soft templates

The soft templating approach was first used by Kresge et al. to synthesize mesoporous
silica[11]. This approach is effectively used in the synthesis of mesoporous metal oxides
as well[23]. However, one of the major limitations of this approach is the instability of the
structure of materials during calcination. In the soft templating method, amphiphilic
molecules known as surfactants are used as templates. These molecules have polar as well
as non-polar ends, which arrange themselves into micelles by interacting with the solvent
(polar or non-polar) used[21], [22], [24]. The first mesoporous transitional metal that

involves sol-gel chemistry in its synthesis is titanium dioxide. Ti(OCsH7)4 (hydrolyzed in



the presence of CsHgO2) and phosphate-surfactants were used[19], [25], [26] in the
assembly process and later categorized as a ligand-assisted method and has been

successfully employed in the synthesis of mesoporous metal oxides[25], [26].

Later Brinker et al. introduced another method soft-templating method for synthesis of
mesoporous metal oxides named as evaporation-induced self-assembly (EISA)
method[27]. The mechanism EISA method involves certain steps: (i) preparation of a
solution of inorganic salt precursor, surfactant (amphiphilic template), and the solvent
simultaneously, (ii) evaporation of solvent after coating the material on the substrate, (iii)
hydrolysis and condensation of precursors, and (iv) template removal upon
calcination[28]. The concentration of micelles is an important factor in the preparation of
ordered material using this method. Shape of the micelle is the factor of micelle
concentration. Above a critical concentration (known as critical micelle concentration,
CMC), micelles form different shapes such as spheres and cylinders. Moreover, after the
solvent evaporation (by spin-coating, dip-coating, drop-casting, or spray-coating), the
micelles form hexagonal, cubic or lamellar mesophases or mesostructures[27] . One
specific type of mesophase can be obtained by adjusting the concentration of metal salt
and non-ionic surfactant[29], [30]. A large range of mesoporous metal oxides was

synthesized through the EISA method by using block-copolymer templates[20], [21].

However, the EISA method is also limited due to high reactivity of some precursors, such
as uncontrolled rate of condensation. This leads to a formation of non-porous material.
Slow hydrolysis and condensation of most of the transition metal salts also renders the use
of the EISA method. Moreover, the surface area of the materials fabricated by using this

method is not sufficient for many applications[31], [32].
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Figure 1.1. General schematic representation of soft templating method.
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1.1.2. Synthesis of mesoporous metal oxides by hard templates

Hard-templating method also called the nano-casting method, has also been employed to
synthesize a wide range of mesoporous materials[33], [34]. Where the soft-templating
method involves the use of surfactant molecules for controlling the morphology of ordered
mesoporous materials, the hard-templating method involves the use of a mesoporous
material as a template for controlling the morphology of the target material. This method
can be illustrated in 4 steps; (i) synthesis of a hard template (usually mesoporous silica or
carbon), (ii) infiltration of the metal precursors into the porous template, (iii) heat
treatment of the precursors for transforming into a product, (iv) removal of the template
by chemical etching or calcination. The hard-templating method is favored over the soft-
templating method as it allows to fabricate ordered materials that cannot be fabricated by
the other method[18], [35], [36].

A schematic representation of the hard-templating method is illustrated in Figure.1.2[37].
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Figure 1.2. Schematic of hard-templating method to produce porous materials.

The first hard template employed in the synthesis of mesoporous material was a porous
Al;O3 that was synthesized by an anodic oxidation method[38]. The synthesis of
nanotubes, nanowires, and nanorods of metals by this template results in the synthesis of
nanomaterials as well[38]. In 1999, Ryoo et al. for the first time synthesized mesoporous
carbon, CMK-1 with a uniform pore size distribution by using a mesoporous silica hard
template[35], [39]. For the removal of the silica template, the material was dispersed into
concentrated NaOH or hydrofluoric acid solutions[19]. The synthesized material is
stabilized by the presence of disordered pores in the hard template, which are

interconnected the synthesized material through these channels[39], [40].

Later, Che et al. reported the synthesis of mesoporous carbon, CMK-5, by using the
mesoporous silica template[41]. They also reported the synthesis of the first mesoporous
transition metal oxide, Cr203, by using mesoporous silica template (SBA-15), which is
produced using large surfactants such as pluronics[42]. Potassium dichromate was used
as a precursor and the hard template was removed by washing with the HF solution[43].
They also employed the same method to synthesize the single-crystal 3-dimensional WO3
with a hexagonal morphology. It was observed that the morphology of the resulting

material is in relation to the pore size of the template and precursor size[44].

Li et al, in 2004, introduced a new hard template, carbon aerogel, for the synthesis of
mesoporous metal oxides. They synthesized mesoporous MgO by using a suitable metal
precursor. The resulting 3-dimensional porous MgO had a spherical morphology with a



surface area of approximately 150 m?/g. The template was removed by heat-treating the
material at 600 °C[42]. This method was extensively used for synthesizing a large range
of mesoporous metal oxides[45], [46]. Mesoporous tin (V) oxide nanowires with a
surface area of 160 m?/g, for lithium-ion batteries, were also synthesized by using different
hard templates (KIT-6, a member of mesoporous silica family with cylindrical pores and
SBA-15, also a member of mesoporous silica family with hexagonal pores)[47]. A highly
ordered mesoporous Co3O4 was also fabricated by the aforementioned method[45].
Subsequently, the method became widespread and opened up many opportunities for the

fabrication of other mesoporous metal oxides by using the hard template[48].

A new class of mesoporous materials having a chiral porous structure was introduced by
Shopsowitz et al. using a lyotropic liquid crystalline phase of a nanocrystalline cellulose.
The silica surrounds the nanocrystalline cellulose in a chiral arrangement, which on the
removal of the cellulose template was used to synthesize titania. However, by playing with
the chiral composites, the porosity of porous silica can be changed, which later defines the

porosity of the mesoporous metal oxide[49].

The hard templating method allows controlling the structure of mesoporous materials as
it involves the use of hard templates like silica. These templates are robust and on
treatment at high temperatures retain their porous structure resulting in a high surface area
product. However, this method also has some limitations as it involves the use of NaOH
or HF solutions for the removal of the template. These species are reactive toward some
of the transition metal oxides and may cause contaminations. Moreover, the high-
temperature treatment can also be disadvantageous as silica might incorporate into the
crystal structure of transition metal oxides. It also has a high cost as it involves multiple
steps for the synthesis[50]. Therefore, a new approach to synthesizing the mesoporous

transition metal oxides was needed[40].



1.2. Lyotropic Liquid Crystalline Mesophases

Liquid crystals (LC)-a fascinating class of materials that exhibit the properties of both the
liquid as well as solid phases. A schematic of liquid crystals in comparison to solids and
liquids is shown in Figure.1.3. LC phase is able to flow like liquids but maintains some
degree of orientational order like solids[51]. The two different forms of liquid crystals are
known; (i) thermotropic liquid crystals (TLC) and (ii) lyotropic liquid crystals (LLC)[52].
Thermotropic liquid crystals are usually display temperature dependent mesophases and

their transition between liquid and solid can be initiated by varying the temperature[53].
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Figure 1.3. A schematic comparison of liquid crystal with liquid and solid.

Lyotropic liquid crystals mesophases usually exist in the form of mixtures. Their
formation depends on specific amphiphilic molecules, classified as surfactants and a
solvent. The surfactant molecules have two different ends; one hydrophobic and the other
hydrophilic[54]. These molecules undergo self-assembly in the presence of a solvent to
form micelles (core-shell structure). Depending on the polarity of the solvent, different
arrangements of micelles may exist. The concentration of micelles and the solvent are
critical factors in the formation of LLC mesophases[55]. On reaching a critical micelle
concentration (CMC), these surfactant molecules aggregate together to form micelles that
at higher concentration assemble into different types of mesophases. However, below

critical micelle concentration, these molecules generally exist in solution as solvated and



distinct molecules. The structure of LLCs is highly affected by the surfactant
concentration and temperature[56]. Moreover, a variation in the composition of LLC
mesophases can impact the morphology of the resulting material. Such as various
mesoporous materials like rod-shaped silica and hollow-titania were fabricated by using

the solution-phase micelles as well as mesophases[57]-[59].

The materials with different mesophase structures (two-dimensional (2D) hexagonal,
lamellar, three-dimensional cubic, etc.) can be synthesized by using LLC medium as it
enables easy control over the morphology of resulting materials. The different mesophase

structures are shown in Figure.1.4.

Hexagonal Cubic Lamellar

Figure 1.4. A schematic representation of hexagonal, cubic and lamellar mesophases.

These different mesophase structures can be detected by polarized optical microscopy
(POM) imaging. The hexagonal mesophase exhibits a fan texture under POM, because it
is a birefringent anisotropic phase with two different refractive indices. However, the
cubic mesophase due to its isotropic nature can’t be detected under POM. Moreover, the
formation of these mesophases can also be characterized by the XRD technique. These
mesophases diffract at small angles (usually 1-5°, 260) as the unit cells are much larger
with larger d-spacings. The diffraction patterns can be analyzed by using Bragg’s law as
given by equation 1.1.

nAd = 2dSinf (gq.1.1)



Where 0 is half of the measured angle, d is the spacing (in A), A is the wavelength of x-
rays (1.5405 A), and n is an integer.

The LLC templating method was first introduced by Attard et al. in 1995 for the synthesis
of the mesoporous silica by using TMOS as a silica source and octaethylene glycol mono-
dodecyl ether (C12EQg) as a template[15]. This was the first instance, where the LLC
mesostructure was solidified and later this method was named as the true liquid crystalline
templating (TLCT) process[15]. They also introduced a high surfactant ratio in this
method whereas, previously a low surfactant ratio was used in the synthesis of M41S.
Later in 1997, they employed the TLCT process to synthesize the mesoporous metals and
other metal sulfides[60]-[64].

LLC templating method involves the use of a low concentration of transition metal salt
and a surplus amount of water, which restricts the fabrication of materials by this method
as a low concentration of salt is present in LLC mesophase.

In 2001, Dag et al. introduced a novel lyotropic liquid crystal mesophase that allows the
high salt concentration in the presence of oligo ethylene oxides (ChEOm) nonionic
surfactant[65]. They discovered that by using the different mole ratios of transition metal
salts like [Ni(H20)6](NO3)2, [Co(H20)s](NO3)2, and [Zn(H20)s](NOs). and nonionic
surfactant, the LLC mesophases can be formed. Latter, they demonstrated that the
transition metal salts exist in their molten state in LLC mesophase[65]. The different
nonionic surfactants have been used to form the transition metal salt LLC mesophases[66].
Effect of counter-ion of transition metal salt precursor have been studied and reported that
anions have important roles in the mesophase formation[67]. They claimed that the
presence of different transition metal salt with different anions in the system affects the
solubility of surfactants in aqueous medium[68] and also their extend of water capture is

critical for the mesophase formation and stability[66], [69].

However, in the presence of only non-ionic surfactant LLC mesophases have limited salt
uptake in the mesophase domains. Therefore, a charged surfactant, cethyltrimethyl

ammonium bromide (CTAB) or sodium dodecylsulphoxide (SDS), was utilized to
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overcome this limitation[70]. The new two-surfactant system, a nonionic and an ionic,
ensures a high concentration of salts in the LLC mesophases. The mesophase can be
stabilized by playing with the concentration of charged surfactant. By using zinc nitrate
hexahydrate salt and the two-surfactant system, they loaded up to 8 salt/surfactant mole
ratio into a lyotropic liquid crystalline mesophase (LLCM)[71]. Moreover, they
synthesized mesoporous zinc oxide-silica as well as cadmium oxide-silica thin films by
using the new LLCMs, where salt remains in the molten state. They introduced this
method by name of the molten salt-assisted self-assembly (MASA) method[72].

1.3. Molten salt-Assisted Self-Assembly (MASA) Method

The MASA method was introduced by the Dag group in 2012 for the fabrication of
mesoporous materials. This method involves the use of transition metal salts as inorganic
metal precursors, two solvents (salt in its molten phase and water), and two surfactants (a
nonionic and an ionic surfactant). In this assembly process, the salt behaves as a solvent
upon melting in a constricted nano-spaces, the salt species are confined in the micelle
domains and behaves as a solvent and hence helps in stimulating the self-assembly of
surfactants and other precursors into LLC mesophases[73]. The melting point of the salt
reduces in the constricted nano-space, this happens in accordance with the soft
confinement effect (SCE)[73]. Therefore, this effect inhibits the crystallization of salt
even in the presence of its high concentrations. Moreover, due to the nano-spaces, the seed

formation for crystal growth is inhibited, which also makes the LLC mesophases stable.

The MASA technique has been used to synthesize a range of mesoporous metal-titanates
such as LisTisO12, MnTiOs, CoTiOs, CdTiOs, Zn,TiOa, etc.[74]. In this synthesis, titanium
(V) butoxide was used as a titanium source. It hydrolyses and condenses within the LLC
mesophase at low temperatures and later forms the mesopores on calcination[75], [76].
The mesoporous LiCoO2 and LiMn2Os were also synthesized through the MASA
method[77]. For this synthesis, the method was modified by replacing the charged
surfactant, CTAB with CTAN (cetyltrimethylammonium nitrate) as with CTAB some
metal bromide impurities were observed[77]. This modification prevents the formation of

low surface area species during the process and produces mesoporous bimetallic oxides.
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However, in the formation of mesoporous nickel oxide, these impurities were not
observed. Therefore, CTAB can be used for the synthesis of mesoporous NiO
material[78].

The MASA method is advantageous for the synthesis of mesoporous metal oxides over
the EISA method. In the EISA method, during the evaporation process, the precursors are
converted into mesostructured material straightaway. Therefore, the method is limited to
the precursors that can undergo hydrolysis and condensation during the evaporation
process. However, the MASA method can be used for the synthesis of other metal oxides
as well. The MASA method was later extended for the synthesis of metal lithiates[77],
[79], metal cobaltites[80], and many other mesoporous metal oxides. In this work, we will
discuss the synthesis of mesoporous SiO»-NiO thin films from 10-lauryl ether-CTAB-
[Ni(H20)s](NOs)2 and the effect of silica in this synthesis.

1.4. Mesoporous Nickel Oxide — Synthesis and Applications

In recent years, there has been a growing interest in mesoporous metal oxides because of
their unique optical, catalytic, and electrochemical properties. These materials find
various applications in fields such as supercapacitors, electrochromic devices, gas sensors,
batteries, and more[81], [82]. Nickel oxide, a p-type semiconductor, is versatile in its
application due to its high surface area and can be utilized as an electrochromic device,
electrode, supercapacitor, and catalyst depending on the synthesis method employed[83],
[84]. As previously stated, the MASA method was used in this thesis study to produce
mesoporous nickel oxide. However, NiO thin films can also be synthesized by some other
methods. One of the most commonly used techniques is the sol-gel method. NiO
nanoparticles with spherical morphology were fabricated by utilizing a solution of nickel
nitrate hexahydrate as the precursor[85]. The sol-gel method yielded nickel oxide with a
surface area of 322 m?/g[86]. A wet-chemical method can also be used in synthesizing the
NiO nanoparticles by using [Ni(H20)e]Cl> and a precipitating agent — NaOH[87]. This
method results in the formation of NiO-nanosheet with a thickness of 2 nm, resulting in a
remarkably high surface area of 377 m?/g[86]. The hydrothermal approach can also be
utilized in the synthesis of NiO particles with varying morphologies, including nanorods,
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nanosheets, and spherical nanoparticles[88], [89]. The morphology of NiO can be
controlled by varying the temperature and pressure during the process[90]. Mehr et al.
also prepare porous nickel oxide particles with spherical morphology by using the
microwave heating method. This method was faster and more efficient in comparison to
other methods stated[91].

In summary, the morphology of NiO can be varied by using different synthetic methods
and resulting NiO particles hence have varying properties for various applications. For
supercapacitor applications, the dielectric surface depends on the surface area of the
material, and NiO due to its good surface area can be used for this application[92]. The
particle size of nickel oxide also influences its electrical as well as optical properties[93],
[94]. The band gap of nickel oxide is dependent on calcination temperature and generally,
can be reduced by the elevation in the calcination temperature[95].

Here, in this thesis, we combine and take advantage of both soft (MASA) and hard
templating methods to fabricate electrodes with high surface area. Therefore, it is an
extension of a previous work that used a high silica concentration to produce metal oxide
coated mesoporous silica [75]. Here, we test the limitations of the silica uptake of the salt-
surfactant mesophase to produce highly porous materials. This work can be further
expanded to produce other transition metal oxide coated silica thin films for various

purposes.
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Chapter 2

2. Experimental Part
2.1. Chemicals

In this study, the solutions were prepared by using nickel nitrate hexahydrate
(INi(H20)6](NO3)2) as the metal salt precursor in an aqueous solvent. The two surfactants
were used, cetyltrimethylammonium bromide ([(C1sH33)N(CH3)3]Br, also known as
CTAB) as charged surfactant to assist the high concentration of salt and as structure
directing agent with  another  nonionic  surfactant 10 lauryl  ether
(CH3(CH2)11(OCH2CH2)100H, represented as Ci2Ei10). Tetramethyl orthosilicate
(Si(OCHpa)4, represented as TMOS) and concentrated nitric acid (65%) were also used in
the synthesis. All the chemicals were purchased from Sigma-Aldrich and used without

any further purification.

2.2. Preparation of Ni(ll) Solutions
The different solutions were prepared with respect to varying metal-to-surfactant mole
ratios (from 2 to 10 ([Ni(H20)6](NO3)2)/C12E10 mole ratio) and TMOS to surfactant mole
ratios (from 2 to 6 (Si(OCHz3)4/C12E10 mole ratio). The amounts of CTAB and C12E10 were
kept constant (1:1 in all the solutions) by only changing the [Ni(H20)6](NO3)2/C12E10 and
(Si(OCHz3)4/C12E10 mole ratios. All the compositions of the solutions are given in Table
2.1
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All the solutions were prepared in 20 mL vials. The solutions were typically prepared by
first dissolving the metal salt precursor in 5 mL water along with CTAB and stirring on a
magnetic stirrer for 15 minutes. Then, 0.500 g of non-ionic surfactant (C12E10) was added
to obtain a clear solution and stirred for another 15 minutes. A few drops of concentrated
nitric acid were added then followed by the addition of the desired concentration of TMOS
as a silica source. All the sample compositions are represented as Ni-n-S-x, where n is the

salt/C1zEioratio, x is the TMOS/ C12Eio ratio and S represents silica.

Sample [Ni(H20)6](NO3)2 TMOS Conc.HNOs CTAB Ci2Ei0c Water
©) (9) (drop) (9) (9) (9)

NIEGERENE 1.392
NIEEREVE 1.392

1.392
1.392
1.392
1.392
1.392
1.392

Ni-10-S-3 ¥
Ni-10-S-4 Bl

Table 2. 1. Compositions of all the aqueous solutions of [Ni(H20)s](NO3)2-C12E10-
CTAB-TMOS.

\EGESTY 1.392
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2.3. Preparation of Mesoporous NiO Films
NiO films were prepared by coating the above-freshly prepared clear homogenous
solutions on glass slides either by spin coating or drop-casting followed by calcination. In
both methods, the thickness of the film differs as spin coating produces thin films and
drop-casting produces thicker films. The thickness of the film can further be adjusted by
playing with the spinning rate of the spin coater instrument. However, all the samples
were spin-coated at 2000 rpm for 10 seconds in which the solvent immediately evaporates
resulting in gelation. In drop-casting, a few drops of the clear solution were spread on the
glass slide and then kept at room temperature for 4-5 minutes to evaporate the solvent. In
the final step, films were calcined at different temperatures (300, 350, 400, 450, and 500
°C) to produce mesoporous nickel oxide (m-NiO) films. At each temperature, the films
were calcined for one hour. The mesoporous nickel oxide (m-NiO) films were later used
for analysis via XRD, ATR-FTIR, Nz-adsorption-desorption, and SEM-EDX techniques.

2.4. Preparation of the electrodes
To study the electrochemical properties of the m-NiO, the Ni(Il) solution was spread on
fluorine doped tin oxide (FTO) glass by spin-coating at a rate of 2000 rpm for 10 seconds.
These samples were then calcined at different temperatures (250, 300, 350, 400, 450, and
500 °C) for one hour. The calcined electrodes were then used for the electrochemical
characterization of the material. Another set of electrodes was prepared by spin-coating
the FTOs at a rate of 3000, 4000, 5000, and 6000 rpm. These electrodes were calcined at

300 °C for one hour and used for the thickness-dependent electrochemical measurements.
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2.5. Instrumentation

2.5.1. Powder x-ray diffraction (XRD) measurements

Small-angle and wide-angle x-rays patterns were recorded on a Rigaku Miniflex
diffractometer equipped with a Cu K, (A=1.5405 A) x-ray source and operated at 30 kV
and 15 mA. The instrument contains a scintillator Nal (TI) detector with a Beryllium (Be)
window. The small-angle XRD patterns (from 1°to 5°) of clear solutions were recorded
at the scan speed of 1°/min and step size of 0.01. For this purpose, the Ni (1) solution was
drop-casted on the glass slide and then it was placed on the sample holder. For recording
the wide-angle XRD patterns (from 10° to 80°), the calcined NiO powder was scratched
from the glass slides and then uniformly packed in the XRD powder holder. The scan
speed was kept at 0.5°/min for recording the wide-angle XRD patterns with a step size of
0.01.

2.5.2. Attenuated Total Reflection Fourier—Transform Infrared (ATR-
FTIR) Spectroscopy

ATR-FTIR spectra were recorded by using a Bruker Alpha Platinum spectrometer. The
time-dependent spectra were recorded by putting a drop of clear Ni(ll) solution on the
ATR Diamond crystal. All spectra were measured by recording 32 scans in the 400 cm™®
to 4000 cm™ range, with a resolution of 4 cm™. The instrument was also used to record
the spectra of calcined m-NiO powders. A small amount of powder was placed onto the

diamond crystal and gently pressed to ensure proper contact with the crystal.

2.5.3. Polarized Optical Microscopy (POM) Imaging

A ZEISS Axio Scope Al polarized optical microscope was used for recording the
formation of the hexagonal or cubic LLC mesophases. The POM was also coupled with a
temperature-controlled Linkman LTS-350 stage for studying the effect of temperature

change on the LLC mesophase. For controlling the temperature, Linkman T-95

17



temperature controller was used and it was also coupled with LNP95 liquid nitrogen pump

cooling system.

2.5.4. N2> Adsorption-Desorption Analysis

To measure the N» adsorption-desorption isotherms for analyzing the porosity, pore size,
and surface area, a Micrometerics Tristar 3000 automated gas analyzer in the relative
pressure range (P/Po) of 0.01 to 0.99 was used. The calcined samples at different
temperatures were scratched from the glass slides, and ground to powders by using mortar
& pestle. The samples were dehydrated by keeping under a vacuum (at around 35-40
mTorr) in sample holders (washed with aqua regia and water) for almost 2 hours at 200
°C. To evaluate the surface area of each sample, the first five points ranging from 0.05 to
0.3 atm were used with the help of the Brunauer-Emmett-Teller (BET) theory, and the

average pore size was determined by using Barret-Joyner-Halenda (BJH) method.

2.5.5. Scanning Electron Microscope (SEM)-Energy Dispersive X-Ray
(EDX) Spectroscopy

The SEM images were captured by using FEI Quanta 200 FEG scanning electron
microscope. The NiO powders were obtained by calcining and then scratching the
calcined films at different temperatures. A very small amount of sample was dispersed on
the carbon tape placed on the aluminum stub. All the images were recorded at an operating
voltage of 15 kV. To determine the elemental percentage of the powders, the same samples
were used for EDX analysis.

2.5.6. Electrochemical Measurements and Analysis

A three-electrode electrochemical cell was used for the electrochemical characterization.
The cell consists of a NiO coated FTO — as a working electrode, Ag/AgClI (3.5 M KCI)
electrode — as a reference electrode, and a platinum wire — as a counter electrode. A
schematic representation of this electrochemical cell is shown in Figure 2.1. Cyclic
voltammetry measurements were carried out at -0.4 V to 1.4 V and 50 mV/s scan rate by
using a Gammry 750 (PCl14G750-49046) electrochemical workstation. The electrolyte
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used for all the electrochemical studies is 1 M KOH solution. The current densities
recorded by using a Ag/AgCl (3.5 M KCI) reference electrode, were later corrected in
terms of a normal hydrogen electrode (NHE).

Working a

Electrode

Counter ' Reference
Electrode ' Electrode
Pt-Wire (CE) Ag/AgCl (3.5M KC(l)
(RE)
1 SMl KOH NiO Coated
olution (WE)

Figure 2.1. Schematic representation of three-electrode system — electrochemical cell.
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Chapter 3

3. Results and Discussion

3.1. Characterization of Lyotropic liquid crystal mesophases

3.1.1. Stability of solutions
The solutions of Ni-n-Si-x were prepared to investigate the effect of silica on LLC
mesophases in the first step of this synthesis. All the solutions were prepared as explained
in the experimental part by keeping the concentration of Ni(ll), a charged surfactant
CTAB, a non-ionic surfactant C12E10, water as a solvent, and HNO3 the same but varying
the concentration of TMOS as the silica source. These solutions were stable up to
approximately 6 hours to months depending on the concentration of TMOS. The solution
with the highest concentration of TMOS was stable up to 6 hours. However, if the nitric
acid is not added to the solution prior to TMOS then the solution is highly unstable and it
precipitates very quickly. To investigate the instability in the absence of nitric acid,
different solutions were prepared with different compositions. In the first place, the
amount of solvent was increased from 5 mL to 50 mL. The 50 mL solution also gives
precipitates in almost similar period. Then the concentration of Ni(ll) salt was decreased
from 6-mole ratio of Ni(Il)/C12E10to 1-mole ratio. The solution with this composition
precipitates after 1-day aging. However, the solution with 1.5 mole ratio of Ni(11)/C12E10

precipitates in 3 hours, and the precipitates were suspended in the solution making it
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cloudy. These precipitates were also obtained by using ([Co(H20)s](NO3)2) salt in Co(Il)/

C12E10 mole ratio.

These precipitates were separated from the solution through filtration, washed with
ethanol, and dried in air for a few hours. Once dried, the powder samples were ground
into fine white powder by using a mortar pestle. The ATR-FTIR spectra and X-ray

diffraction pattern of this dried fine powder were recorded.
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Figure 3.1. ATR-FTIR spectra of m-SiOz (a) before and after calcination (b) 400-1300
cm® region (c) 1250-1550 cm™ region.

Figure 3.1. shows the ATR-FTIR spectra before and after calcination of m-SiO;
synthesized by using cobalt(Il) and nickel(ll) salts. The spectra show the most intense
peak at 1062 cm™ which belongs to Si-O-Si bond-asymmetric stretching[96]. Moreover,

the peaks at around 800 cm™ and 400 cm™ correspond to the symmetric stretching and
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rocking mode of the Si-O-Si bond. The peak at around 950 cm™ belongs to the silanol (Si-
OH) group[96], [97] and it can be seen that the intensity of this peak sharply decreases
after calcination which indicates the condensation of the silanol groups to form a silica
network. The spectra also show the characteristic surfactant peaks in the 2800 - 3000cm’
region and these peaks disappear after calcination which shows that the surfactant is
completely removed from the sample. Also, very small nitrate peaks are also present and
after calcination, these nitrates are removed completely as indicated by the absence of
these peaks in the spectra after calcination.
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Figure 3.2. (a) small angle XRD pattern of m-SiO2 and (b) wide angle XRD pattern of
m-SiO; after calcination.

Figure 3.2(a) shows the small angle XRD pattern of dried powder after calcination. It
shows a broad diffraction line at around 1.6 and 1.8°, 20 which shows that the material is
ordered. The position of diffraction line shows a very minor change which indicates that
the particles synthesized by cobalt(I1) have larger unit cell. The wide angle XRD patterns
in the Figure 3.2. (b) also shows a broad diffraction line at around 23°, 26 which is a
characteristic of amorphous silica as present in the quartz glass. However, the absence of

further peaks in the material also shows the absence of crystalline impurities.
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Figure 3.3. (a) N2 adsorption-desorption isotherms of m-SiO and (b) pore size
distribution plot of m-SiOa.

Figure 3.3(a) shows the N»-adsorption-desorption isotherms of the m-SiO. sample
calcined at 450 °C for two hours. As shown in Figure 3.3 (a), the isotherms are type 1V,
which is characteristic for the mesoporous materials. The BET surface area is 748 m?/g
for the particles synthesized by using nickel(11) with a uniform pore size of 34 A whereas
the BET surface area is 1395 m?/g for the particles synthesized by using cobalt(ll) with
pore size of 68 A, see Figure 3.3. (b).

Figure 3.4 and 3.6 show the SEM images of m-SiO2 synthesized using Ni(ll) and
Cobalt(ll) salts respectively and display that the m-SiO2 has a film morphology.
Moreover, Figure 3.5 shows the EDX spectrum of the same material synthesized using
Ni(Il). From the spectrum, it is clearly shown that the m-SiO2 doesn’t contain any nickel
species. The EDX spectrum of m-SiOz synthesized using cobalt(IT) also doesn’t show any
cobalt species in the sample, see Figure (3.7).These spectra only display oxygen and
silicon peaks as the constituent elements which further confirms that the precipitates are

pure m-SiO in EDX detection limits.
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Figure 3.4. SEM images of m-SiO> synthesized using ([Ni(H20)s] (NO3)2).
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Figure 3.5. EDX spectrum of m-SiOz synthesized using ([Ni(H20)s] (NO3)2).
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Figure 3.6. SEM images of m-SiO synthesized using [Co(H20)s] (NOs3)2 salt.
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Figure 3.7. EDX spectrum of m-SiO2 synthesized using [Co(H20)s] (NO3). salt.

Another solution was prepared using 50 mL solvent by using only one surfactant (C12E10)
and the same mole ratios of Ni(11)/C12E10. This solution also precipitates in almost 3 hours
and precipitates were suspended in the solution. Figure 3.8 shows the ATR-FTIR spectrum
of the separated precipitates and it can be seen that the spectrum is similar to the material
prepared by using both surfactants. The only difference is that it doesn’t show the signal
due to C-H stretching in 2800-3000 cm™ as Ci12Ez10 surfactant is used in the synthesis.
Moreover, no nitrate species are present in the precipitates and these spectra are typical
m-SiO; spectra.
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Figure 3.8. ATR-FTIR spectra of m-SiO> before and after calcination synthesized using
C12E10 surfactant.

Figure 3.9. shows the small angle and wide angle XRD pattern of m-SiO, synthesized
using C12E1osurfactant and it can be seen that the diffraction lines are similar to the pattern
of the m-SiO2 synthesized by using both surfactants. The broad diffraction line at 1.9°, 26
before calcination shifts to the 2.1°, 20 after calcination. Moreover, the wide angle XRD
pattern is similar before and after calcination which shows the diffraction line at 23°, 26,
a characteristic of amorphous silica.
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Figure 3.10(a) shows the N»-adsorption-desorption isotherm of the m-SiO» prepared by
using only one surfactant. The isotherm can be classified as the combination of type I and
type IV isotherm [98]. This means that it contains both micropores as well as mesopores
in the structure with a BET surface area of 746 m?/g. Figure 3.10(b) shows the BJH pore
size distribution plot of the same material and it can be seen that the pore size is not
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synthesized using Ci2E1o surfactant.



uniform. It ranges from 5 to 11 A (in the microporous range). These pores are almost 3
times smaller as compared to the pores of the m-SiO> prepared by using both surfactants

but the surface area is similar.
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Figure 3.10. (a) N2-adsorption-desorption isotherm and (b) pore size distribution plot of
m-SiO; synthesized using C12E10 surfactant.

Figure 3.11 shows the SEM images of the microporous silica synthesized using C12E1o
surfactant and it can be seen that their morphology is spherical which is different than the
morphology of m-SiO. prepared using both surfactants. Figure 3.12 shows the EDX
spectrum of these particles which confirms that there is no impurity in the material and it

contains only silicon and oxygen. This also confirms that the material is m-SiO..
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Figure 3.11. SEM images of m-SiO> synthesized using Ci2E1o surfactant at different
magnifications.
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Figure 3.12. EDX spectrum of m-SiO> synthesized using Ci2E1o surfactant.

These silica particles were also prepared by using ([Ni(H20)s](Cl)2), ([Ni(H20)6]SOa4) and
(IMn(H20)4](NO3).) salts. All the salts give the same precipitates. The small-angle XRD
patterns are shown in Figure 3.13(a) and the diffraction lines are observed at 1.6°, 26, for
the [Ni(H20)6](Cl)2) and [Mn(H20)4](NO3)2 salts while in the case of [Ni(H20)s]SOa, the
diffraction line is observed at 1.7°, 20, after calcination. The wide-angle XRD pattern in
Figure 3.13(b) shows that the diffraction lines are exactly at the same angle 23°, 26, for
all the salts and originated from the amorphous silica pore-walls.
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Figure 3.13. (a) The small-angle XRD pattern and (b) wide-angle XRD pattern of m-
SiO; synthesized by using different transition metal salts.

Figure 3.14 shows the ATR-FTIR of these samples. The spectra are also prove the
formation typical amorphous silica. All the peaks are similar to the peaks of the particles
synthesized by using other salts. The N2-adsorption desorption isotherms of these samples
are shown in Figure 3.15(a). These samples did not display complete isotherms, due to
some unknown reason. The desorption isotherm doesn’t undergo completion due to which
only adsorption data is shown in Figure 3.15(a). Figure 3.15(b) displays the pore size
distribution plots using the adsorption isotherm and the particles synthesized form
manganese(ll) gives pore size of 32 A while the others don’t show peak to a value, but

smaller than that manganese sample.
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Figure 3.14. ATR-FTIR spectra of m-SiO particles synthesized by using different
transition metal salts

1400 0.040
a) ) —a— from NiCl b) A —u— from NiCl
— 1200 4 —e— from NiSO, 00354 ¢ from NiSO,
& j 4 from MnNO, A— from MnNO,
@« ) —0.030
10004 =<C .
E } 2 bl
e * £ 0025
= 800+ s A Al
8 ; @oo204 |
& 600~ 2 i
2 =o0015{ m
< "
2 400 S *
B B o
c e = o 0.010 \
g 1 e \
!
O 2004 .,M 0,005 4
] Toa
TR ——p———f——————p———|
0 T T T T T T 0.000 T T l T ! T T T
0.0 0.2 0.4 0.6 0.8 1.0 20 40 80 80 100 120 140 160
Relative Pressure (p/p°) Pore Width (A)

Figure 3.15. (a) The N2 adsorption-desorption isotherms of m-SiO2 and (b) pore size
distribution plot of m-SiO> synthesized by using different transition metal salts.
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The SEM images of these particles are also shown in Figure 3.16 and their EDX spectra
are shown in Figure 3.17. The images display undefined particle shape. The EDX spectra
also don’t show any metal species in its detection limit. This shows that these particles are

also pure silica.
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Figure 3.16. The SEM images of m-SiO> synthesized by using (a) and (b)
[Mn(H20)4] (NO3)2 salt, (c) and (d) [Ni(H20)e]Cl2 salt, and (e) and (f) [Ni(H20)s] SO4
salt.
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The precipitation of silica occurs due to presence of M(Il) ions in the media. M(I1) ion is
acidic in nature due to which it speeds up the hydrolysis and condensation of TMOS
resulting in the synthesis of m-SiO; since the hydrolysis occur rapidly in the acidic
medium resulting in the formation of Si(OH)ss. Moreover, the M(11) can interact with the
—OH group of silanol species which can further activate them leading to the rapid
condensation to form siloxane (Si-O-Si) linkage. A general scheme of chemical reaction
showing the catalytic activity of transition metal salts is as follows and schematically

shown below.
1. Hydrolysis of TMOS
Si(OCHa)s + 4H20 > Si(OH)4 + 4CHz0OH
2. Coordination to transition metal salt to Si(OH)4 and (CH30)3SiOH
[M(H20)6]?* + 2Si(OH)4 = [(HO)3Si-O(H)-M(H20)s-(H)O-Si(OH)s]?* + 2H20
[(HO)3Si-O(H)-M(H20)s-(H)O-Si(OH)3]%* + 2H20 = [M(H20)s]** + (HO)3Si-O-Si(OH)3

2+ 24

OH OH, OH OH OH, OH
I HaO | _-OM2 I s| HaOs i -0z Sli + 20,0
Si “m? Si —_— Pt SMm? N 2
HO/ | \OH HZO/ i \°H2 HO/ I \OH HO | \0' E ~o/ OH
OH OH, OH OH H 4y, H OH
2+
2+
OH OH, OH OH OH OH,
Sl Ho. | on, | N I HO. | .OH,
i M |\ 2H,0 —_— Sie ~_—Si ’:Ml
Ho/l \0 S O/l OH Ho” 0 |\0H+ H,0" § “OH,
OH H 4y H OH OH OH OH,

3. overall reaction

NSi(OCHs)s + [M(H20)e]?* + nH20 = [-Si-O-Si-]n + [M(H20)s]%* + nCH3OH

Acid is known to be a good catalyst for the hydrolysis of TEOS or TMOS and
condensation reactions. Notice in this investigation that the addition of extra acid to above

media stabilize the clear solutions. It means that the hydrolysis and condensation reaction
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either do not take place or slow down extensively. Therefore, M(ll) ions act like much
better catalysts for the hydrolysis and condensation reaction and produce mesoporous
silicates. These behaviors of the transition metal ions are shown for the first time in the
literature and important for the synthesis of mesoporous silicates. Moreover, the
remaining silica solutions that contains only metal salt species can be used over and over

again to produce silicates and are cost effective.

3.1.2. Time-dependent studies of stable solutions

The stable solutions of Ni-n-Si-x were further investigated to study the effect of silica on
LLC mesophases. All the solutions were prepared as explained in the experimental part
by keeping the concentration of Ni(ll), a charged surfactant CTAB, a non-ionic surfactant
C12E10, water as a solvent, and HNO3z the same but varying the concentration of TMOS as
the silica source. In the next step, the clear solution is drop-casted on the glass slides to
obtain the gel phase of the solution. After the drop-casting, the solvent evaporates and
forms the LLC mesophase as a thick film. The gel phase is characterized by using ATR-
FTIR spectroscopy, POM imaging, and small angle x-ray diffraction (XRD) techniques.
These films were investigated in a wide range of silica-to-salt ratios, starting from 0.1 to
6-mole ratio. The freshly prepared mesophases were described as Ni-n-Si-x, where n is
the Ni(l1)/C12E10 mole ratio and x is the Si/C12Eg ratio (for example a solution with the
composition 6 Ni(I1)/C12E1oratio and 0.1 Si/C12Eg ratio is described as Ni-6-Si-0.1).

Figure 3.18 (a) shows the time dependent ATR-FTIR spectra of Ni-6-Si-0.1 composition.
It indicates the presence of large amount of solvent initially at 0 minutes (3323 cm™) and
small concentration of free nitrate ions (1340 cm™). However, with the evaporation of
solvent as the solution starts forming the gel phase, after 10 minutes the concentration of
free nitrates increases indicated by the increase in the intensity of nitrate peak at 1323 cm-
! and the concentration of water (solvent) decreases as indicated by the intensity of peak
at 3323 cm™. Moreover, the emergence of shoulder after 10 minutes at 1384 cm™ shows
that some of the free nitrates are interacting with the Ni(ll), likely as an ion-pair as
observed in the molten phase of nickel nitrate hexahydrate, see Figure 3.18(c). The metal

bonded nitrates appear at higher and lower wavenumbers due to the change in symmetry
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of free nitrate ions and splitting of the doubly degenerate modes. The free nitrate ions are
planar with a D3y symmetry point group and on bonding to the metal the symmetry
becomes Cav. The metal bonded nitrates increase with the decrease in the amount of
solvent as shown in Figure 3.18(c). The presence of acid in the solution facilitates the
hydrolysis and condensation process of TMOS. However, it is difficult to observe the
TMOS at the beginning as the Si-O-C (from TMOS) and C-O-C (from C12E10) lie in the
same IR region at 1089 cm™ as shown in Figure 3.18(c). As the silica hydrolyses and
condenses over the time, new peaks appear at 942 and 816 cm™, which supports the

polymerization of TMOS to form a silica network.
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Figure 3.18. (a) Time dependent ATR-FTIR spectra of Ni-6-Si-0.1 composition (b) 2500-
4000 cm™* region of Time dependent ATR-FTIR spectra of Ni-6-Si-0.1 composition and
(c) 400-2000 cm! region of Time dependent ATR-FTIR spectra of Ni-6-Si-0.1
composition.
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The spectra are normalized using the surfactant related peaks at around 2800-3000 cm'™*
region to be able of follow the spectral changes during aging (solvent evaporation and
silica polymerization processes). Figure 3.19(a) shows the normalized spectra of the same
mole ratio at 0 min and 120 min with respect to the C-H surfactant peak at 2923 cm™ and
it gives more accurate information in terms of composition (solvent, surfactant, nitrate,
etc.). The spectra display, with the decrease in amount of solvent, the concentration of
nitrate species remains nearly the same as the area under the curves in Figure 3.19(c) are
nearly the same. However, after 120 min, the main nitrate peak at 1340 cm splits into
two peaks, one at 1297 cm™ and the other at 1417 cm?, indicating the presence of

coordinated nitrate ions to Ni?* sites, see Figure 3.19(b).
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Figure 3.19. Time dependent normalized ATR-FTIR spectra of Ni-6-Si-0.1 composition
a) 0 min and 120 min, b) nitrate region of 0 min and 120 min, and c¢) area under curve
of 0 min and 120 min nitrate region.

Similarly, the spectra of all the other compositions, up to Ni-6-Si-1, are recorded that they
all have very similar behaviors. However, with the increase in silica concentration, the
polymerization rate increases. The time dependent normalized ATR-FTIR spectra of these

compositions are shown in Figure 3.20.
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Figure 3.20. Time dependent normalized ATR-FTIR spectra of a) Ni-6-Si-0.2, b) Ni-6-Si-
0.4, ¢) Ni-6-Si-0.6, d) Ni-6-Si-0.7, e) Ni-6-Si-0.8, and f) Ni-6-Si-1 compositions.

XRD patterns of all these compositions are also shown in Figure 3.21. As shown in the
patterns, all compositions display diffraction line(s) and showing the formation of a

mesophase on the glass slide.
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Figure 3.21. Small angle XRD patterns of a) Ni-6-Si-0.2, (b) Ni-6-Si-0.4, (c) Ni-6-Si-0.6,
(d) Ni-6-Si-0.7, (e) Ni-6-Si-0.8 and (f) Ni-6-Si-1.

Figure 3.22 shows the time dependent small angle XRD patterns and POM images of the
Ni-6-Si-4 and Ni-6-Si-6 samples. Both compositions show the diffraction lines at small
angles, indicating the formation of the mesophases. Moreover, the POM images of both
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compositions exhibit a characteristic hexagonal mesophase fan texture and also correlate
that the diffraction lines at small angle in both the compositions belong to 2D hexagonal
phase. However, with high silica concentration in Ni-6-Si-6, as the solvent evaporates and
silica polymerizes, the salt leaches out and the intense diffraction line at 1.54°, 26 shifts

to a higher angle, observed at 1.7°, 26, with the aging.
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Figure 3.22. Small angle X-ray diffraction patterns and POM images of a) Ni-6-Si-4 and
b) Ni-6-Si-6 compositions.

Figure 3.23. shows the effect of heating these mesophases under the POM. The hexagonal
mesophase melts on heating and transforms to a cubic mesophase as its POM image
appears dark at high temperature. However, on cooling to room temperature (RT) the
hexagonal phase re-appears. The phase transfromation, from a hexagonal to cubic phase
(or simply the mesophase melts) on heating under POM, is a cyclic process and silica
species cannot retain the hexagonal structure at high temperatures. However, at RT due to
the rapid formation of the mesophase and further silica polymerization, the salt spcies
crystallize and leach out as salt crystals, see POM images in Figure 3.23. Figure 3.24
shows the time-dependent ATR-FTIR spectra of these compositions. The spectra display
decrease in amount of free nitrate species with the evaporation of the solvent. These free
nitrate species are decomposed in the form of nitric acid during heating and also some of
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the nitrates are coordinated to the metal. However, with increasing silica concentration, a
rapid polymerization of silica is observed as compared to the earlier compositions of lower

silica concentrations.

50 degree 120 degree

b)

25 degree 120 degree

Figure 3.23. POM images showing the effect of heating on mesophases a) Ni-6-Si-4 and
b) Ni-6-Si-6 compositions.
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Figure 3.24. Time dependent ATR-FTIR spectra of a) Ni-6-Si-4 and b) Ni-6-Si-6
compositions.

3.2. Optimization of salt to silica ratio

For further studies, it was required to optimize the salt-to-silica ratio so that silica can
retain the hexagonal fan texture of mesophase at higher temperatures. For this purpose,
the salt mole ratio was increased to 10 Ni(I1)/C12E10 and the silica to 4Si/C12E10. Due to
high salt concentration, the salt leaches out of the mesophase very quickly at RT. Also,
the solution is not stable at RT for a long time. The presence of acid in the solution
enforces silica species to polymerize faster and makes it difficult for a large amount of
salt to hold in the confined space after coating the solutions. Figure 3.25(a) shows the
POM image of a freshly drop-casted Ni-10-Si-4 composition on a glass slide. Initially, no
phase was observed between the crossed polarizers. However, Figure 3.26 shows the XRD
patterns of the same composition over time and a broad diffraction line at 1.1°, 26, is
observed, which means that the freshly coated sample has a cubic phase and appears dark
under the POM.

However, on heating the coated sample in the POM heating stage, a fan texture of the
hexagonal mesophase appears at 70 °C. Also in the XRD patterns, a broad diffraction line
at 1.1°, 20, shifts to 1.7°, 20. It also proves that the cubic phase transforms to a hexagonal
phase as the solvent evaporates leaving the salt species in the confined mesophase in a

molten phase. On heating the hexagonal phase in the heating stage to 120 °C, the
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hexagonal phase is retained, see Figure 3.25(c). In the hexagonal domains, a dark domain
appears and grow with further increasing the temperature to 150 °C, see Figure 3.25.(d).
The sample was then cooled to RT and further characterized by wide-angle XRD to
analyze the newly formed dark domains. Figure 3.27(a) displays a set of time dependent
XRD patterns, where the intense diffraction line at 1.7°, 26, belongs to a 2D hexagonal
phase. Also, a set of new diffraction lines appears at 10.7, 13.5, 16.5, 21.8, 25.09, and
44.7°, 20, see Figure 3.27(b). This new set of diffraction lines belong to CTAB crystals as
shown in Figure 3.27(b). Moreover, a piece of a sample from the glass slide that shows
the dark grown domains was scratched and its ATR-FTIR was recorded. Figure 3.28
shows the ATR-FTIR spectrum of this scratched sample and display peaks related to
hydroxide species, Which are most likely to be B-Ni(OH)2 at high temperatures.

Figure 3.25. POM image of freshly drop-casted Ni-10-Si-4 composition at a) RT, b) 70
°C, ¢) 120 °C, and d) 150 °C.
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Figure 3.26. Small-angle XRD patterns of the Ni-10-Si-4 composition over the time.
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Figure 3.27. a) Wide-angle XRD pattern of the Ni-10-Si-4 composition after heating in
the heating stage and b) zoom pattern of the same composition from 10 to 80°, 26, Ni-
metal (PDF card no. 00-004-0850), Ni.SO4 (PDF card no. 01-074-0563), Ni(OH)2
(PDF card no. 00-014-00117) and pure CTAB.
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Figure 3.28. ATR-FTIR spectrum of Ni-10-Si-4, heated in the heating stage up to 150
°C.

The hexagonal fan texture remains even after one-day. However, under normal conditions
at room temperature, the salt leaches out very quickly and makes this composition
unstable. Therefore, it is noteworthy that heating the sample at a higher temperature makes
it stable. Figure 3.29 shows the POM images of a one-day aged sample on the glass slide.
The hexagonal texture is retained on one day aging and the dark domains are also stable.
The ATR-FTIR spectra (Figure 3.30) of the scraped sample from the glass slide also
confirm the stability of the hydroxide species.
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Figure 3.29. POM images of one-day aged Ni-10-Si-4 sample, heated in the heating
stage.
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Figure 3.30. ATR-FTIR spectrum of one-day aged Ni-10-Si-4 sample.
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More samples are prepared by further reducing the silica/surfactant ratio to 3 and keeping
the Ni(11)/C12E10 mole ratio constant. The gel phase of Ni-10-Si-3 composition was
characterized by small-angle XRD technique. The freshly drop-casted sample of this mole
ratio doesn’t show any diffraction line in first 10 minutes. The first diffraction line at 1.6°,
20 was observed after 15 min evaporation of the solvent, see Figure 3.31(a). Figure 3.31(b)
displays the ATR-FTIR spectra over the time at 100 °C. Two drops of solution are put on
the ATR-FTIR diamond crystal and covered with a cover glass. This sample shows a
typical gel phase behavior on heating where on evaporation of solvent the nitrates are
removed in the form of nitric acid and the free nitrate peak splits into two peaks due to

coordination to Ni(ll).
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Figure 3.31. a) XRD patterns of Ni-10-Si-3 gel phase over the time and b) ATR-FTIR
spectra of freshly prepared Ni-10-Si-3 composition over the time at 100 °C.
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However, the normalized spectra (Figure 3.32. (a)) of this sample at 0 minutes and 120
minutes show that almost more than half of the nitrates have been removed in the form of
HNOs during heating and the area under the curve of nitrate peaks at 0 minutes and 120
minutes confirms this loss of nitrates (Figure 3.32.(b)). It can also be noted that nearly half
of the nitrates present in the sample are coordinated to Ni(ll). This sample was aged for
one day on the ATR-FTIR diamond crystal and spectra were recorded again at 100 °C
after aging. The aged sample shows the formation of the hydroxide species (see Figure
3.33 (a)) as observed in the 10-Ni-Si-4 sample.
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Figure 3.32. a) ATR-FTIR spectra of Ni-10-Si-3 at 100 °C and b) nitrate region and the
area under the curve of the nitrate peaks before and after heating the sample.

54



Figure 3.33(a) shows the humidity-controlled ATR-FTIR spectra of the same one-day-
aged sample. For this measurement, a homemade humidity chamber around the sample
and sample holder was designed and the humidity of the chamber was increased to 68 %
by using a saturated solution of Kl salt solution inside the chamber[99]. The preformed
hydroxides are wetted in high humidity and as the humidity increases, the hydroxide peaks
shift to lower energy and get broader (Figure 3.33(b)). Moreover, the nitrates are also

further removed with the increase in humidity (Figure 3.33(b)).
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Figure 3.33. a) Humidity controlled ATR-FTIR spectra of one-day-aged Ni-10-Si-3 over
the time (0 to 130 minutes) and b) the spectra of 0 minute and 120 minutes of the same
composition.
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Since both mole ratios (Ni-10-Si-4 and Ni-10-Si-3) display similar behavior, the samples
with the low silica to salt mole ratio (Ni-10-Si-3) was chosen for the further
characterization. The m-NiO/SiO- films were prepared by drop-casting the solution on the
glass slides and then calcined at different temperatures (250 - 500 °C). Figure 3.34 shows
the ATR-FTIR spectra of the calcined films. The surfactant peaks, at 2919 and 2849 cm™
disappear, indicating that the surfactant burns out completely even at 250 °C. However, at
around 1306 cm™ a new peak appears due to formation of the surface bicarbonate species
at 250 °C and these bicarbonate species transforms into carbonate species at higher
temperatures. The carbonate species decomposes at higher annealing temperatures and
their peaks almost disappear at 500 °C. Moreover, the peak at around 923 cm™ due to Si-
OH bending mode is sharper at 250 °C and it shows the presence of silanol sides or
formation of nickel hydroxide in the sample. However, with the increase in annealing
temperature this peak goes down and the Si-O-Si peak at 1026 cm™* sharpens on reaching
to 500 °C annealing temperature, indicating that the silanols are condensed into SiOz or

nickel hydroxides crystallize into NiO.
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Figure 3.34. ATR-FTIR spectra of m-NiO/SiO> powders at different temperatures.
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Figure 3.35. (a) The small-angle XRD patterns of m-NiO/SiO; at different temperatures
and (b) wide-angle XRD patterns of m-NiO/SiO; at different temperatures.
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Moreover, the small-angle XRD pattern (Figure 3.35.(a)) of the calcined films at 250 °C
shows a broad diffraction line at 2.25°, 26, and it does not only shift to the smaller angles
by increasing the annealing temperature, it also gets narrower. The line narrowing and
shifting continue by increasing the annealing temperature and it is observed at 1.12°, 26,
at 500° C. This indicates that the particles grow (pore-walls) and cause an enlarging of
the pores with increasing the annealing temperature. Also, the wide-angle XRD pattern
(Figure 3.35(b)) of the calcined m-NiO/SiOz at 250 °C shows five broad diffraction lines
at 37, 43, 62, 75, and 79°, 260. These diffraction lines are indexed according to the ICDD
data base (PDF card no: 00-047-1049 of face centered cubic rock-salt structure of NiO)
and have been indexed to (111), (200), (220), (311), and (222) planes, respectively.
However, no additional line from SiO: is observed and it means that the silica domains
are amorphous and serves as a hard-template. The broad diffraction lines indicate that the
formation of nano-crystalline material and sharpening of these diffraction lines at higher
annealing temperatures shows the growth of the crystals. Size of the crystals are calculated
by using the most intense diffraction line (200) at 43°, 26, with the help of Scherrer’s
equation. Table 3.1 summarizes the data for temperature dependent crystal-size. The
particles, at 300 °C, are on average 2.6 nm and increases by 3 times and becomes 7.9 nm
at 500 °C.

m-NiO/SiO2-300 2.6
m-NiO/SiO2-350 3.8
m-NiO/SiO2-400 4.9
m-NiO/SiO2-500 7.9

Table 3. 1.Particle size of m-NiO/SiO2-XXX samples (XXX shows the calcination
temperature (°C).
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The porosity of the m-NiO/SiO> films, at different calcination temperatures, is also
determined by N»-adsorption-desorption measurement. Figure 3.37 shows the No-
adsorption-desorption isotherms and pore-size distribution plots of the m-NiO/SiO; at
different annealing temperatures. All the samples display type IV isotherms at each
calcination temperature, which is a characteristic of mesoporous materials. The isotherms

and pore-size distribution data are summarized in Table 3.2.

250°C 260 m?/g
300°C 305 m?/g
350°C 295m?/g
400°C 253 m?/g
500°C 174m?/g

Table 3. 2. Change in BET surface area with annealing temperature of m-NiO/SiO>

As shown in the pore size distribution plots, the pore-size of the particle remains uniform
at all calcination temperatures. However, the change in surface area of the sample shows
that the particles are growing with increasing the annealing temperature and accord well
with the XRD data. This also overrules the idea of expending the pores. Therefore, the
shift in the small angles with increasing annealing temperature is due to the growth of the
pore-walls (NiO) rather than pore-size. The surface area of the sample at 300 °C is 305
m?/g and it drops only to 174 m?/g at 500 °C. The decrease in surface is quite low as
compared to the pure mesoporous NiO samples, prepared by our group without silica[78]
. The pore-size distribution plots of the mesoporous NiO are also shown in Figure 3.37 for
comparison purpose. However, the XRD patterns show that at higher temperatures the
crystallinity of the samples increases. Therefore, it can be inferred from pore-size
distribution plots and wide-angle XRD patterns of the samples that silica retards the

growth of the NiO particles as well as pore-size in 3-dimensional space and allow the
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particles to grow in 2-dimensional space keeping the pore size constant at all calcination
temperatures; it is a lateral growth over silica pore-walls as shown in Figure 3.36.
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%« .““\‘:“;’
%
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Figure 3.36. Schematic representation of NiO pore walls growth over silica pore-walls
in m-NiO/SiO2 films.
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Figure 3.37. a) N2 adsorption-desorption isotherms of the m-NiO/SiO; at different
calcination temperatures, b) the pore-size distribution plots of the m-NiO/SiO> at
different calcination temperatures, and c) the pore-distribution plots of the m-NiO at

different temperatures.

Figure 3.38 shows the SEM images of the m-NiO/SiO; films, calcined at different

temperatures and it shows that all the samples display a film morphology at all

temperatures. The film morphology is retained even at high temperatures.
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Figure 3.38. The SEM images of the @) m-NiO/SiO2-300 (scale bar is 100um), b) m-
NiO/SiO2-300 (scale bar is 500nm), ¢) m-NiO/SiO2-350 (scale bar is 20um), d) m-
NiO/SiO2-350 (scale bar is 5um), e) m-NiO/SiO2-350 (scale bar is 30pum), f) m-
NiO/SiO2-400 (scale bar is 10um), g) m-NiO/SiO2-400 (scale bar is 10um), h) m-
NiO/SiO2-450 (scale bar is 3um) , i) m-NiO/SiO2-500 (scale bar is 3um), and j) m-
NiO/SiO2-500 (scale bar is 10um).
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Chapter 4

4.1. Electrochemical characterization of the mesoporous NiO thin films

In order to further investigate the properties of m-NiO/SiO,, electrochemical properties
and performance of m-NiO/SiO; thin films as electrocatalyst for oxygen evolution
reaction (OER) were studied. For these experiments, the clear solution of the Ni-10-Si-3
composition is spin coated on 1x2 cm FTO glass electrodes (half of the FTO 1x1 cm was
coated) at 2000 rpm spin rate and calcined at different temperatures (250 to 500 °C) to
produce the electrodes (denoted as m-NiO/SiO2-10-XXX, XXX stands for the calcination

temperature).

First, the cyclic voltammogram (CV) is recorded using a three-electrode cell (Pt wire as a
counter electrode, Ag/AgCl as a reference electrode, our FTO coated electrode as the
working electrode in 1 M KOH aqueous solution) in a -0.4 to 1.4 V potential window at a
50 mV/s scan rate. For each m-NiO/SiO2-10-XXX electrode, 600 CVs were recorded
under the same conditions except for the m-NiO/SiO,-250, as only 250 CVs were recorded

for this electrode.
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Figure 4.1. A typical cyclic voltammogram of m-NiO/SiOx.

Figure 4.1 shows a general cyclic voltammogram of a m-NiO/SiO2-XXX thin film. As per
the IUPAC convention, the cyclic voltammogram is recorded as the potential sweeps from
negative to positive voltage. The forward cycle gives the information about anodic current
(oxidation) and it is positive while the reverse cycle gives the information about cathodic
current (reduction) which is negative. The oxidation peak in the cyclic voltammogram
represents the oxidation of Ni%* to Ni** specie. While the reduction peak represents the
reduction of Ni®* to Ni?* species. Moreover, it can be seen in the figure that at more
positive potentials (over 0.7 V vs NHE), the current density increases sharply which

indicates the onset of oxygen evolution reaction.

Figure 4.2 shows the 2" and 600" CVs of the m-NiO/SiO; electrodes prepared at 300,
350, 400 and 500 °C. It can be observed in Figure 4.2 (a) that with the increase in annealing
temperature the peak current is decreasing and a very small peak current is observed in

case of the m-NiO/SiO,-500 electrode. It shows that annealing temperature affects the
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peak current. The m-NiO/SiO.-300 electrode has a peak current of 3.5 mA/cm?, while the
m-NiO/SiO2-500 electrode has a peak current of 0.5 mA/cm?. This change in current
density correlates with the change in surface area with the annealing temperature and
increase in crystallinity. High surface area at lower temperature provides more active
sides, therefore its current density is also high and it decreases with the decrease in surface

area.

However, the current density also increases with cycling. Figure 4.3 shows the number of
cycles vs peak current density of all the electrodes. The plot shows that the surface of the
electrode changes with the increase in number of cycles since more m-NiO/SiO, surface
is converted into Ni(OH)2 (electrochemically more active than NiO) and it cannot be
reduced back to NiO unless the electrodes reannealed.

Also, with the increase in crystallinity at higher temperatures, the stability of the
electrodes also increases. The m-NiO/SiO,-300 electrode is unstable as this temperature
even though the m-NiO/SiO. forms but it does not adhere to the FTO glass surface. It can
be seen from Figure 4.3 that the current density decreases after certain number of cycles
and then drops to zero. The m-NiO/SiO2-300 electrode displays a 12 mA/cm? current
density in first 40 cycles and on further cycling the current density almost reaches to zero
which shows that the electrode is unstable over the FTO surface. This happens due to the
presence of silica template which etches out in the presence of KOH. However, the m-
NiO/SiO,-500 electrode shows an increase in the current density up to 7 mA/cm? in 350
cycles and decreases to 6 mA/cm? in 600" cycle. The initially low current density of this
electrode is due to the low BET surface area at 500 °C and larger pore walls. The CVs of

all the electrodes up to 600 cycles are also shown in Figure 4.4.

Additionally, no oxidation peak from NiO was observed at around 0 V, which shows that

NiO is covered with silica during calcination process.
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Figure 4.5(a) shows the 500 CVs of the m-NiO/SiO2-250 electrode and change in peak
current density with the increase in number of cycles. Figure 4.5(b) shows that this
electrode shows the initial peak current density of almost 5 mA/cm? (higher than all the
other electrodes) the maximum peak current density of 13 mA/cm? in first 30 cycles is
observed and then it decreases sharply to almost 0 mA/cm? in the 200" cycle. This is also
due to the stability of the electrode and less crystalline sample (as shown in the XRD
pattern of the material at this temperature in the previous section). Maximum current
density should also correlate with the BET surface area analysis but surface area analysis
shows that the surface at 250 °C is less even than 300 °C. This increase in initial peak

current density and the maximum current density shows that all the material is not m-
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NiO/SiO2, some amount of Ni(OH). is also present (electrochemically more active

material) and with cycling the m-NiO/SiO: is also partially converted into Ni(OH)2.
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Figure 4.5. a) CVs and b) the plot of number of cycle vs maximum current density
(mA/cm?) from each CV in panel (a) of the m-NiO-SiO.-250 electrode.

500

Overpotentials values were also determined for the Ni-10-Si-3-XXX electrodes by

conducting chronopotentiometry experiments. Figures 4.6(a) & (b) show the

overpotentials of values at 1 mA and 10 mA current densities, respectively. At 1 mA

current density, all the electrodes are showing better performance with the time and their

over potential values decrease. All the values lie in the range of 266 to 326 mV. The Ni-

10-Si-3-300 electrode shows the least over potential value of 266 mV. However, at 10

mA/cm? current density, all the electrodes are stable and display good performance except

the Ni-10-Si-3-500 electrode, which is likely due to silica resistance at higher temperature.

At 10 mA/cm? current density, the Ni-10-Si-3-400 electrodes show the best performance

with the least over potential value of 455 mV.
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4.2. Thickness dependent measurements

Figure 4.7 shows the thickness dependent CVs of the m-NiO/SiO,-300 electrodes, initially
coated at 2000, 3000, 4000 and 5000 rpms. It can be seen from the number of cycles vs
maximum current density plot (Figure 4.6. (b)) that all the electrodes are stable up to 50
cycles. However, the decrease in current density in the 50™" cycle corresponds to a decrease
in amount of sample with the increase in spin rate. It shows that only top surface of the
material is involved in the electrochemical process and the material underneath the top
surface doesn’t take part in the process. Moreover, the electrodes prepared at 4000 and
5000 rpm are behaving similarly as the change in current density with the cycling is
similar. Therefore, it shows that the electrodes are stable in the first 50 cycles irrespective

of the thickness of the material.
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Chapter 5

5.1. Conclusion

This thesis explores the synthesis of mesoporous nickel oxide thin films through the
combined utilization of soft (MASA) and hard (silica) template methods. The formation
of a homogeneous solution containing transition metal salt, surfactant, and TMOS
(tetramethyl orthosilicate) is dependent on the presence of nitric acid, which stabilizes the
solution. In the absence of nitric acid, the transition metal salts acts as a catalyst, initiating
the hydrolysis and condensation of TMOS, resulting in the formation of silica. Once the
silica is separated from the salt solution, the supernatant can be reused multiple times for
the synthesis of additional batches of silica by simply adding surfactants and TMOS. The
silica precipitates exhibit wide-angle diffraction, indicating the presence of amorphous
silica. Additionally, the surface area of the silica is influenced by the choice of transition
metal. Upon calcination at 450°C for two hours, the highest surface area observed is 1395
m2/g when cobalt(ll) salt is employed. Energy-dispersive X-ray spectroscopy (EDX)
analysis verifies the absence of any precipitated metal within this material. This method
offers a convenient approach to silica synthesis, as it obviates the need for high

temperatures to remove the surfactants.

The stable homogeneous solution comprising of salt, surfactants, nitric acid, and TMOS
(tetramethyl orthosilicate) can be applied onto a glass substrate through drop casting for
subsequent characterization. Solutions containing lower TMOS concentrations exhibit
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stability for several days, whereas the stability decreases as the TMOS concentration in
the solution increases. The solution with the highest TMOS concentration remains stable
for approximately 6 hours. Upon freshly coating the samples onto the glass surface, low-
angle diffraction patterns are observed, indicating the presence of mesophases. These
mesophases, characterized by high silica concentrations, gradually form over time and
initially appear dark when observed between crossed polarizers using polarized optical
microscopy (POM). At this stage, no diffraction at low angles is observed. Subsequently,
these mesophases transform into a hexagonal phase, displaying a fan-like texture when
viewed between crossed polarizers, along with low-angle diffraction. During heating in a
heating stage, TMOS undergoes polymerization to form silica within these mesophases,
while still retaining the fan-like texture. In the presence of high TMOS concentrations, the
salt leaches out at room temperature. Therefore, it is imperative to promptly calcine these

samples after mesophase formation to generate mesoporous metal oxides.

Upon calcination of the mesophases at elevated temperatures, mesoporous nickel oxide is
synthesized, initially exhibiting a high surface area at 300°C and a uniform distribution of
pore sizes. As the material undergoes annealing at higher temperatures, the pore walls
grow, resulting in a reduction of the material's surface area. However, due to the presence
of a silica template, the pore size remains unchanged, indicating that the growth of pore
walls occurs in a two-dimensional space rather than three-dimensional, thus maintaining
the pore size constant. This lateral expansion of the pores ensures the synthesis of a
crystalline material with a high surface area. Remarkably, the surface area achieved
through this method is approximately eight times greater compared to the material
synthesized solely using the soft templating method. This approach guarantees the
production of materials with controlled pore sizes and crystalline pore walls at elevated
temperatures, rendering them suitable for a variety of applications. During cyclic
voltammetry, the pore walls of the nickel oxide undergo conversion to NiOOH during
oxidation and to Ni(OH). during reduction. It is noteworthy that the material does not
revert back to nickel oxide, leading to the transformation of some layers of the material
into Ni(OH)a.
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